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Preface

In the history of environmental science, there has probably been no greater struggle
than the attempt to control the impact of the sediment and solids generated by nature
and human influence (including industrial processing) on the terrestrial and aquatic
environment and on socioeconomics in general. Untold billions of dollars are spent
each year on dredging to maintain navigation channels and harbors. Further costs are
added by the need to treat these sediments prior to disposal because of high levels of
contamination resulting from anthropogenic impacts on the environment. Significant
financial burdens arise as a result of the need to remove solids during drinking water
and wastewater treatment processes, a necessity for sustainable development, and the
protection of human and aquatic health. It is now well established that the majority
of particles within natural (freshwater and saltwater) systems are present in a floc-
culated form (i.e., flocs), and that the formation of flocs is essential for the effective
performance of engineering processes such as biological wastewater treatment.

Flocculation is the process of aggregating smaller particles together to form lar-
ger composite particles via various physical, chemical, and biological interactions.
These larger composite particles behave differently in terms of their physical (e.g.,
transport, settling), chemical (e.g., contaminant uptake and transformation), and bio-
logical (e.g., community structure activities and metabolism) behavior relative to
their constituent individual particles due to differences in size, shape, porosity, dens-
ity, and compositional characteristics. Given these significant behavioral differences
between flocs per se and their individual component parts, flocculation influences a
wide array of environmental phenomena related to sediment–water and sediment–
sediment interactions. A few of these include sediment and contaminant transport in
various aquatic ecosystems, remediation of contaminated bed sediments, contamin-
ated bed sediment stability, and habitat destruction resulting from sedimentation (e.g.,
coral reef, salmon spawning grounds, mollusk habitat degradation). These concerns,
coupled with the ubiquitous nature of flocs within natural and engineered systems
and the potential to influence floc properties to control better the environmental and
engineering processes, have generated an increased emphasis on floc research.

The traditional disciplines within saltwater, freshwater, and engineering research
have, however, remained somewhat mutually exclusive in their approach to the study
of flocculation processes. This reality is facilitated by differences in external vari-
ables (e.g., environmental conditions), focus driven research, and discipline bias.
Regardless of differences in discipline or approach, there is great scope and utility for
the sharing of information between scientists who work in these three floc environ-
ments. Often methods used in one environment can, and should, be used in another
to further our understanding of flocculation processes. While new developments in

v
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vi Preface

genomics, nanotechnology, sampling, and modeling permit increasingly revealing
investigations into floc structure, processes, and impact, there is still a fundamental
lack of knowledge related to many aspects of the flocculation process.

In light of the importance of flocculation within natural and engineered systems,
an international workshop was held on September 4 and 5, 2003, at the Canada
Centre for Inland Waters, Burlington, Ontario, Canada. The workshop brought
together academics and government scientists from around the globe to address the
critical issue of sediment flocculation within freshwater, saltwater, and engineered
systems. During the workshop, participants representing these three environments
presented their research findings. Three focus areas were used to structure the
workshop: (a) modeling, (b) physicochemical, and (c) biological aspects of floc-
culation. Following individual presentations, the participants were divided up into
three working groups to address assigned topics in the focus areas. Each focus group
contained researchers from the freshwater, saltwater, and engineered systems to
ensure a cross-communication of ideas between environments and to facilitate an
understanding of the unifying principles of flocculation. Participants ranged from
geographers/geomorphologists who investigate flocculation as it relates to sediment
source, transport, and fate within river systems, sedimentologists interested in floc-
culation’s influence within depositional environments, biologists focusing on the
biopolymeric matrices and microbial consortia of flocs, oceanographers investig-
ating sediment transport and delivery within estuaries and open ocean environments,
and wastewater engineers/biologists interested in floc behavior within engineered
systems.

The peer-reviewed 20 chapters that comprise this text are organized by their envir-
onment of investigation. The final chapter identifies the unifying principles that were
discussed within the workshop focus groups and from the preceding chapters. The
text provides a unique perspective in that it integrates the natural sciences and engin-
eering fields as they relate to the central phenomenon of flocculation. We hope that
the array of information provided in this book will be valuable to all those interested
in flocculation issues within any environment.

Ian G. Droppo
Gary G. Leppard

Steven N. Liss
Timothy G. Milligan
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1 Methods for Analyzing
Floc Properties

Steven N. Liss, Timothy G. Milligan,
Ian G. Droppo, and Gary G. Leppard
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1.1 INTRODUCTION

The function–structure relationships of flocs are important to environmental scientists,
microbiologists, and engineers. Ultimately, their goals include being able to solve
practical problems more effectively, and to provide better information for modeling
ecological processes and contaminant transport in aquatic environments and in the
operation of engineered systems (e.g., wastewater and drinking water). Methods and
analytical tools play a critical role in floc research and in achieving these goals.
These are intended to do one of two things: (i) to provide descriptive and quantitative
information that may lead to a fuller understanding of flocculation and (ii) to have
tools that may be applied to the management of floc processes in engineered and
environmental systems.

At present, few standard methods with good reproducibility are available,
although several physical, chemical, and microbiological measurement and analyt-
ical techniques have been developed. Earlier reviews give a comprehensive review
of the methods and techniques for the measurement of physical characteristics for
activated sludge1 and an overview of the principles, methods, and applications of
particle size analysis in primarily saltwater systems.2 Eisma et al.3 and Dyer et al.4

1-56670-615-7/05/$0.00+$1.50
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2 Flocculation in Natural and Engineered Environmental Systems

conducted a comparative study in the Elbe estuary to evaluate several different in situ
methods for determining floc size and settling velocity. More recently, several entries
in the Encyclopaedia of Environmental Microbiology5 provide overviews of methods,
particularly advanced optical microscopy and molecular tools applied to the study of
microbial structures including flocs.6 Common to all these reviews is the wide range
of methods employed to determine some of the most basic of parameters that describe
flocs in the environment.

In engineered systems, advances have been achieved primarily in studying floc
properties (ecology, structure, and physicochemical characteristics) of individual flocs
from full-scale systems and from laboratory-scale reactors that were run under well-
controlled conditions. In contrast, studies in the marine and freshwater environments
have concentrated on bulk properties such as gross morphology, size, and settling
velocity in samples collected with an emphasis on in situ measurements. One reason
for the difference between measurements in the natural environment and engineered
systems is the availability of flocs and the ease with which they can be sampled
intact. Those involved with studying natural systems have tended to focus on the gross
properties and behavior of floc. Engineered systems are suited to detailed examination
of surface properties and molecular determinants in floc behavior.

In this chapter, we present an overview of the principal methods presently being
used in engineered, freshwater, and marine systems. Some aspects of the methods
presented can be applied to both natural and engineered systems. Our goal is to provide
an insight into the work being carried out in the different aquatic environments so that
researchers can consider adapting the techniques presented to their respective fields.

1.1.1 FLOC SIZE

Floc size is a widely measured floc characteristic. Floc size influences properties
such as mass transfer (transport and settling),7 biomass separation, and sludge
dewatering.8–10 Flocs are generally observed as two-dimensional (2D) projections,
and there is no simple means of specifying size or shape.11 However, flocs are
highly irregular in shape, porous, and three-dimensional. Equivalent spherical dia-
meter (ESD), frequently calculated from the two-dimensional area, is often used to
characterize floc size due to its simplicity and its application in Stokes’ law.11–13

Bache et al.11 defined the effective diameter as the geometric mean
√
(dmin

∗dmax)

based on the maximum (dmax) and minimum (dmin) dimensions across the 2D floc
image. Barbusinski and Koscielniak14 and Li and Ganczarczyk15 described floc size
based on the average floc diameter defined as one half of the sum of the longest and
shortest dimensions of the flocs measured.

Flocs in suspension are found over a range of sizes that describe a continuous
distribution. Several standard parameters are available to describe floc size distribu-
tions. Median (d50), upper quartile (d25), and mode have all been used to describe
the size distribution of flocs in suspension.13,16,17 Due to the open architecture and
poorly defined association of particles within a floc, researchers use fractal geometry
to describe floc structure.18−23 Depending on the nature and the sizing technique
employed, there is no evidence to show which definition is the best representation of
floc size. However, researchers should be clear in their definition of floc size when
reporting results.
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In general flocs range in size from a few microns to a few millimeters when
measured by ESD. One exception is large assemblages of diatoms or other biologically
derived material. Sometimes referred to as marine snow to differentiate it from more
inorganic rich flocs, these patches of aggregated organic material can reach ESDs
many orders of magnitude larger than what could be considered normal flocs. When
marine snow becomes buoyant during decomposition, as was observed in the Adriatic
Sea during the mucilage phenomenon, “floc size” can exceed 1 m.24−27

Many methods and instruments have been developed in the past to measure floc
size distributions in natural and engineered systems. One of the earliest methods was
the Coulter Counter, which determined the size distribution of particles in suspension.
This method was popular in the marine environment as the electrolyte concentration
in seawater permitted samples to be analyzed without alteration. However, stresses
applied during the counting process can disrupt flocs which raises the issue that this
method may be of little value for estimating floc size.28,29

The determination of floc size has relied primarily on imaging of flocs followed by
image analysis to ascertain the parameters describing the size distribution.12,30,31 Both
microscopic observations and photographic techniques13,32–35 have been used. In situ
photography of flocs, although relatively easy to employ, does not allow measurement
of very small flocs due to resolution limits. Often these systems can only image down
from 50 to 100 µm, although a 10 : 1 camera system with a resolution of 10 µm
has been developed.36,37 Recent advances in digital photography should improve the
resolution of in situ camera systems. The main advantage of these instruments is their
ability to measure floc size with minimal disturbance to the natural stress environment
of the flocs. However, they were developed for the natural environment, and may be
difficult to apply in an engineered system as they are limited by the concentration of
particles in suspension.

Microscopic methods usually incorporate a camera and computerized digitizer
to provide images for analysis. The increased resolution of microscopic systems
allows for accurate, reproducible, and relatively fast estimates of floc morpholo-
gical parameters. Specialized techniques such as confocal microscopy and electron
microscopy (discussed in detail later in the chapter) allow the internal structure of
flocs to be examined. The obvious drawback for microscopic analysis is the require-
ment to remove flocs from their natural environment and the associated instrument
costs.

Common to both photographic and microscopic methods is the requirement to
conduct image processing and analysis on the captured image to determine floc size
and other descriptive parameters. Image processing and analysis comprises several
steps.38 Different algorithms are applied to the digital image to improve the quality
of the image and to separate a floc from its background. Each area of coherent pixels
with values within a selected range of threshold values is then used to calculate the
different parameters used to describe floc size. There are differing views on the number
of pixels required to define a particle with values ranging from 3 to 35 pixels.39,40

Several different image analysis systems are available on the market but all are based
on the same principles for manipulating a matrix of pixel values. Clear explanations
of the methods employed in the analysis are critical for understanding how descriptive
parameters such as ESD are generated.
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Laser based sizing instruments are now being widely used to determine floc size
in situ.41,42 Two different laser techniques have been used, focused beam reflectance
measurement (FBRM) and laser diffraction. FBRM instruments (modified ParTec)
employ a rotating laser beam to determine the size of particles in the sensing zone.41

When the laser encounters a particle, the beam is reflected for the period of time it
takes to traverse the particle. Using the angular velocity of the beam and the duration
of the reflected laser pulse, the length of the intersecting particle chord is determ-
ined. A chord correction algorithm is then used to determine the size distribution
of the particles in suspension. FBRM instruments were designed for process control
and are not easily adapted to studies in natural systems. However, they do have the
advantage of working at higher concentrations than instruments that rely on light
transmission.41

Laser diffraction instruments were first used by Bale and Morris,43 who modified a
Malvern particle size analyzer (Malvern Instruments, U.K.) for underwater use. Since
then purpose-designed laser diffraction systems have become available, notably the
LISST (Sequoia Scientific Inc., WA, United States) and the CILAS (CILAS, France).
Laser diffraction instruments are based on the scattering of laser light by particles as
the beam transits a known sample zone. The scattering angle is determined by the
size of the particle with the scattering angle being small for large particles and large
for small particles.42 A series of concentric ring detectors sense the amount of light
they are receiving. Using the Mie or Fraunhofer theory of scattering for spheres, these
values can then be inverted to yield the particle size distribution.42

Floc size has also been inferred from the settling behavior of flocculated
suspensions.4,44 Settling column methods in general measure the equivalent hydraulic
diameter of particles in suspension rather than the actual physical size of the suspen-
ded particles. Floc size is expressed in terms of the diameter of a sphere with the
density of quartz, settling at the same speed as the particle in question.45

1.1.2 SAMPLE HANDLING AND STABILIZATION

In situ measurement of floc size is clearly preferable due to the fragile nature of
flocs. Sample handling may break up existing flocs or promote formation of larger
flocs during storage.46 Gibbs and Konwar47 showed that common sampling methods
disrupt flocs. Critical to any work with flocs outside their natural environment is
sample handling and preparation. The need for microscopic examination of flocs
and for laboratory experiments with natural flocs has led to the development of new
techniques for removing flocs from their ambient conditions with minimal change in
floc size or structure. Considerable efforts have been given to overcome perturbation
that may be associated with sampling and specimen preparation.

For floc size measurements not performed in situ, samples are collected in
bulk suspension and transported to the laboratory for sizing. Essential to this first
step is minimizing the stress applied to the flocs during sampling. Droppo and
Ongley12 employed traditional laboratory-used plankton chambers within fluvial sys-
tems. By using the plankton chamber as both the sampling and analytical chamber
for image analysis, potential perturbations are minimized. Depending on the sizing
methods, further floc sampling might be required. Some size measurements using
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image analysis systems or microscopic observation require subsampling of flocs onto
microscope slides. This is normally done using a pipette for which the opening has
to be wide enough (2 to 3 mm) to prevent floc breakage and disaggregation.48

Floc stabilization prior to further sample handling has been shown to be effective
in preserving floc structural characteristics. Droppo et al.49,50 described a method
of utilizing low melting point agarose to physically stabilize microbial flocs before
analysis. This technique was found to have no significant effects on floc size distribu-
tions. Ganczarczyk et al.51 used a similar approach in physically stabilizing microbial
flocs. Optically clear polyacrylamide gels have been used in marine sediment traps
to capture flocs intact for later processing.52

1.2 FLOC SETTLING VELOCITY

Settling velocity measurements of flocs are important for studying the fate of
sediments within natural systems and for the evaluation of solids removal from treated
effluents and in the estimation of floc wet density. Floc settling velocity has been
found to increase with increasing floc size53–57 but not necessarily in accordance
with Stokes’ law. Floc settling under gravity has been reported to be affected by a
wide range of factors including the shape and settling orientation of flocs being meas-
ured. The effect of fluid drag force on the settling velocity of a nonspherical particle
is larger than that on a spherical particle.58,59 The fastest settling rate is for particles
of spherical shape, followed by that of cylindrical, needle-like, and disc-like shape.58

Floc settling velocity may be affected by the settling orientations of the flocs because
the drag force depends on the floc area facing the settling direction.53 Fluid flow
through the internal structure of flocs may also be important, as this would reduce
hydrodynamic resistance and increase settling velocity.15 Zahid and Ganczarczyk54

stated that the computation of settling velocity by Stokes’ law from the size and dens-
ity measurements has to consider the effect of floc permeability. This, however, is in
contradiction to the usual way of calculating wet density of flocs from the size–settling
velocity measurements. The effect of floc permeability on settling velocity is con-
sidered negligible.55,60 To complicate this picture from the floc structure viewpoint,
Liss et al.61 showed that the channels that appeared to be open by conventional optical
microscopy (COM) and confocal laser scanning microscopy (CLSM) were in many
instances filled with extracellular polymeric substance (EPS) fibrils that could be seen
only by transmission electron microscopy (TEM).

Floc settling velocity is most commonly determined by measuring the distance
traveled by a floc over a known time using multiple exposure photographic and video
imaging.34,35,53,57,62,63 These techniques are effective in measuring floc size and
settling velocity within the resolution limits of the imaging method used. Klimpel
et al.60 used a cinematographic technique to measure larger flocs (>100 µm), and
the multiple exposure technique to measure smaller flocs (<100 µm). Droppo et al.57

developed a videographic technique to measure floc settling velocity. This technique
involves using a stereoscopic microscope or 1× tellecentric lens and a video camera
to capture images of settling floc in a column filled with a medium similar to the native
environment of the samples. A small quantity (∼1 ml) of floc samples is introduced
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at the top of the column. A sufficient travel distance is allowed for flocs to reach
terminal velocity. Settling images of flocs are then recorded on a VCR as they pass
though the focal plane of the microscope. These images are then analyzed using a
computer imaging software for size and settling velocity.

Similar video imaging techniques have been developed to examine floc size–
settling velocity relationships in situ in marine and freshwater environments.36,37 All
are based on video imaging of settling flocs within a stilled water column. Missing,
however, from most studies has been an accurate estimation of floc density. A new
instrument called INSSECT (IN situ Size and SEttling Column Tripod) has been
designed to measure all the variables that, at present, are thought to influence the flux
of fine-grained sediment to the bottom.52 Comprising a rotating sediment trap and
settling column, the rotating tripod is equipped with video and still camera systems,
current meters, and polyacrylamide gels to capture settling flocs.

There is no simple equation relating the settling velocity of flocs to their size.
Stokes’ law or modified Stokes’ law best describes the settling velocity of particles that
approach a perfect sphere. Despite the limitations, estimations of other floc properties
(e.g., density) derived from Stokes’ law have proven useful in floc research. Stokes’
law is defined as follows:

v = 1

18

g · d2(ρf − ρw)

µ
(1.1)

where v is the terminal settling velocity, ρf the wet density of particle, ρw the density
of water (assume settling in water), g the gravitational constant, µ the viscosity of
water (assume settling in water), and d the diameter of particle.

Li and Ganczarczyk53 used a power function of the form, v = ALn, and a linear
function, v = A+BL, to correlate floc settling velocity (v) with its longest dimension
as a characteristic size (L), where A, B, and n are the equation coefficients determined
experimentally. The power function is considered to be a better way to describe the
relationship because the power function predicts that the velocity will be zero when
floc size approaches zero while the linear function does not. However, the measured
settling velocities can yield coefficients lower than that predicted by Stokes’ law
(n = 2).54,55,64 The power law coefficients (n) calculated from the power function
generally have ranged from 0.55 to 0.88. The number of flocs measured in these
studies were as low as 21 and as high as 343. Lee et al.56 managed to measure a
total of 1385 flocs for settling velocity and size determinations and reported a power
coefficient of 0.7 to 0.8. A modified linear model incorporating the floc settling shape
factor was found to improve the correlation coefficient (R2) of the linear relationship.64

In the marine environment, settling velocities of flocs have been inferred from
clearance rates in enclosed sedimentation tubes.4,44 Commonly, open-ended tubes
are submerged horizontally to permit free flow of particles in suspension and then
closed, rotated to 90◦, and retrieved. Subsamples are removed from the tube at set
intervals during settling and the settling velocity is determined from the change in
concentration with time.44 Settling velocities calculated from clearance rates were
found to be an order of magnitude less than those determined in situ using camera
techniques during the Elbe Estuary intercalibration program.4 However, the ease of
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use and the direct application of the results for determining vertical sediment flux
have made settling columns a common instrument for nearshore studies.

In short, floc settling in any environment is not only highly related to size, but also
related to floc shape and density. While Stokes’ law gives a reasonable approximation,
the relationship between floc size and settling velocity is best described by a power
law equation with the value of the exponent close to 1. Recent advances in digital
imaging and image analysis and the ability to collect ancillary data have led to better
understanding of the size–settling velocity relationship for flocculated suspensions.52

1.3 FLOC DENSITY AND POROSITY

Floc density and porosity are two important floc characteristics in evaluating floc beha-
vior. Along with floc size and shape, floc density plays a strong role in influencing
settling velocity with concomitant transport and industrial efficiency implications.
As the porosity of a floc has consistently been shown to be negatively correlated
to density,7 it too is an important parameter for floc behavioral assessment. Dens-
ity is usually derived from the settling velocity–size measurements using Stokes’
law or modified Stokes’ law.34,35,53–57,60,65 The validity of this approach has been
questioned because it usually assumes spherical flocs and the settling velocity and
size relationship do not follow Stokes’ law. Zahid and Ganczarczyk54 stated that
there were a number of uncertainties involved in the density calculation from Stokes’
law, therefore the approach was regarded only as an approximation. Lee et al.56

also supported this approach since it provides at least qualitatively valid density
estimation.

The following equation is often used to calculate floc porosity from density:53

ε = ρs − ρf

ρs − ρw
(1.2)

where ρs and ρf are the dried floc density (1.34 to 1.69 g/cm3) and wet floc density,
respectively, and ρw is the liquid density.

Andreadakis66 made use of interference microscopy for floc density determina-
tion and used the above equation to calculate floc porosity. Density determinations
for aggregates are usually based upon observations of terminal velocity, although a
method based upon a series of sucrose solutions of incremented densities has been
presented by Lagvankar and Gemmell.67 Ozturgut and Lavelle59 employed a linear-
density stratified column which allows flocs to settle to their isopycnic levels to
measure low density but settleable wastewater effluent flocs. Dammel and Schroeder68

used a similar density gradient centrifugation technique, which allows the flocs to
settle in a fluid of continuous increasing density until the flocs become stationary,
to measure the density of activated sludge flocs. This technique, however, does not
measure floc size concurrently with its density, thus, a size and density relationship
might not be established easily. In addition, the ionic strength of the suspension
medium and the nature of the medium itself have to be compatible and nontoxic with
the biological flocs.
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A variety of floc density models have been proposed. Magara et al.34 proposed
the following floc effective density (ρe) model based on Stokes’ law,

ρe = ρf − ρw = 0.003698 · µwvd−2 (1.3)

where ρf and ρw are the floc density and liquid density, respectively (g/cm3), µw is
the liquid viscosity (g/cm3 sec−1), v is the floc settling velocity (cm/s) and d is the
floc ESD (cm). Tambo and Watanabe35 suggest a model based on Stokes’ law for
effective floc density and size:

ρe = ρf − ρw = 34µwv

gd2
f

(1.4)

assuming a drag coefficient of 45/Re and a floc sphericity of 0.8. Andreadakis66

suggested that the floc density (ρf ) is a function of its size (d),

ρf = 1+ 0.30 d−0.82 (1.5)

assuming a dried sludge density of 1.34 g/cm3. Glasgow and Hsu65 developed an
empirical equation for kaolin–polymer aggregate to relate its density (ρ) to diameter
(d) and pH,

ρ = 1.05 · d(−0.0038pH+0.00716) (1.6)

assuming a sphericity of 1.0.
Zahid and Ganczarczyk54 plotted effective density as a function of average dia-

meter on a logarithmic scale and developed the following equation for the floc effective
density and the average diameter (D),

ρe = 0.005

D1.21
(1.7)

where the two constants, 1.21 and 0.005, represent the slope of the straight line and
the effective density of a 1.0 mm diameter particle, respectively. Accordingly, the
size–porosity function was expressed as:

ε = 1.0− 0.007

D1.21
(1.8)

Mikkelsen and Perjrup69 presented a method for determining effective floc density
and calculated settling velocity in coastal marine environments using data collected
by a LISST. Assuming that floc fraction and the amount of material in suspension that
is found in flocs is high then the effective floc density is equal to the total suspended
mass divided by the total volume concentration of the flocs.

Although there are many empirical models available for the estimation of floc
density and porosity, none of them can be considered as a universal model. This is
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simply because all these models were developed from their specific conditions such
as the type of natural or engineered system, the type of microorganisms, the hydro-
dynamic conditions, and the experimental techniques used. Therefore, floc density
and porosity must be experimentally determined in all situations. New instrument-
ation is now available that can determine the size–settling velocity relationship of
flocs in suspension, determine the mass of the flocs, and capture them for micro-
scopic analysis.52 With these advances, it should be possible to determine densities
in natural environments in situ.

1.3.1 FLOC STRUCTURE: CORRELATIVE MICROSCOPY

Leppard70 defined correlative microscopy (CM) as a strategy of using multiple
microscopic techniques which can include conventional optical microscopy (COM),
confocal laser scanning microscopy (CLSM), and transmission electron microscopy
(TEM), and allow one to detect, assess, and minimize artifacts that might arise from
using one technique only. CM has been successfully used by Liss et al.61 with a min-
imal perturbation approach in studying natural and engineered flocs. A recent minimal
perturbation approach49,50 involves the use of sample stabilization in low melting
point agarose and a fourfold multi-preparatory technique. The use of a fourfold
multiple preparatory technique and CM has revealed how to maintain the structural
integrity of the samples through the stabilization, staining, and washing procedures.
The use of only one microscopic technique can bias or limit the information acquired
because of the artifacts that arise in specific sample preparations and the resolution
constraint associated with a particular technique.

The use of COM is the most common microscopic approach in the analysis of
external gross-scale floc structure.12,14,31,57,71,72 High resolution TEM is often used
to investigate the fine structure of natural and engineered flocs, especially in the
study of EPS distribution within floc structure.26,27,72−75 This is generally done by
stabilizing samples in a fixing agent such as glutaraldehyde, then embedding in Spurr
resin or alternatively a fixation and embedding in Nanoplast; an ultrathin section is
then obtained from the embedded sample by slicing with an ultramicrotome and a
diamond knife. This ultrathin section (50 to 100 nm) is then placed on a copper grid
for further staining (e.g., uranyl acetate) to give better contrast, although at TEM
resolution, fibrils, bacterial cells, and other components of floc are visible. TEM can
be used in conjunction with energy dispersive spectroscopy (EDS) to detect metal
accumulation and to give element abundance in EPS.61,76 The thickness constraint
of ultrathin sections (50 to 100 nm or less) in the preparation of TEM images has
restricted the floc sample volume, which has a diameter as large as 1 mm, that can
be examined at high resolution due to the consideration of cost and time. COM and
CLSM images are useful in indicating the number of TEM sections required to be
collected for determining the representative images of flocs.61

Nanoplast resin is particularly effective as a stabilization medium since it is a
hydrophilic melamine embedding resin that holds the fibrillar EPS in native three-
dimensional disposition. Nanoplast omits the solvent dehydration stage, and it forms
cross-linkages between matrix colloids prior to structural water loss at the end of the
embedding process. Measurements of the dimensions of colloidal matrix material
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and their 3-D disposition are realistic. Nanoplast has been recently shown to be
useful for stabilizing sediment biofilms and the EPS matrix of these structures for
observation by CLSM.77 The environmental scanning electron microscope (ESEM)
permits observations of fully hydrated samples but there have been no published
reports to date that describe microbial flocs using ESEM, except a few reports using
ESEM information as an aid for interpreting other observations.76

CLSM is one of the most recent microscopic techniques used to study flocs and
has been shown to be a useful technique in bridging the resolution gap between
COM and TEM.23,61 Images are scanned with a laser beam and collected in a point-
by-point fashion by a photodetector system.78 These collected images are stored in
the computer memory for further image processing and analysis. The advantages
of CLSM over conventional light microscopy include the reduction of image blur-
ring caused by light scattering, with a concomitant increase in effective resolution.
CLSM also allows the examination of a thick specimen such as animal tissue and
biological flocs by scanning a series of planar images (X−Y plane) along a ver-
tical axis (Z) one at a time. These series of planar images can be reconstructed in
a computer imaging analysis system into a 3D image of the sample.21−23,61 Floc in
excess of 500 µm can be visualized by CLSM. Two photon, or multiphoton laser
scanning microscopy (2P-LSM) permits examination of floc and films approaching
1mm in thickness while minimizing photobleaching and phototoxicity. A particu-
larly useful feature of CLSM and 2P-LSM is that these can be used in combination
with a variety of fluorescent molecular probes to study the spatial distribution of
extracellular polysaccharides, cell viability, pH gradient, proteins, RNA, lipids, and
other components of floc nondestructively.77,79 These techniques are increasingly
being adapted by researchers to further our understanding of flocs and the relation-
ship between structure, ecology, and the physicochemical properties of flocs and
films.23

Other advanced microscopic methods including Raman confocal microspectro-
scopy can potentially provide insights into the chemical composition of microbial
cells and the heterogeneity associated with spatial distribution associated with struc-
ture and the conditions of growth.80,81 Atomic force microscopy (AFM) has emerged
as a tool that can provide detailed information on topography of microbial surfaces as
well as probing surface properties.82,83 Through the interaction of the AFM tip and
the microbial surface, attractive and repulsive forces can be explored (see Chapter 16).
Functionalizing the tip with molecular specific probes is a further advance that permits
more detailed examination of molecular interactions. Synchrotron-based scanning
transmission x-ray microscopy (STXM) has recently been used correlatively with
TEM and CLSM on a riverine biofilm to gain high resolution information on the
three-dimensional distribution of specific classes of extracellular polymers.84

1.3.2 EXTRACELLULAR POLYMERIC SUBSTANCES

In aqueous environments, bacteria may invest a substantial amount (>70%) of their
carbon and energy in the production of extracellular polymeric substances,77,85 indic-
ating an important role of EPS in the functioning of microbial communities and the
structures they form. Over the past 20 years, studies have emphasized the composition
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of the EPS based on analyses of whole sludge or the extracted EPS. More recently,
investigators are beginning to focus on detailed investigation of the surface properties
and EPS through direct examination, by microscopy, of the whole biopolymeric
material rather than the extracted EPS as has been done previously86 (see Chapter 6).

EPS can be classified as capsular EPS (bound) and slime EPS (soluble). The
bound EPS is attached tightly to the exterior cell wall, while the soluble EPS is
the loosely attached or unattached ‘slime’ material that can be washed away by
centrifugation.87,88 In order to analyze the composition of bound EPS without indu-
cing cell lysis, a variety of extraction methods have been developed. Brown and
Lester89 have compared bacterial EPS extraction methods from other sources includ-
ing chemical methods such as ammonium hydroxide, sodium hydroxide, EDTA,
sulfuric acid, and boiling benzene. Mechanical extraction methods such as high-speed
centrifugation, ultrasonication, and boiling or autoclaving were also investigated.
The influence of various separation and extraction processes, on the constituents
and quantities of EPS being extracted, has been reviewed recently, along with a
comparison of the analytical measures in common use.90

Cation exchange resin (CER), utilizing both a mechanical and chemical means of
extraction, has been found to be effective in terms of minimal cell lysis and nondis-
ruptive effects on the EPS.91,92 This extraction method removes divalent cations such
as Ca2+ and Mg2+ from the EPS matrix and replaces them with monovalent cations.
By removing the divalent cations the EPS becomes less stable thereby allowing the
EPS to separate from the cellular material. Subsequent to capsular EPS extraction,
proteins,93 carbohydrates,94 acidic polysaccharides,95 and DNA can be measured.

Although quantitative estimations of EPS in microbial structures have been
traditionally accomplished through extraction and chemical methods, fluorescent
probes are suitable for estimating EPS in situ. In the past, Calcofluor White M2R
was used to measure exopolysaccharide production in single bacterial strains such as
Azospirillum, Pseudomonas aeruginosa, and Klebsiella pneumoniae.96,97 Similarly,
congo red was employed for general light microscopy staining of polysaccharides.98

More recently, researchers have begun to use fluorescently labeled lectins as a
method to probe the spatial relationships of EPS within thick heterogeneous microbial
structures.99−102 Lectins are a large group of glycoproteins that bind to specific car-
bohydrates. They are prevalent in nature and are present in plants, bacteria, animals,
and humans.103 Plant lectins have been used as both specific and general stains to
estimate EPS, as well as to characterize the EPS left on surfaces after the removal of
microbes.99−101,104

1.4 SURFACE CHARGE AND HYDROPHOBICITY

As reviewed by Liss,6 methods used in the past to determine microbial surface charge
include attachment to charge-modified polystyrene, fluorescent probe ion exchange
resin, and electrophoretic mobility. At present, the most common and reproducible
method to determine surface charge density of microbial aggregates is by a colloid
titration.105,106 Mikkelsen107 recently compared surface charge determinations of
sewage sludge by various methods in order to identify applications and limitations
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of the colloid titration method for analysis that tends to yield widely ranging values
amongst different studies. The colloid titration method was found to be limited to
conditions of low reactant doses and valid for charge determination of extracellular
polymeric substances primarily. For determining whole floc or sludge surface charge,
estimates from zeta potential titrations may be more reliable than that determined
from colloid titration.

Numerous methods have been reported in the literature for determining hydro-
phobic interactions of cells and have been summarized by Liss.6 These include
methods that measure actual binding to a hydrophobic ligand such as microbial adhe-
sion to hydrocarbons (MATH) and those giving an estimate of an overall surface
property, such as salt aggregation test (SAT) and contact angle measurement (CAM)
of dry cell layers.

The MATH method is a simple method to rapidly quantify cell surface
hydrophobicity.108,109 This method is based on the partitioning of cells possessing
hydrophobic surface characteristics at the interface of a biphasic hydrocarbon–-
aqueous system after brief mixing. The relative hydrophobicity is calculated from:

H = 100(1− a/A), (1.9)

where a is the absorbance of the aqueous layer after phase separation, and A is the
initial absorbance of the aqueous phase at 400 nm before mixing with hydrocarbons.
Attention must be given to the possibility that cell clumping may occur during the
assay, which can result in a huge reduction in absorbance. Changes in the initial cell
density can also affect the measurement.

Contact angle measurement is one of the most common techniques for the
measurement of hydrophobicity of bacterial cell surfaces and flocs because the surface
free energy of these cells can be estimated from the measurement (see Chapter 19).
Although different apparatus may be used, all the measurements involve the prepar-
ation of a thin bacterial lawn through the vacuum filtration of a bacterial suspension
and the determination of sessile drop contact angles on the bacterial lawn, either by
using a telegoniometer or by projecting a magnified image system. The application
of axisymmetric drop shape analysis (ADSA) may overcome some of the problems
inherent in contact angle measurements on biological cells.110,111

Salt aggregation test is based on subjecting cells to increasing concentrations of
salting-out agents (e.g., ammonium sulfate).112 The order in which cells are aggreg-
ated and settled is a measure of their surface hydrophobicity. The most hydrophobic
cells are aggregated first at a low salt concentration. All tests are compared to the
reaction at the highest molarity of salt (positive control). Bacterial suspensions mixed
with a 0.002 M sodium phosphate (pH 6.8) are used as a negative control. A drop
of methylene blue can be added to enhance the visualization of the aggregates.113

Urbain et al.114 used this method to study the internal hydrophobicity of sludge flocs.
Limitations of SAT include the fact that many hydrophobic bacterial cells will clump
in the absence of any added ammonium sulfate, and that it provides only a qualitative
estimation of the relative rank of hydrophobicity. Electrostatic interactions may affect
the results of SAT more than other hydrophobic measurement techniques.109
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1.5 MICROBIAL ECOLOGY

The identification and in situ detection of microorganisms within activated sludge
flocs using DNA probes have been reported for the subclasses of proteobacteria,115

Gram-negative filamentous bacteria,116 Acinetobacter spp.,117 and nitrifying bacteria,
ammonia- and nitrite-oxidizing bacteria.118−121 Probes have been found to be
effective in monitoring shifts in nutrient amended activated sludge samples and avoid
biases associated with culture dependent methods.

Nucleotide probes are also being used in multimethod approaches to the analysis
of marine snow. Grossart and Simon122 studied the bacterial colonization and micro-
bial decomposition of lake snow with rRNA-targeted fluorescent oligonucleotide
probes, used in conjunction with standard limnological parameters and measures
of hydrolytic enzyme activities, bacterial production and growth rates, and changes
in floc composition during aging and sinking. The flocs were shown to be hot-
spots of enhanced microbial activity, with the microbial community dominated by
β-Proteobacteria. The overall results suggested that lake snow and activated sludge
flocs have similar functions in their aquatic ecosystems. A review and comparative
analysis of the microbial ecology of flocs from many ecosystems have been published
recently by Simon et al.,123 who consider marine, lacustrine, riverine, and estuarine
environments. They describe methodology and reference it in considerable detail,
and they conclude that the significance of bacteria in aggregation processes is much
greater than previously estimated.

A variety of approaches permitting correlation of structure–function relationships
with respect to specific metabolic and biogeochemical processes associated with flocs
are available. Carbon-substrate oxidation patterns or phenotypic fingerprinting based
on commercially available BIOLOG microplates allow for simultaneous testing of
95 separate carbon substrates producing patterns of metabolic response based on the
reduction of tetrazolium dye as an indicator of sole carbon utilization.124 Brock and
Brock125 introduced microautoradiography (MAR) as a tool for looking at the activit-
ies of individual microorganisms in their natural habitats. This technique has been used
since to address many important ecological questions regarding bacterial activities in
natural aquatic systems.126−129 MAR is a method that can be used to investigate the
ability to assimilate organic or inorganic compounds by natural bacterial populations
as well as assessing their abilities to be active under different operating conditions;
for example, like the aerobic, anoxic, or anaerobic conditions encountered in some
activated sludge systems.130−132 Radiolabeled (3H, 14C, 35S, or 33P) substrates are
used and can become associated with cells or biological structures of interest either as
a result of adsorption or active uptake. After coating cells with a photographic emul-
sion and following an appropriate time of exposure, uptake is indicated by deposition
of silver grains on the surface of radioactive cells.

Recently, direct combination of fluorescent in situ hybridization (FISH) and
MAR for simultaneous in situ identification and determination of substrate uptake
patterns of individual microbial cells within complex microbial community has
been applied to activated sludge.131−135 In the protocols used, an additional
step of FISH prior to the 4′,6-diamino-2-phenylindole (DAPI) stain, which is
used to obtain total cell counts,115,130,136,137 and the MAR developing steps, is
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incorporated. This combination permits simultaneous in situ detection of DAPI
signals, probe-conferred fluorescence, and silver grain formation (which indicates
the presence of radioactive compounds within the fixed cells) at a single cell level.
The technique has been used to examine the identity of unknown bacteria which carry
out specific processes, including their roles in organic substrate uptake and biological
phosphate removal.130,131 Some filamentous bacteria from activated sludge have been
studied with these techniques, and their roles in the uptake of several organic substrates
determined.133,134

1.6 CONCLUSION

Recent advances in both microscopic and photographic imaging techniques have led to
a much greater understanding of floc behavior and floc structure. While the emphasis
in the three different environments (saltwater, freshwater, and engineered systems)
differs, new techniques in each discipline present an opportunity to advance our
understanding of flocs. Very significant advances have been made in the study of floc
properties in engineered systems, whereas the emphasis in natural systems has been
on determining bulk properties that control the transport of sediment. Methods for
dissecting flocs microscopically and understanding microbial systems and processes
at a molecular level are relatively new to the marine and freshwater studies and offer
an exciting new area of study provided floc sampling methods can advance at the
same time.
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2.1 INTRODUCTION

Globally, freshwater represents only 2.5% of the world’s water resources.1 Water,
particularly freshwater, is the most essential and significant component for sustain-
ing human life and many other aspects of global survival. Globally, the integrity of
freshwater is jeopardized by contaminant and particulate inputs from soil erosion,
atmospheric deposition, and anthropogenic point and nonpoint sources of pollution.
With clean drinking water one of the most significant issues impacting mankind,1

a better understanding of its particulate component, the component carrying the
majority of contaminants, is critical for freshwater sustainable development.

Flocculation is a universal process occurring within aquatic ecosystems that incor-
porate both inorganic and organic cohesive particles. Certainly the freshwater systems,
consisting primarily of rivers and lakes (although other systems such as urban sewer
systems and stormwater detention ponds also have been studied2), are dominated by
cohesive sediments from a variety of sources and with a variety of compositions.

1-56670-615-7/05/$0.00+$1.50
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While some river loads such as that for the Mississippi will be dominated by sand
transport, flocculation of the cohesive fraction will play an equally important role in
moderating contaminant transport.3 Within the majority of cohesive sediment trans-
port rivers, flocculated particles are consistently shown to represent greater than 80%
of the total volume of sediment in transport.4,5 This fact has been dismissed within
many engineering and scientific applications of the past. In fact, coastal and estu-
arine models and researchers often treated the river inputs to the marine system as
unflocculated, and only when mixed with saltwater was flocculation believed to be
significant (due to electrochemical effects). Over the last few decades though, there
has been enlightenment as to the importance of flocculation in the freshwater system.
For example, freshwater flocs are shown to be an integral component of interstitial
pores within gravel bed rivers, with concomitant effects on salmonid egg survival.6,7

Urban engineering projects such as storm, sanitary and combined sewer systems,
stormwater detention ponds, inline detention basins, artificial marsh lands, and other
products of best management practices are taking into account the influence that
flocculation has on the controls of sediment and contaminant transport.2 Models of
urban environments, however, lag behind those of the natural water systems, owing
largely to the purely engineering approach to system design. Flocculated particles
have also been given greater consideration as to their impact on the transport of
contaminants.8–14 A tangible impact of flocculation is its effect on reservoir infilling
by significantly increasing the deposition rate of sediments. Flocculation’s impact
on reservoir infilling, fisheries, habitat destruction, and contaminant transport have
resulted in significant financial burdens for remediation and restoration projects. All
of the above examples are related to the important relationship of floc structure to
floc behavior. Specifically, floc form or structure will impact floc physical (transport),
chemical (uptake/transformation), and biological (biocommunity dynamics) behavior
within the floc itself or within a given system as a whole.9,14–22

This chapter provides an overview of freshwater flocculation, and the nature of the
resultant flocs, with subsequent chapters addressing studies which have investigated
many of the above issues as they relate to flocculation. While our focus is on fresh-
water, other studies/methods from the engineering and marine fields are discussed in
this chapter when they are applicable to freshwater.

2.2 DEFINITION OF FRESHWATER FLOCS

Flocculation is an aggregation process (or processes) leading to the formation of lar-
ger particles from smaller particles suspended within a natural or engineered water.23

The process usually involves some form of physical or chemical destabilization, and
a step in which particles collide.23,24 For aquatic scientists, flocculation is sometimes
equated with “aggregation due to polymers,” whereas “aggregation due to electro-
lytes” is often called coagulation.25 For our purposes, both processes can be treated
as similar in mechanism.23,26 From the action of either aggregation process, or from
both operating together, the resultant sedimenting particle is a floc.17

The aggregating particles in the bulk water will be heterogeneous and composed
of dissolved, colloidal, and particulate materials of varying size and composition27
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FIGURE 2.1 Schematic classification of what environmental science generally considers as
dissolved, colloidal, and particulate materials as defined by size and organic and inorganic
components. All of the components to the left of the flocculation wedge can be incorporated
into flocculated or aggregated particles with a subsequent increase in effective size. No upper
size range for floc size can be determined as it is dependent on a number of physical, chemical,
and biological factors, although marine snow has been observed in the order of centimeters.
(Reproduced with permission from Droppo (2000).)

(Figure 2.1). A proportion of these particles will be of an organic (living and nonliving)
and inorganic nature. All of the components to the left of the flocculation wedge in
Figure 2.1 can be incorporated into flocculated or aggregated particles with a sub-
sequent increase in effective size. While the dissolved ionic component of Figure 2.1
may not be considered true particles, they can still influence flocculation through
precipitation on and complexation with other components of the floc. Note, however,
that there is no static upper size range for floc size as it is dependent on a number of
physical, chemical, and biological factors.3

A freshwater floc is defined here as a suspended particulate (in the micrometer
to multi-millimeter range) which is (a) derived by freshwater aggregation processes
and (b) typically rich in subcomponents whose least dimensions can span the entire
colloidal size range and above. Subcomponents (Figure 2.2) include bacteria and
other small organisms, extracellular polymeric substances (EPS), aggregated humic
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FIGURE 2.2 The shape and dimensions of some common aquatic colloids: (a) submicrometer
eukaryote cell, an alga; (b) prokaryote cell, a Gram-negative bacterium; (c) microfibrillar cell
wall fragment from higher plant or alga; (d) frustule fragment from the mineral cell wall of
a diatom alga; (e) a clay mineral; (f) amorphous organic debris; (g) mucilaginous aggregate
of fibrils; (h) discarded scale from the surface of an alga; (i) refractory wall fragment from
Gram-negative bacterium; (j) amorphous iron oxyhydroxyphosphate; (k) individual fibril with
associated small colloids; (l) fractal aggregate of humic substance; (m) marine virus; (n) fulvic
acid aggregate; and (o) extracellular enzyme. (Reproduced with permission from Leppard and
Buffle (1998).)
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substances, clay minerals, colloidal iron and manganese oxyhydroxides, biogenic
silicates, bacterial envelope fragments, algal cell wall fragments, algal scales, viruses,
identifiable cell lysis products, and both mineral and organic nanoscale coatings.28,29

The EPS is frequently packaged by microbiota into nanoscale fibrils,15,30 which
cross-connect the various floc subcomponents, and which can be oriented in three
dimensions by bacterial secretion processes to establish intra-floc pores, and also
densely packed microzones which may represent a structural basis for diffusional
gradients.3,16,17,21

A paradoxical description of a floc, which focuses on the structural and behavioral
characteristics, was provided by Droppo et al.17 It was paradoxical relative to a much
earlier concept of the floc as a “black box.” From recent multidisciplinary work, a
floc can now be defined as “an individual microecosystem, composed of a matrix
of water, inorganic and organic colloidal particles with autonomous and interactive
physical, chemical, and biological functions or behaviors operating within the floc
matrix.”17 The rationale for this definition and the relationships among architecture,
biology, chemistry, behavior, and environmental activities are outlined in Droppo3

and elaborated in the following sections.

2.3 TYPES OF FRESHWATER FLOCS

Flocs in freshwater ecosystems are fundamentally no different from those in saltwater
(Section II) or engineered (Section III) ecosystems, although saltwater flocs are some-
times exceptionally large.22,31 At first this similarity may seem nonsensical, given the
extreme differences in overlying conditions and industrial manipulations. However,
if one examines flocs from these environments they are all composed of inorganic
particles, organic (living and nonliving) particles (Figure 2.2), and water. The differ-
ence lies in the relative proportions and specific composition of individual entities
comprising these general base components. In addition, it is evident that the factors
influencing flocculation will remain the same regardless of environment, only the
relative importance of each will vary as defined by site specific conditions. It is these
relative compositional and mechanistic differences which will give the floc population
its site specific distinctive characteristics. As such, while extreme examples within this
generalized view of flocs have been defined in the literature (biota-rich flocs,10,16,17

mineral-rich flocs,32 and aggregated humic substances33–35) their common link is that
they all have an inorganic and organic (living and nonliving) component and water
as constituents, although in some instances a single component may be dominant.

Within freshwater systems, flocs can be classified into four categories based on
their location of origin: (a) formed within the water column, (b) eroded from the bed,
(c) derived from the terrestrial environment and washed into the system by overland
or subsurface flow (and usually referred to as “aggregates”), and (d) decaying organic
matter (e.g., from plants). This chapter focuses primarily on the first classification
of flocs. While these categories of flocs are known because of our understanding of
soils, microbiology, hydraulics, and flocculation theory, they, at this point in time,
cannot be differentiated within a single sample.36 The lack of differentiation reflects
a lack of existing methods to discriminate these forms, as the majority of sediment
analysis instruments are indirect and nondiscriminative (e.g., laser particle sizers).
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Flocs formed in the water column via various physical, chemical, and biological
means, as discussed in this chapter, will generally appear as open matrix, low dens-
ity, high water content particles which may be more fragile than those derived from
the other three categories.36 Flocs derived from bed sediment erosion are generally
more compact but with a larger organic fraction due to biofilm growth providing
for a low density. The compaction is a result of self weighted consolidation pro-
cesses and biostabilization.37 The significant biological component provides the
floc with strength due to the sticky nature of the material. These particles will
often have denser areas within them that may represent water stable soil “aggreg-
ates” that have settled quickly to the bed. Such particles can be referred to as
hybrid particles (i.e., a particle composed of both floc and aggregate components).
Flocs derived from soil surfaces are typically not truly flocs but rather aggregates
formed through soil processes. Nonetheless, these particles are similar in struc-
ture, containing similar constituent particles, and once within the water, are quickly
colonized by aquatic bacteria. These particles are compact and dense with settling
velocities one to two orders of magnitude higher than flocs formed directly in a
water body.36

Freshwater flocs derived from the microbial decomposition of suspended plant,
algal, and zooplankton debris are receiving renewed attention as a result of an
accelerating interest in aquatic microbial ecology.22,38 The focus of many recent
studies has been on bacterial colonization, bacterial/algal interactions, decomposi-
tion phenomena, the cycling of nutrients and elements of biogeochemical interest,
and the flux of energy in aquatic ecosystems. Some of this research reveals the fact
that a small chunk of decomposing debris takes on the aspect of a microbiota-rich
floc, as the debris per se becomes increasingly consumed during its conversion
to microbial biomass and associated EPS. In fact, Grossart and Simon38 point
out similarities between such biota-rich flocs and activated sludge flocs in sewage
treatment plants. The association of microbiota and suspended debris during the
decomposition process is sometimes called a macroscopic organic “aggregate,”
not to be confused with the soil “aggregate” (described earlier in the chapter) or
the submicrometer-scale “aggregate” of nanoscale colloids to be described in the
following sections.

In the authors’ examination of thousands of floc images from multiple freshwater
environments (rivers, lakes, storm waters, and combined sewer systems)5,13,16,17,39,40

and also of those in the literature,6,11,41–43 very rarely are flocs seen in excess of
500 µm, with the majority of flocs below 100 µm. As with all environments, the size
of freshwater flocs will be dictated by local shear conditions and developmental factors
described in Figure 2.3 to Figure 2.7 below. On average, Droppo44 demonstrated that
the general size of flocs relative to environment is as follows: combined sewers >
lakes > rivers. This relative difference is related to organic concentrations being
highest in the sewer systems and shear being the strongest in river systems.

Density relationships for flocs in freshwater are no different than those in engin-
eered or marine systems. In all cases, as floc size increases the density decreases,
approaching that of water. This relationship is related to larger flocs becoming more
porous (approaching 100%) due to an increase in contact points and therefore retaining
more bound water. As described below, pores in freshwater flocs are generally small,
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FIGURE 2.6 The characteristics of water within a floc and its influence on the internal and
external behavior of flocs. (Adapted from Droppo (2001) and reproduced with permission.)

particularly due to the prominent functional existence of EPS fibrils, and thus they
“trap” water rather than allowing convective flow through flocs. This has concomitant
effects on diffusion gradients within the floc. A comparison of densities from multiple
environments can be found in Droppo44 and Leppard and Droppo.40 While data on
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freshwater floc density is limited, the authors have demonstrated that generally the
typical range is from 1.01 to 1.3 mg cm−3.

Generally within the literature, researchers have illustrated flocs to comprise three
gross scale morphological and compositional forms; they show flocs which are highly
enriched in either microbiota or mineral colloids or humic substances. While these
characterizations were based on the dominant primary particle within the floc, such
characterization is misleading as the freshwater floc is highly heterogeneous in struc-
ture and composition (although extreme exceptions do occur such as mineral flocs
collected at the snout of glaciers — Woodward et al.32). From our experience, fresh-
water floc types tend to differ in terms of the relative amounts of common colloidal
subcomponents; different floc types grade into each other. While the relative import-
ance of each of these components will vary greatly with differing flocs, the processes
operating within the floc are the same. Commonly found compounds, materials and
life forms within flocs are revealed in Figure 2.1, while specific colloids found within
flocs as abundant subcomponents are shown in Figure 2.2. The associations between
various colloids typically appear almost random, with little repetitiveness of specific
arrangements. Nevertheless, there is order and this order is related to microbial func-
tion and to microbial modifications to improve habitat, a fact being increasingly well
demonstrated in related researches with biofilms45–48 and with experimental bacterial
populations.49 As is the case for biofilms, among the spectrum of floc types there may
be environmentally significant “machines” for adjusting water quality and modulating
biogeochemical processes.
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2.4 GROWTH AND STABILITY OF FRESHWATER
FLOCS

This section deals only with those flocs undergoing flocculation within the water
column as these are the “true” flocs. Growth of a floc may occur (a) through continued
aggregation in the bulk water (i.e., through collision processes), (b) through invasion
by biota, and (c) by the intra-floc generation of particles by microbes.

Increasingly, the roles of microorganisms and their secretions are coming under
intensive scrutiny, in efforts to understand floc growth and potential manipulation of
growth and behavior.3,14–16,18,20,21,50 Mechanisms of floc formation, the interfacial
forces involved, and the effects of physiological factors have been reviewed recently
by Liss,21 who emphasizes the importance of surface properties in floc interactions.
Important interfacial forces considered by Liss21 are: van der Waals; electrostatic
double-layer; hydrophobic/hydrophilic; and steric.

There is increasing interest in the role(s) played by transparent exopolymer
particles (TEP) in freshwater ecosystems; in essence, they “glue” small flocs together
to yield large flocs. TEP, initially described by Alldredge et al.51 in a marine eco-
system, are loosely defined as (abundant) suspended particles formed from the
polysaccharides secreted by bacteria and phytoplankton; individual particles are a
sticky mixed material which promotes aggregation, and are difficult to detect in water
with simple lenses. Grossart et al.,18 working at a site in Lake Constance (Germany)
suggest that TEP may be of major importance for the formation of flocs in lakes, as they
are known to be in marine waters where TEP has EPS fibrils as a major component.52

Relative abundances of freshwater and marine flocs in different ecosystems, in relation
to TEP as an aquatic adhesive, are shown in Simon et al.22

The aggregation of nanoscale particles in rivers (Rhine River, western Europe)
and lakes (Lake Bret, Switzerland) has been investigated for almost two decades,29

with the nanoscale formally referring to particle diameters of 1 to 100 nm.53 Regard-
ing nanoscale aggregation in bulk water, a generalized description of aquatic colloidal
interactions has been published by Buffle et al.54 for major classes of colloids.
They concluded that aggregation is dominated by three classes of colloids: these
are (a) compact inorganic colloids, (b) large rigid biopolymers, and (c) fulvic com-
pounds, with fulvic compounds acting to stabilize the inorganic colloids and rigid
biopolymers acting to destabilize them. Buffle et al.54 state that the concentration of
stable colloids in a given aquatic ecosystem will depend on the relative proportions
of the three general classes of colloids. Factors controlling the stability of colloids
in natural waters, with a focus on nanoscale particles, are assessed in Filella and
Buffle.55

In aggregation studies, the term “stability” is not used in the thermodynamic
sense; a stable aggregate is one which is slow in changing its state of disper-
sion during an observation period. The common modes of destabilization and their
characteristics have been known and documented for decades.26,56 Current stud-
ies of floc stability and integrity focus on the effects of various natural organic
substances,57 on interparticle interactions,20 on the composition of the extracellular
polymeric substances,21,58 on microbial associations,58 and on freshwater physical
processes.5,6,41,50 Recent research on engineered systems, applicable to freshwater
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flocs, indicates that floc/floc interactions may be dominated by the specific nature
of the EPS present at the floc/water interface, as opposed to the overall composition
(core plus peripheral layer) of the EPS in a floc.20

While particles are diverse, the colloidal particles are believed to dominate
the aggregation process. A colloid is defined operationally as any particle with
a least dimension in the range of 1.0 to 0.001 µm,26 a range which includes
macromolecules.29 The significance of this size range of ultradivided matter is that
the individual suspended particles can be adhesive in natural waters. Such colloidal
suspensions differ fundamentally from true solutions; colloidal particles are unstable
because of large interfacial energies, and the particle–particle interactions are stronger
than kT .

There is a growing and valuable school of thought59 which seeks to redefine an
aquatic colloid, for environmental science purposes, as any particle that provides a
molecular milieu into and onto which chemicals can escape from aqueous solution,
and whose movement is not significantly affected by gravitational settling. In this
context, it has long been known that aquatic colloids can carry significant burdens of
contaminants and nutrients; in this burdened condition, they can aggregate to form
subsequent settling particles which are capable of burying the associated contaminants
and nutrients.60 Thus, a capture of contaminants by suspended colloids, prior to and
during the incorporation of those colloids into sedimenting flocs, can be a linked
process leading to water column decontamination. Honeyman and Santschi61 take this
concept one step further by providing evidence that colloid-associated elements are
likely to have a behavior markedly different from the dissolved version and versions
associated with suspended “true” particles. Their studies of “colloidal pumping”
suggest that sorption of chemicals onto colloids may be coupled directly to the role
of flocculation in regulating the fate of trace metals in aquatic ecosystems.

2.5 RELEVANT INFORMATION FROM MICROFLOCS

In addition to TEP and to conventional flocs, there exist discrete freshwater microflocs
consisting of aggregated nanoparticles, which are likely to contribute to the growth
of conventional flocs. Recently, Kerner et al.62 described the self-organization of
dissolved organic matter (DOM) into micelle-like microparticles (0.4 to 0.8 µm) in
river water (Elbe River, Germany). This abiotic transfer of dissolved organic carbon
to microparticles has great ecological significance because it occurs without car-
bon loss, while depending only on temperature and the aggregation capacity of the
DOM molecules involved. For the characterization of DOM molecules, the analytical
chemical technology continues to evolve well.63

In earlier work on heterogeneous microparticles in river water samples (Rhine
River, near Basle, Switzerland), Filella et al.64 demonstrated the capture of nano-
scale mineral particles at the surfaces of suspended meshworks of long organic fibrils
whose diameters were in the lowest part of the nanoscale range. This discovery led
to a focus on colloidal organic fibrils30 as bridging structures and as accumulators
of nanoscale mineral coatings; these flocculation events provided an impetus for
the development of analytical electron microscopy (AEM) for addressing the need
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to characterize the nanoscale components of microflocs initially,65–67 and then of
large flocs.14 The research on microfloc nanocomponents and their biogeochemical
roles were done in the following natural ecosystems: Lake Lugano, Switzerland;66

Paul Lake, MI, USA;66,67 and the peatlands of the Bied River, Switzerland.65,66 The
research thrust on fibril/mineral colloid aggregation accompanied an earlier, ongo-
ing, microbiology-based thrust which focused on biomineralization initiated at the
nanoscale on biological surfaces.68 Such nanoscale studies have great relevance to
the transformations of metals within flocs10 and within consolidated sediments.69

2.6 THE ARCHITECTURE OF FRESHWATER FLOCS

Floc architecture is a major determinant of floc activities and behavior; it can evolve
in complexity under the influence of biological activity, leading to the development of
specific features which enhance microbial habitat while conferring environmentally
relevant activities and behavior to a floc.3 The capacity to analyze floc architecture by
microscopical means is evolving quickly,14,16,17,39,58,70 with the microscopical obser-
vations being increasingly well integrated into an interdisciplinary context.14,20,21,40

Sample sites for the analysis of floc architecture have included five in Ontario,
Canada (Hamilton Harbour, Port Stanley Harbour, Nith River, Sixteen-Mile Creek,
and Fourteen-Mile Creek) and the Elbe River in Germany. Current emphasis is
placed on relationships between floc architecture and the (a) activities of microbes
and (b) surface-active nanoscale subcomponents, the (c) composition and (d) three-
dimensional (3D) distribution of the various EPS and the (e) behavior of flocs with
regard to the transport of environmentally significant materials. With regard to the
3D distribution of the various families of EPS molecules, there is great interest in
EPS contributions to the following: pore structures; barriers which establish chem-
ical gradients; barriers which obstruct viral predators; and transposable layers which
can adjust the stickiness at the floc/water interface.

2.6.1 ARCHITECTURE IN RELATION TO FLOC ACTIVITIES,
PROPERTIES, AND BEHAVIOR

In order to understand better the relevance of floc architecture in terms of the floc
physical, chemical, and biological behavior, Droppo3 developed a conceptual model
of floc form and behavior. The model breaks the floc down into five subcomponents:
(a) inorganic particles, (b) biota and bioorganic particles, (c) fibrils, (d) water, and
(e) pores. Each of these components is then further subdivided into specific phys-
ical characteristics. The associated physical (e.g., transport/settling), chemical (e.g.,
chemical assimilation/transformation), and biological (e.g., microbial community
development) behaviors are then broken out in relation to each of these charac-
teristics (Figure 2.3 to Figure 2.7). While in reality one cannot segregate specific
components of a floc and their behaviors (they all work together to influence floc
development, structure, and behavior), this modeling approach allows for insight into
the significance of the micro- and macro-architecture on outward floc behavior.
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In the model3 the inorganic component (Figure 2.3) may represent mineral
particles (silt and clay) or structural chemical precipitates which exhibit characteristic
electrochemical double layers and are influenced by van der Waals forces.71

Conceptually, inorganic particles will most significantly influence the physical trans-
port of a flocculated particle due to their density effects (they increase floc density
and relative settling velocity) and potential for electrochemical flocculation. In addi-
tion, however, they also will influence the floc’s chemical behavior by affecting the
adsorption and transformation of contaminants and nutrients,72,73 and their biolo-
gical behavior in terms of their ability to act as sites for bacterial colonization and
subsequent chemical and biological activity.3,4,16

The biological component (Figure 2.4) is the most dynamic component of a floc as
it can influence not only floc development and therefore transport through mediation
of electrochemical flocculation, floc density, bacterial attachment, and EPS produc-
tion (Figure 2.5), but will also have an impact on the chemical, physicochemical,
and biological processes operating within the floc through diffusional gradients and
biotransformation of nutrients and contaminants.3,16,74–76

There is increasing evidence that the most important component influencing floc
behavior is the EPS fibril produced by bacteria (and by some microalgae). Figure 2.5
illustrates the important characteristics of this material and its influence on behavior.
Examination of the three-dimensional matrix of EPS within freshwater flocs reveals
that it truly represents a framework for the floc. Fibrils are completely integrated
within the floc, forming physical and chemical links to adjacent constituent particles.
This network strengthens flocs and binds flocs together, giving them a pseudo-plastic
rheology.3,15–17,30,77 In addition, the EPS network influences the floc transport beha-
vior through modifying floc density primarily by promoting the retention of water
within the floc. This retention is related to the significant surface area of the fib-
rils, promoting micropores with significant surface tension. The large surface area
of the fibrils and retention of pore water also affect the floc’s chemical behavior
by influencing the uptake of nutrients and contaminants and promoting diffusional
and electrochemical gradients for parameters such as contaminants, pH, and redox
potential.3,14,16,40,78

Both free flowing and bound water will impact a floc’s structure and behavior
(Figure 2.6). The free movement of water within a floc can enhance the removal of
contaminants and nutrients from water by bacterial actions and general adsorption
because of the advective delivery of compounds.79 Movement of water through a floc
can also increase its settling velocity due to a reduction in drag around the floc.80

Bound water on the other hand will promote molecular diffusion and electrochemical
gradients of contaminants16,78 and will reduce settling velocity due to its impact on
reducing floc density. The greater the water content the closer the overall floc’s density
will be to that of water. Droppo et al.17 showed that most riverine flocs over 300 µm
had densities close to that of water. As such, water retained within a floc matrix will
have significant hydrodynamic influences on floc behavior.

As is evident from the above discussion, floc pores as defined by the interparticle
and interfibril voids play a significant role in influencing floc structure and behavior
(Figure 2.7). Pores, which appear to be devoid of physical structures when imaged by
optical microscope techniques, are sometimes observed to be composed of complex
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matrices of nanoscale fibrillar EPS when imaged by the much higher resolution of
transmissionelectronmicroscopy.16 Poresareresponsibleformuchof theflocphysical,
chemical, and biological behavior as they control water content and movement within
the floc proper. As a result and as discussed above, pores will influence floc density,
transport and chemical and biological activities, and diffusional and electrochemical
gradients.79–81 Figure 2.7 provides the resultant behavioral effects of pores.

The pore structure of flocs could very well have a profound effect on predation
of the microbiota by viruses, with consequent effects on the population density and
speciation of microbiota. Viruses in the nanoscale size range have a high abundance in
aquatic environments;82,83 their abundance is sufficient to make them major predators
in many microbial niches. Since the rate of lytic infection depends on the rate of virus
adsorption to its host,84 the pore structure of a floc may serve to prevent predation
by keeping an effective separation distance between virus and microbe. Using trans-
mission electron microscopy, applied to ultrathin sections of flocs, the authors are
currently accumulating evidence that viruses may be unable to penetrate into regions
of a floc where the packing of fibrils yields a pore structure in the lower part of the
nanoscale range.

2.6.2 RELEVANT FINDINGS FOR FLOC ARCHITECTURE FROM
THE BIOFILM LITERATURE

In terms of architecture, biota-rich flocs often resemble biofilms which had been
stripped from their substratum and turned back on themselves.16 This is true even
when one considers the complex model of biofilm architecture introduced by de Beer
et al.45 to relate specific aspects of structure to oxygen distribution and mass transport.
Diffusion in a biofilm is hindered relative to diffusion in the nearby bulk solution85

while oxygen distribution can be strongly correlated to structure, being facilitated
by voids as it is delivered from the bulk water to microbial cell clusters.45 Interest
in relating specific entities of biofilm structure to molecular composition, activities,
and physiological phenomena86 has been strong and some resultant case histories are
worthy of note for floc specialists.

Because biofilms are attached to a solid substratum, many investigations of biofilm
structure/function relationships are technically less complicated than the same work
would be for flocs, whose overall morphology becomes distorted when they fall
out of suspension onto a rigid surface. This situation has been addressed by the floc
stabilization technique of Droppo et al.,39 thus making available an improved capacity
to extend to flocs some investigations formerly confined to biofilms.

Consider the following case study of a biofilm and the utility of relating it
directly to the transport and transformation activities of flocs. Microbial exopoly-
mers (EPS) were demonstrated to provide a mechanism for the bioaccumulation of
the herbicide, diclofop methyl.87 This study used confocal laser scanning micro-
scopy (CLSM) to directly visualize accumulation of the herbicide and its breakdown
products within a biofilm community. Correlated mass spectroscopic analysis con-
firmed the accumulation of the herbicide and its breakdown products within the
biofilm. The diclofop-degrading biofilm developed distinctive spatial relationships
among diverse members of its microbial community, implying that unique con-
sortial relationships facilitated diclofop degradation by cooperative interactions.88
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Subsequent physiological experiments demonstrated that the EPS could act as a
storage site for the herbicide, prior to its degradation.89 These results led to analyses of
the three-dimensional distributions of biofilm exopolymers involved in the accumu-
lation of chlorinated organics, using fluorescent probes in conjunction with CLSM.90

Using fluorescent lectins,91 a nearly 1:1 correspondence could be demonstrated
between the distribution of regions that accumulated diclofop and regions which
bound a lectin which is specific for an EPS polymer containing α-l-fucose.90

This highly evolved case study shows for biofilms what is almost certainly to
be evidenced soon for flocs. The matrix material (EPS) binds a chemical of envir-
onmental interest, leading to bioaccumulation followed by metabolically directed
degradation of the chemical. The microbial consortia develop distinct spatial relation-
ships to promote cooperative interactions among diverse members of the microbial
community, in relation to what they sense as either food or toxicant. The biological
activity restructures the overall architecture to improve adaptation to stimuli coming
from the bulk water. Some of the restructuring consists of the secretion of specific
EPS molecules which facilitate the interactions between microbes and an incoming
chemical. Given the similarities between biofilm and floc architecture (and the ability
of their constituent microbes to adjust that architecture to gain ecological advant-
age), improved technology should soon permit the kinds of biofilm research done by
Wolfaardt et al.87–90 to be done also on flocs.

2.7 APPLICABLE NEW TECHNOLOGIES

Scanning transmission x-ray microscopy (STXM) is a promising new technology
for the analysis of flocs and biofilms, as shown by recent progress in mapping the
three-dimensional disposition of diverse exopolymeric matrix materials in a biofilm92

developed from water of the South Saskatchewan River (Canada). STXM represents a
new frontier in the use of synchrotron radiation to characterize heterogeneous aggreg-
ated materials, yielding nanoscale structural resolution accompanied by data on the
atomic environment of selected elements within a preselected colloid. It exploits the
fact that soft x-rays interact with almost all elements to allow mapping of chem-
ical species based on bonding structure. With STXM analysis, there is a potential
to follow the evolution of biofilm and floc architecture over time, while relating the
chemical transformations of specific toxic metals to the specific colloids involved in
the transformations. Such research has already begun on freshwater flocs using x-ray
absorption spectroscopy (XAS), a precursor of STXM, in combination with electron
microscope-based, energy-dispersive spectroscopy. Gaillard et al.93 showed for Lake
DePue (a lake contaminated by zinc in Illinois, United States) that, close to the con-
taminant source, zinc is bound to relatively labile phosphate and carbonate ligands
associated spatially with aggregated microbiota. Far from the source, however, the
zinc is predominantly coordinated with sulfides.

Atomic force microscopy (AFM) is a promising new tool for measuring the
interaction forces between one colloid and another, and also between a colloid and a
surface.94 AFM is applicable to the analysis of colloids found in flocs,95,96 as is the
related technique of biological force microscopy, or BFM.97 Camesano and Logan95

used AFM to probe the effects of pH, ionic strength, and the presence of bacterial
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surface polymers on interaction forces between individual bacteria and silicon nitride
surfaces, finding that the bacterial surface polymers dominated interactions between
bacteria and AFM silicon nitride tips. Continuation of this work could provide insight
into specific roles for individual kinds of EPS molecules. Currently, Muirhead and
Lead98 are using AFM to measure the size and nanostructure of natural aquatic
colloids in river waters, including humic substances and fibrillar EPS of probable
microbial origin.

Environmental genomics is a genetics-based, interdisciplinary field of research
that seeks to understand external factors affecting organisms when they are exposed to
environmental stresses, such as contaminants and pathogens. Host responses to these
stresses include changes in gene expression and genetic products, changes that cul-
minate with alterations in host phenotype. Applications to floc research are imminent,
including the development of labeled probes which will identify which microbe is
which in a floc or biofilm. In fact, at the level of light microscopy, this can now be done
quite well for the direct identification of individual microbes in mixed communities
using FISH, or fluorescence in situ hybridization, with rRNA-targeted nucleic acid
probes.99

2.8 CONCLUSIONS

This chapter has defined flocculation, described its environmental importance, and
elaborated in detail on the nature of the resultant flocs. Considerable attention has
been focused on the structural characteristics of freshwater flocs, from the colloidal
components up to gross scale aspects of an entire floc. The composition and inter-
action of constituent components have been addressed with a conceptual model used
to demonstrate how floc architecture influences floc behavior, physically (e.g., trans-
port), chemically (e.g., contaminant uptake and transformation), and biologically (e.g.,
microbial community structure and biochemical activities). The growth and evolution
of flocs and their stability is shown to be a combination of electrochemical and bio-
logical influences, with EPS often dominating in this regard. Consideration is given
to the roles of suspended nanoscale and colloidal particles in aggregation processes
which yield surface active materials for subsequent microbial colonization and floc
formation. Flocsare showntopossessmanyof thesamecharacteristicsand functionsas
biofilms, with relevant biofilm research reported. Finally, the evolution of new techno-
logies applicable to an improved understanding of flocculation processes is described.
We anticipate that technology-driven investigations will reveal further relationships
between the three-dimensional disposition of individual entities within a floc and
specific important activities attributable to specific associations of floc components.
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3.1 INTRODUCTION

Fine-grained (<62.5 µm) sediment-associated transport dominates the land–ocean
flux of many natural1 and anthropogenically derived nutrients and contaminants to
the fluvial system.2 Globally, transport during storm events dominates the suspended
sediment flux of most rivers.3−5 In addition to its role in the sediment-associated
transport of nutrients, contaminants, and other geochemical materials, suspended
sediment frequently represents a significant form of nonpoint source pollution in
its own right, with both environmental, for example, ref. [6,7] and economic
costs.8

The hydrodynamic properties of suspended sediment particles are determined
primarily by their size (diameter), density, and shape. Of these parameters, particle
size represents the principal physical factor controlling both the hydrodynamic prop-
erties and chemical activity of fluvial suspended sediment particles. Particle size is a
key variable in many numerical models of the transport and geochemical dynamics
of fine sediment. A sound understanding of the in situ particle size characterist-
ics of fluvial suspended sediment is, therefore, clearly essential to many areas of
research, and particularly our ability to predict and manage the environmental impacts
of fine-grained sediment transport.

It is increasingly being demonstrated that fluvial suspended sediment is typically
composed of composite particles, comprising aggregates or flocs, as well as dis-
crete particles, and that composite particles may comprise a significant proportion
of the total sediment load, as well as being important determinants of the particle
size characteristics of fluvial suspended sediment.9−14 In this chapter the following
terminology is adopted; “composite particle” is a generic term used to describe a
particle formed of smaller primary particles. “Degree of aggregation” (DOA) is the
term used to describe the percentage reduction in volume median particle size of the in
situ, or effective particle size distribution (EPSD) following laboratory treatment and
measurement of the chemically dispersed mineral fraction, or absolute particle size
distribution (APSD). These terms do not imply particular causal processes, as might
be inferred from the use of “floc” or “flocculation” which are strongly associated in
the literature with a specific set of physicochemical processes confined to the water
column.15−17

Although the primary impact of aggregation upon the hydrodynamic properties
of suspended sediment is one of coarsening the particle size distribution, an important
secondary effect is the associated impact on the relationship between particle size and
particle density. A growing number of studies have established that, in fluvial and
other freshwater systems, composite particles may consist of a mixture of mineral
grains and low density organic matter, as well as pores containing water or gas and
thus regions of neutral buoyancy.16,18 Although the potentially unique structure of
individual composite particles within a suspended sediment sample is likely to con-
found any simple relationship between particle size and settling velocity, an inverse
relationship between composite particle size and density has been reported by numer-
ous studies of particle density in the freshwater environment.11,19−21 The reduction
in effective particle density (EPD) associated with an increased DOA has, however,
been shown in the above studies to be typically of secondary importance compared
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to the increase in particle size, with the net impact of aggregation being an increase
in sedimentation rates.

Characterization of the at-a-station in situ particle size regime is dependent upon
a sound understanding of the temporal dynamics of the EPSD and associated DOA,
at both the storm event and seasonal temporal scales. Furthermore, an appreciation of
the temporal dynamics of these parameters of the suspended sediment load of river
systems is essential for both spatial analysis of effective particle size data, and the
calibration of reach specific sediment transport models. Although seasonal variations
in the EPSD and DOA have been described by a number of studies from contrast-
ing physiographic regions,9,22 there is a relative paucity of data concerned with the
quantification and explanation of the degree of variation in the EPSD over shorter
temporal scales, in particular at the storm event scale. Evidence of significant intra-
storm variation in the EPSD of fluvial suspended sediment is provided by several
recent studies,12,23,24 however, this phenomenon, and its relative importance com-
pared to seasonal variations in the EPSD, is still poorly documented, and not yet fully
understood.

A representative measure of the EPSD is dependent upon the use of a measurement
technique that is conservative, that is, one that does not modify the EPSD by breaking
up existing composite particles,25 or encouraging the formation of additional, or lar-
ger, composite particles.26 Furthermore, in view of the “operationally defined” nature
of particle size data,27 the same measurement technique should, where possible, be
used for derivation of both the EPSD and APSD in any comparative analysis. Although
these uncertainties can be minimized by making measurements in situ, few devices
currently exist that are capable of making nondisruptive in situ measurements of the
EPSD of fluvial suspended sediment, especially during storm events when ambi-
ent channel conditions may be characterized by significant turbulence and high flow
velocities (e.g., >2 m s−1), as well as elevated suspended sediment concentrations
(e.g., >1000 mg l−1).

This chapter details the effective particle size characteristics and degree of aggreg-
ation of suspended sediment in eight rivers in the Exe Basin, Devon, United Kingdom
Over a 13-month period, high-frequency nondisruptive in situ measurements of the
EPSD were obtained during flood events using a laser backscatter probe,12,28 which
was also used for measurement of the APSD of the suspended sediment. Temporal
and spatial variations in the EPSD and degree of aggregation are examined, together
with an assessment of effective particle density in the study area. The origin of the
composite particles within the EPSD is also considered, with particular reference
to the relative importance of “inherited” composite particles from in-channel and
catchment slope sediment sources.

3.2 THE STUDY SITES

The location of the eight study sites within the Exe Basin, Devon, United Kingdom, is
shown in Figure 3.1. Each site was associated with an existing discharge gauging sta-
tion operated by the Environment Agency for England and Wales, or the Geography
Department, University of Exeter, and was equipped with continuous turbidity
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FIGURE 3.1 Study sites within the River Exe drainage basin, Devon, United Kingdom.

and suspended sediment monitoring equipment maintained by the Geography
Department, University of Exeter. A number of previous studies have demonstrated
that the contrasting physiographic characteristics of the study site drainage basins
combine to produce a range of suspended sediment regimes.29,30

Typical annual sediment yields for the study area have been estimated as being
greatest for the River Dart basin (58 t km2 yr−1), and at a minimum for the River
Culm (20 t km2 yr−1) and Upper Exe (19 t km2 yr−1) basins. The mean annual
sediment yields of the remaining study basins range from 26 t km2 yr−1 (River Clyst)
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to 39 t km2 yr−1 (River Creedy).3 The maximum suspended sediment concentration
sampled at each of the study sites during the study period follows a similar trend.
Sampled suspended sediment concentrations were at a maximum in the River Dart
at Bickleigh (2024 mg l−1) while the lowest recorded values of this parameter were
associated with the Upper Exe (241.7 mg l−1) at Pixton and the River Culm at Rewe
(406 mg l−1). Intermediate values of maximum sampled suspended sediment concen-
tration were obtained for the River Clyst at Clyst Honiton (667 mg l−1), River Creedy
at Cowley (887 mg l−1), and River Exe at Thorverton (805 mg l−1), while relatively
high values of 1040 mg l−1 and 1275 mg l−1 were recorded for the Jackmoor Brook
at Pynes Cottage and Yendacott, respectively. The APSD of suspended sediment has
also been previously shown to differ between the study sites.29,30 While the precise
values of the absolute particle size statistics reported depend on the measurement tech-
nique employed, the study period mean values of the median absolute particle size
(Ad50)measured in this study are consistent with those of the previous studies in the
Exe Basin. In particular, suspended sediment collected from the Upper Exe at Pixton
had a characteristically coarser Ad50 (7.7 µm) than all the other study sites. In addi-
tion, suspended sediment samples collected from those basins underlain primarily by
Permian strata (the Clyst, Yendacott, Jackmoor Brook, and Culm catchments) were
characterized by a considerably finer median particle size (4.2 µm, 4.3 µm, 4.6 µm,
and 5.0 µm, respectively) than those collected from the River Exe at Thorverton
(6.5 µm), and River Dart at Bickleigh (6.1 µm), which are underlain primarily by
Devonian and Carboniferous rocks, respectively.

3.3 METHODOLOGY

Particle size measurements were made using a Par-Tec 200 laser backscatter probe.
At each study site, rapid and nondisruptive in situ measurements of the EPSD of
suspended sediment were made by immersing the probe at ca. 1 to 2 hourly intervals
in the thalweg zone of the channel during flood events. The Par-Tec 200 was typically
immersed for ca. 3 min on each periodic deployment, during which time seven replic-
ate measurements of the EPSD of ambient suspended sediment were made. A total of
204 deployments of the Par-Tec equipment were made during 37 storm events at the
eight study sites. The operating principles, and full details of the field application of
this device are given in Phillips and Walling.12,28 During the in situ measurement pro-
cess, two representative grab samples of suspended sediment were collected adjacent
to the submerged Par-Tec 200 probe. Suspended sediment concentration at the time
of in situ measurement of the EPSD was determined by filtration of the contents of
one of the samples through a tared 0.45µm filter. Suspended sediment was recovered
from the second sample by centrifugation and its APSD measured using the Par-Tec
200 after removal of the organic fraction by treatment with hydrogen peroxide, and
chemical dispersion in 0.4% sodium hexametaphosphate solution.

Particle density was investigated using a combination of the physical measure of
median effective particle size derived from the Par-Tec 200 laser backscatter probe,
and the hydraulically derived estimate of median settling velocity obtained from
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sedimentation analysis using a Valeport (SK110) Bottom Withdrawal Tube (BWT).
The BWT was used to take in situ samples of suspended sediment adjacent to the
Par-Tec 200, with sedimentation taking place immediately afterwards by placing the
BWT in a vertical stand on the river bank. The median EPD was derived by simple
rearrangement of the settling velocity equation of Gibbs et al.31

3.4 RESULTS AND DISCUSSION

3.4.1 THE DEGREE OF AGGREGATION OF SUSPENDED SEDIMENT IN

THE STUDY AREA

The influence of aggregation on the mean storm-period contribution of specific size
fractions to the EPSD is summarized in Table 3.1, which presents the mean storm-
period percentage of total effective volume for specific particle size fractions, together
with the associated EPSD/APSD ratio for the storm event exhibiting the greatest event
mean value of DOA. From these data, it is evident that at all sites the aggregated nature
of the suspended sediment has caused a relative enrichment (ratio values of >1) of
the >16 µm (coarse silt–sand) fraction of the EPSD, while the <2 µm to 16 µm
(clay–medium silt) fraction evidences relative depletion at all sites except that of
the River Clyst. Furthermore, maximum enrichment and depletion at all sites are
associated with the >62.5 µm (very fine sand) and<2 µm to 4 µm (clays–very fine
silt) fractions, respectively.

Median particle size is a key descriptive statistic for the characterization of particle
size data, and in this study the DOA, as defined above, has been adopted as the main
index of aggregation of suspended sediment at the study sites.

The importance of aggregation as a phenomenon within all of the 204 intra-storm
effective particle size measurements made at the Exe Basin study sites is illustrated
in Figure 3.2. A strong relationship is evident in Figure 3.2(a) between Ed50 and the
DOA for all 204 intra-storm measurements made in the study area. The relationship
between Ed50 and DOA is reasonably well described by an exponential trend with an
r2 of 0.86. Figure 3.2(b) presents the relationship between Ed50 and the associated
Ad50. From the scatter, and the limited range in the value of Ad50 (3.0 µm to 9.6 µm)
evident in Figure 3.2(b), it is clear that the APSD exerts little control upon Ed50,the
magnitude of which is strongly related to the relative incidence of composite particles.
This phenomenon is examined for the River Exe at Thorverton in Figures 3.2(c) and
(d), this being the study site with the most complete data set. A strongly exponential
relationship between Ed50 and DOA, similar to that established for the study areas
as a whole (r2 of 0.87), is evident for the Exe data set in Figure 3.2(c). The limited
range of the value of Ad50(4.9 µm to 8.1 µm), combined with the significant degree
of scatter in the relationship between Ed50 and Ad50 evident in Figure 3.2(d) further
demonstrates that the principal determinant of Ed50 in the Exe Basin is the DOA,
rather than temporal variations in the APSD of the sediment.

The above data emphasize that the in situ hydrodynamic properties of fluvial
suspended sediment in the Exe Basin can only be meaningfully characterized by
reference to the EPSD. Furthermore, the data presented in Figure 3.2 and Table 3.1,
clearly indicate that the EPSD and associated DOA both vary at the inter-storm and
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TABLE 3.1
Storm Period Mean Percentage of Total Volume for Particular Size Fractions, and Associated EPSD/APSD Ratio for the
Storm Event Having the Greatest Mean DOA

Particle size
Class

R. Clyst
03/04/94
(n = 9)a

R. Creedy
17/05/93
(n = 10)

Jackmoor Brook
29/11/93
(n = 5)

The Yendacott
15/07/93
(n = 4)

R. Dart
30/03/94
(n = 6)

R. Culm
25/05/94
(n = 4)

Upper Exe
31/03/94
(n = 6)

Exe
25/05/94
(n = 5)

<2 µm 11.2b/0.47c 2.2/0.16 5.3/0.31 3.8/0.21 4.0/0.23 1.6/0.09 4.8/0.43 3.9/0.23
Ratio range 0.59–0.36 0.27–0.08 0.58–0.09 0.30–0.12 0.32–0.17 0.17–0.04 0.67–0.48 0.33–0.16
2–4 µm 14.0/0.61 5.3/0.25 6.9/0.3 6.1/0.25 8.5/0.41 3.5/0.17 10.6/0.57 7.0/0.33
Ratio range 0.66–0.53 0.41–0.15 0.46–0.13 0.35–0.16 0.51–0.32 0.26–0.09 0.69–0.58 0.42–0.25
4–8 µm 18.8/0.79 12.0/0.46 11.0/0.46 11.0/0.44 16.0/0.66 7.8/0.31 20.4/0.76 12.1/0.49
Ratio range 0.87–0.73 0.66–0.32 0.70–0.25 0.56–0.33 0.81–0.55 0.47–0.18 0.84–0.75 0.57–0.37
8–16 µm 17.4/1.06d 17.0/0.82 13.0/0.69 14.4/0.81 18.0/0.92 12.2/0.63 22.7/0.94 13.9/0.69
Ratio range 1.22–0.92 1.03–0.64 0.81–0.44 1.07–0.57 1.09–0.80 0.85–0.43 1.02–0.91 0.80–0.56
16–32 µm 18.6/1.81 25.6/1.76 18.2/1.33 21.1/1.77 22.7/1.63 20.0/1.39 23.6/1.36 17.4/1.29
Ratio range 1.93–1.56 1.87–1.64 1.54–1.04 2.00–1.44 2.01–1.51 1.80–1.12 1.39–1.19 1.38–1.09
32–62.5 µm 15.5/6.56 30.1/8.09 28.1/6.07 29.1/9.07 23.4/6.68 34.9/8.72 14.8/3.46 21.3/6.41
Ratio range 8.91–5.05 10.22–6.49 7.68–4.23 9.96–7.74 7.57–5.57 9.47–8.13 2.99–2.38 7.86–5.10
>62.5 µm 4.4/75.83 7.8/167.61 17.6/104.59 14.6/113.67 7.4/63.81 20.1/141.5 3.0/14.21 24.3/327.16
Ratio range 178.32–45.63 253.07–82.39 123.56–91.02 169.26–59.83 117.87–27.36 171.86–94.97 16.94–5.28 549.74–137.99

a Number of intra-storm measurements.
b Storm period mean % of total effective particle volume.
c Ratio of % of total volume: effective/absolute particle size distribution.
d Bold type indicates relative enrichment within the EPSD (i.e., a ratio >1).
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FIGURE 3.2 (a) The relationship between Ed50 and the DOA and (b) the relationship between
Ed50 and Ad50 for all 204 intra-storm measurements (b), (c) the relationship between Ed50
and the DOA, and (d) the relationship between Ed50 and Ad50 based on the measurements
made on the River Exe at Thorverton.

intra-storm temporal scales, respectively. These aspects of EPSD behavior at the study
sites are considered in detail below.

3.4.2 SHORT-TERM VARIABILITY IN THE EPSD

Short-term (<1 min) variations in the effective particle size characteristics of sus-
pended sediment were assessed by analysis of the replicate measurements of the
EPSD made during each periodic deployment of the Par-Tec equipment. During each
periodic deployment of ca. 3 min, replicate measurements were made at intervals of
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25.6 sec. For each set of replicate measurements, the temporal variability of the EPSD
was defined by the standard error (S.E.) of three key descriptive statistics, namely,
the mean value of the volume mean and median particle size, as well as the degree
of sorting as defined by Buller and McManus32 which describes the spread of the
particle size data.

Mean variation in any of the three parameters did not exceed±0.3µm at any site,
and in the majority of cases the maximum variation on any occasion, in any parameter,
did not exceed ±2.0 µm. Maximum variation in the three parameters was shown by
the S.E. of the median particle size at±2.2 µm at the R. Culm and Exe study sites on
the May 25, 1994, and this value principally reflects the significantly coarser EPSD
of suspended sediment on this date, relative to that measured during all other storm
events at the eight study sites. In view of the limited variation evident in the replicate
EPSD data, and taking account of the considerably greater degree of intra- and inter-
storm event variation in EPSD discussed below, the EPSD of suspended sediment at
the study sites can be considered to be stable over periods of ca. 3 min. Accordingly,
in the following analyses the EPSD of suspended sediment transported during each
periodic ca. 3 min deployment of the Par-Tec equipment has been characterised by
averaging the associated replicate measurements.

3.4.3 INTRA-STORM VARIABILITY IN THE EPSD
AND ASSOCIATED DOA

The most detailed intra-storm measurements of the EPSD were made at Jackmoor
Brook on the April 8, 1994, and the River Exe at Thorverton on February 23, 1994.
On these occasions the Par-Tec equipment was deployed for extended periods through
the storm event, during which time in situ measurements were made every 25.6 sec
and averaged over intervals of ca. 3 min. Figure 3.3(a) and (b) present the semi-
continuous median effective particle size data for these two sites, together with the
median APSD of periodic samples taken during the events. Figure 3.3(c) and (d)
present the associated hydrograph and suspended sediment concentration data for the
Jackmoor Brook and River Exe storm events, respectively.

The EPSD data for the Jackmoor Brook event encompasses both the rising and
falling limb of the hydrograph and a range in suspended sediment concentration of
ca. 800 mg l−1, with a maximum value of 1040 mg l−1. The data for the River Exe
event are confined to the peak and falling limb of the hydrograph and suspended
sediment concentrations are generally less than at the Jackmoor Brook, with a range
of ca. 220 mg l−1 and a maximum value of 358 mg l−1. At both sites, the Ed50 data
exhibit a gradual reduction in magnitude through the storm event, the pattern of which
approximates an exponential trend. At both sites it is apparent from the Ad50 data that
the Ed50 reflects aggregation throughout the sampling period, and, given the limited
range in the Ad50 data, that the magnitude of this phenomenon follows a similar
trend to that of the Ed50, with the DOA being greatest during the earlier parts of the
hydrograph, and in particular, declining rapidly through the falling limb.

Table 3.2 summarizes the intra-storm range in Ed50 and associated DOA for all
storm events at the eight study sites. From these data it is clear that in every case Ed50
exhibits measurable variation at the intra-storm temporal scale. The magnitude of this
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FIGURE 3.3 High frequency in situ intra-storm measurement of Ed50: (a) Pynes Cottage
on the Jackmoor Brook on 08/04/94, (b) Thorverton on the River Exe on 23/02/94, (c) hydro-
graph and sampled suspended sediment concentration at Pynes Cottage on 08/04/94, and
(d) hydrograph and sampled suspended sediment concentration at Thorverton on 23/02/94.

variation ranges from less than 1 µm in the case of the Upper Exe to more than 20 µm
in the Exe and Jackmoor Brook, with a study area mean value of 8.8 µm. In common
with the trends in Ed50 evident in Figure 3.3(a) and (b), the Ed50 “Change” data in
Table 3.2 (defined as the difference (µm) between the last and the first intra-storm
measurement) also show a characteristic reduction in Ed50 at the end of each sampling
period, with 32 of the 37 storm events showing a reduction in Ed50 relative to that
at the start of the storm event. The magnitude of this variation ranges from less than
1 µm (Upper Exe) to 28.3 µm (Jackmoor Brook), with a study area average value
of 7.4 µm. It is useful to note that in only one case where an increase in Ed50 was
recorded was the value greater than 1 µm. This case is associated with the Upper Exe
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TABLE 3.2
Intra-Storm Variation in Ed50 and the DOA for all Sampled Storm Events

River/Storm
Event n

Mean
(µm)

2 S.E.
(µm)

Max.
(µm)

Min.
(µm)

Changea

(µm)
Mean
DOA 2 S.E.

Max.
DOA

Min.
DOA

Change
Ratiob

Clyst
13/10/93 3 5.1 0.8 5.8 4.6 −1.1 15.4 11.0 26.3 9.3 0.4
05/01/94 6 4.5 0.7 5.9 3.8 −2.1 9.8 10.6 32.4 0.0 0.0
03/04/94 9 10.0 0.7 12.5 8.6 −2.3 56.5 3.0 65.2 50.3 0.9
Creedy
17/05/93 10 23.8 2.9 30.9 15.3 −15.5 74.5 3.4 81.1 62.8 0.8

J. Brook
01/10/93 7 13.9 6.0 30.5 8.0 −21.9 61.6 9.9 81.9 45.6 0.6
29/11/93 5 27.3 10.4 43.0 14.7 −28.3 77.1 7.7 85.0 63.9 0.8
09/01/94 5 5.4 1.6 7.7 3.6 −4.2 19.2 20.6 44.2 0.0 0.0
23/02/94 5 6.3 0.9 7.9 5.5 −2.4 23.9 11.5 44.4 11.4 0.3
08/04/94 6 9.7 6.3 23.1 3.9 −19.2 39.0 22.0 73.3 13.1 0.2

Yendacott
16/06/93 5 14.6 5.9 25.8 10.5 −14.9 67.7 7.8 81.3 61.6 0.8
15/07/93 4 26.5 7.8 35.3 19.1 −16.2 80.7 4.0 84.6 76.0 0.9
09/01/94 6 5.4 1.6 7.3 3.0 −3.4 24.1 23.3 47.1 0.0 0.0

Dart
03/04/93 7 13.2 4.8 26.4 8.6 −17.8 54.7 9.1 75.1 42.4 0.6
11/06/93 11 16.5 1.8 20.8 13.0 +0.2 63.0 2.4 67.9 56.9 1.0
11/10/93 5 21.5 2.8 25.0 17.0 −8.0 66.3 4.3 70.4 58.3 0.8
23/01/94 6 14.5 3.1 20.6 10.5 −10.0 57.4 5.9 67.3 48.6 0.7
25/02/94 4 11.1 0.4 11.6 10.6 +0.1 34.5 6.2 40.1 25.9 0.6
30/03/94 6 18.1 3.2 23.2 12.5 −6.5 68.7 3.6 75.2 63.0 0.9

Culm
13/09/93 4 34.1 2.8 36.7 30.4 −6.3 83.3 1.1 84.3 82.0 1.0
15/12/93 6 7.3 1.2 9.1 5.7 −3.1 35.7 8.9 48.6 24.2 0.5
05/01/94 5 5.6 0.9 6.7 4.7 −1.8 17.0 7.7 28.2 10.7 0.4
03/02/94 5 6.5 1.5 8.8 5.0 −3.2 28.6 12.1 46.8 14.9 0.5
25/05/94 6 35.0 6.5 45.4 24.4 −21.0 83.3 2.8 87.4 78.5 0.9

Upper Exe
19/12/93 5 13.8 0.2 14.2 13.5 +0.1 33.3 2.5 35.6 30.1 1.0
20/12/93 3 13.6 0.4 13.9 13.2 −0.7 40.0 4.7 43.7 35.6 0.9
03/02/94 3 9.7 0.3 10.0 9.5 +0.4 32.3 8.5 38.1 24.0 0.6
31/03/94 6 13.2 2.3 16.2 9.5 +5.2 46.7 6.0 55.1 37.0 1.3

Exe
26/05/93 5 24.8 5.4 31.6 18.6 −7.3 75.7 4.1 80.5 70.4 0.9
16/06/93 7 19.3 5.3 33.6 13.3 −9.4 65.2 6.7 81.1 54.2 0.8
13/09/93 4 16.0 0.5 16.8 15.6 −1.2 61.2 0.5 61.7 60.5 1.0
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TABLE 3.2
Continued

River/Storm
Event n

Mean
(µm)

2 S.E.
(µm)

Max.
(µm)

Min.
(µm)

Changea

(µm)
Mean
DOA 2 S.E.

Max.
DOA

Min.
DOA

Change
Ratiob

06/10/93 7 22.2 3.4 26.3 15.7 −9.6 70.2 4.4 75.4 61.7 0.8
19/12/93 4 12.1 2.9 16.3 10.0 −5.0 35.5 12.8 54.3 26.5 0.5
20/12/93 5 9.8 0.9 11.2 8.5 −2.7 30.4 9.9 42.3 13.8 0.3
05/01/94 4 13.2 1.6 14.9 11.5 −2.6 41.4 6.4 47.8 35.4 0.7
03/02/94 5 11.9 2.2 14.0 8.9 −3.9 49.8 6.4 57.5 39.7 0.8
23/02/94 6 19.3 2.0 22.7 16.7 −6.1 62.9 3.9 68.7 57.3 0.9
25/05/94 5 27.7 6.9 40.0 19.6 −20.4 79.2 4.3 85.7 72.5 0.8
Mean 5.5 15.2 2.9 20.3 11.5 −7.4 50.4 7.6 61.2 41.0 0.7

n = Number of samples within the storm event.
a Ed50 of last minus the first intra-storm measurement.
b Ratio of the DOA associated with last/first intra-storm measurement.

which also recorded two of the remaining three cases of a net increase in Ed50, and is
indicative of a particle size regime in this upland catchment that is anomalous within
the study area.

Table 3.3 presents the Spearmans Rank correlation coefficients for the relation-
ship between Ed50 and sample time within the storm event. Sample time is defined
as time (h) from the initial rise of the hydrograph. The majority of the correlation
coefficients are negative, and, despite the small sample size of a number of the data
sets, all study sites except the Upper Exe have at least one statistically signific-
ant negative correlation. The results of this analysis indicate that the net change in
Ed50 is typically the product of a systematic change through the hydrograph, as was
identified by the more detailed measurements presented in Figure 3.3. This conclu-
sion is also supported by the finding that of the 29 storm events for which in situ
measurements were made on both the rising and falling limbs of the hydrograph,
rising limb samples accounted for the maximum value of Ed50 on 25 occasions,
while falling limb measurements also accounted for the minimum value of Ed50 on
25 occasions.

The aggregation data presented in Table 3.2 display a similar pattern of intra-
storm variability to that of the effective particle size data. There is a wide intra-storm
range in the value of DOA, with values varying by between 1.2% (Exe 13/09/93)
to 60.2% (Jackmoor Brook 08/04/94), with a study area mean value of 20.2%. On
three occasions the value of DOA fell to zero, in every case a phenomenon asso-
ciated with the final sample of a mid-winter storm event. This finding may reflect
antecedent conditions in the sediment source areas, where biological processes lead-
ing to aggregation can be expected to be at a minimum as a result of low winter
temperatures.

Perhaps most significantly, the DOA “Change” data are also indicative of a reduc-
tion in aggregation at the end of the measurement period, relative to the initial value.
The only case of a net increase in the DOA is also associated with a net increase
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TABLE 3.3
Spearmans Rank Correlation Coefficients for the Relationship Between Ed50

and Sample Time (Hours from Start of Hydrograph Rise) at the Intra-Storm
Temporal Scale

Storma

Event R. Clyst R. Creedy
Jackmoor
Brook

The
Yendacott R. Dart R. Culm Upper Exe R. Exe

1 −0.50 −0.87 −0.93 −0.60 −1.00 −0.80 0.50 −0.60
2 −0.94b −1.00 −1.00 −0.40 −0.94 −1.0 −0.86
3 −0.23 −0.91 −0.70 −0.90 −0.90 1.00 −0.80
4 −1.00 −1.00 −0.90 0.77 −0.82
5 −0.94 0.60 −1.00 −0.20
6 −0.49 −0.90
7 −0.80
8 −0.60
9 −1.00
10 −1.00

a Storm event in chronological order of storm events listed in Table 3.2.
b Bold type indicates statistically significant at the 0.05 level (two-tailed test).

TABLE 3.4
Spearmans Rank Correlation Coefficients for the Relationship Between the
DOA and Sample Time (Hours from Start of Hydrograph Rise) at the Intra-
Storm Temporal Scale

Storma

Event R. Clyst R. Creedy
Jackmoor
Brook

The
Yendacott R. Dart R. Culm Upper Exe R. Exe

1 −0.50 −0.80 −0.86 −0.60 −0.96 −0.40 −0.10 −0.60
2 −0.83 −1.00 −1.00 −0.41 −0.94 −0.50 −0.86
3 0.05 −0.90 −0.70 −0.09 −0.90 −1.00 −0.80
4 −1.00 −1.00 −0.70 0.77 −0.90
5 −0.94 −0.80 −1.00 −0.80
6 −0.60 −0.90
7 −1.00
8 −0.60
9 −0.94
10 −1.00

a Storm event in chronological order of storm events listed in Table 3.2.
b Bold type indicates statistically significant at the 0.05 level (two-tailed test).

in Ed50 over the measurement period (Upper Exe 31/03/94). The close relation-
ship between the intra-storm dynamics of Ed50 and the DOA is supported by the
data contained in Table 3.4 in which the Spearmans Rank correlation coefficients
for the relationship between the DOA and sample time within the storm event are
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TABLE 3.5
Results of Mann–Whitney U-Test Analysis Showing the Percentage of
Statistically Significant Differences (0.05 Confidence Level) Determined
Between the Mean, Median, and Degree of Sorting of each Group of
Replicate Measurements Within Each Storm Event Data Set

Parameter
Clyst

n = 54
Creedy
n = 45

Jackmoor
Brook
n = 65

Yendacott
n = 26

Dart
n = 122

Culm
n = 64

Upper
Exe

n = 31
Exe

n = 115

Mean 87 89 75 88 84 80 71 82
Median 80 91 88 85 80 75 71 84
Sorting 85 89 82 88 80 70 71 83

presented. In common with the Ed50 data in Table 3.3, the generally negative correla-
tion coefficients are indicative of a systematic intra-storm trend, rather than a random
variation through the hydrograph.

Mann–Whitney U-test analysis of the statistical significance of the intra-storm
variability in the EPSD is summarized in Table 3.5. Using this test it is possible to
identify if the EPSD of replicate measurements from two sample sets have been taken
from a common statistical population. Accordingly, for each storm event, comparisons
were made between the values of the mean and median EPS, as well as the degree
of sorting for all possible pairs of the replicate sample sets comprising the periodic
intra-storm deployments of the Par-Tec equipment. The data presented in Table 3.5
demonstrate that, for all the study sites, the EPSD measured during each periodic intra-
storm deployment was in the majority of cases statistically significantly different in
all three tested parameters from the EPSD measured during the remaining periodic
deployments in the storm event.

3.4.4 INTER-STORM AND SEASONAL VARIABILITY IN THE EPSD
AND ASSOCIATED DOA

From the data presented in Table 3.2 it is evident that there is significant inter-storm
variability of both the EPSD and DOA of fluvial suspended sediment in the study
area. At every study site, each storm event is characterized by a unique mean storm-
period value of Ed50, and intra-storm range in Ed50 and DOA, with an inter-storm
range in the mean storm-period Ed50 of between 4.1 µm (Upper Exe) and 29.4 µm
(Culm). Similarly, with only one exception (R. Culm 13/09/93 and 25/05/94), the
mean storm-period value of the DOA is unique to each event, with an inter-storm
range of between 14.4% (Upper Exe) and 66.3% (Culm).

Mann–Whitney U-test analysis of the statistical significance of the inter-storm
variability in the EPSD is summarized in Table 3.6. For each study site, all possible
comparisons were made between the intra-storm periodic data sets for the mean
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TABLE 3.6
Results of Mann–Whitney U-Test Analysis Showing the Percentage of
Statistically Significant Differences (0.05 Confidence Level) Determined
Between the Mean, Median, and Degree of Sorting of the Inter-Storm
Data

Parameter
Clyst
n = 3

Jackmoor
Brook
n = 10

Yendacott
n = 3

Dart
n = 15

Culm
n = 10

Upper
Exe

n = 6
Exe

n = 45

Mean 67 60 67 47 70 50 62
Median 100 60 67 40 60 17 62
Sorting 67 70 67 60 80 50 53

and median effective particle size, as well as the degree of sorting. This analysis
indicates that in the majority of cases inter-storm variation in the EPSD is a statistically
significant phenomenon. The generally lower degree of significance in Table 3.6,
relative to that in Table 3.5 can be explained by reference to the greater degree of
variability within the intra-storm periodic data sets (Table 3.6), compared to the
magnitude of variation within the replicate sets comprising the periodic measurements
through an individual storm event (Table 3.5).

Seasonal variation in the factors controlling sediment mobilization and transport
(e.g., rainfall intensity, variable source area, and land use), as well as the biological
and physicochemical processes that may control aggregation (e.g., microorganism
activity, water chemistry, water and soil temperature, suspended sediment concen-
tration, and velocity and turbulence within the water column) can be expected to
be important determinants of the inter-storm variations in EPSD and DOA summar-
ized in Table 3.2. In this context, the measurements made on consecutive days in
the Upper Exe and Exe study sites on the December 19 and December 20, 1993
provide an opportunity for investigating the magnitude of nonseasonally influenced
inter-storm variation in the EPSD and DOA of suspended sediment in the study area.
From Table 3.2 it can be seen that at both sites the median EPSD of the second event
is characterized by a general reduction in Ed50, both on average, and in range. This
trend is also exhibited by the DOA data for the Exe, although in the case of the Upper
Exe the second event is characterized by an increase in aggregation. The general fin-
ing in the EPSD was also associated with a similar trend in the APSD, such that the
silt/clay ratios of the EPSD for the two events were 24.7 and 21.4 for the Upper Exe,
and 17.0 and 10.0 for the Exe, while the associated values for the APSD were 16.6
and 12.3 for the Upper Exe, and 10.7 and 8.4 for the Exe, respectively.

The inter-storm range in Ed50 at both sites, and also in the DOA in the case of
the Exe is, however, relatively small and not statistically significant when assessed
by Mann–Whitney U-test analysis (0.05 level). This phenomenon is illustrated more
fully in Figure 3.4 which presents the event mean EPSDs for both sites (the mean
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FIGURE 3.4 Inter-storm variation in the EPSD on the Upper Exe at Pixton, and the Exe at
Thorverton.

of the full EPSD for each periodic measurement), together with the mean EPSD
for a summer event on the River Exe (no summer sample available for the Upper
Exe). The greater difference between the summer and winter events on the River Exe,
relative to the two consecutive winter events, clearly necessitates a consideration of the
relative importance of inter-storm variations in the EPSD and DOA over seasonal time
scales.

Figure 3.5 presents the storm-period mean values of Ed50 and the DOA for
all study sites plotted against the Julian day (day 1 being January 1) of the storm
event. A clear seasonal trend is evident in both data sets, with the Ed50 and DOA
being at a minimum during the mid-winter period of December and January (days
335–331), increasing through the spring to a summer–autumn (May to October; days
121–304) maxima before a general reduction in both parameters is evident toward
winter.

The statistical significance of the observed seasonality in the EPSD and DOA of
the study sites was assessed by Mann–Whitney U-test analysis of the summer/autumn
and winter/spring values of mean and median effective particle size, as well as the
degree of sorting, and the DOA. Analysis was restricted to those sites considered
to have a sufficient seasonal range in samples (all except the River Clyst, Upper
Exe, and River Creedy, with data from the Jackmoor Brook and Yendacott being
amalgamated to be representative of the Jackmoor Brook as a whole). This ana-
lysis established that for both the EPSD and DOA there was a significant difference
(0.05 level) in all three variables between the summer/autumn and winter/spring
grouped data sets. The lack of a statistically significant seasonal difference in the
three parameters for the seasonally grouped APSD data emphasizes the import-
ance of seasonal variability in aggregation in influencing the patterns described
above.
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FIGURE 3.5 Seasonality in the magnitude of the storm-period mean values of Ed50 and the
DOA at all sites.

The scatter in the relationships depicted in Figure 3.5 reflects in part spatial
variation in the EPSD dynamics of the different rivers in the study area. Figure 3.6(a)
and (b) present data for the study site at Thorverton on the River Exe only, this being
the study site with the most complete seasonal data set and from which seasonality
in the EPSD and DOA can best be considered without the additional influence of
spatial variations in the data. In both Figure 3.6(a) and (b) the strength of the seasonal
trend in the storm event mean value of both Ed50 and DOA, as described by the value
of r2 for the polynomial relationship, is higher than that determined for the study
area as a whole in Figure 3.5. Similarly strong seasonal trends are evident for the
maximum and minimum storm event values of Ed50 and DOA that are also shown in
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FIGURE 3.6 (a) Seasonality in the magnitude of the storm-period mean, minimum and
maximum value of Ed50 for the River Exe at Thorverton and (b) seasonality in the magnitude
of the storm-period mean, minimum and maximum value of the DOA for the River Exe at
Thorverton.
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Figure 3.6(a) and (b). These data, together with those of Figure 3.5, demonstrate that
seasonal variations in the EPSD and DOA are significant phenomena, and add a further
temporal dimension to any attempt to characterize the hydrodynamic properties of
fluvial suspended sediment in the study area.

3.4.5 EFFECTIVE PARTICLE DENSITY

Temporal variations in the DOA have been demonstrated to be the major determin-
ant of the EPSD of fluvial suspended sediment in the study area. The significance
of aggregation upon the second key hydrodynamic property of fluvial suspended
sediment in the study area, namely, particle density is considered below.

Figure 3.7 presents the results of the five quantitative assessments of EPD under-
taken using the Par-Tec 200 laser backscatter probe and the Valeport (SK110) BWT.
These data indicate that the median EPD of all samples is considerably less than the
ca. 2.65 g cm3 that could be expected from a dispersed sample of mineral sediment
with the same size distribution. Furthermore, an inverse size/density relationship is
apparent, which is in accordance with that previously reported for fluvial suspended
sediment.11,18,21

When considering the significance of the EPD data presented in Figure 3.7 to the
intra-storm and seasonal variations in effective particle size described above, it should
be noted that the relationship between effective particle size and density presented in
Figure 3.7 is generalized both spatially and temporally. With this caveat in mind, it
is reasonable to conclude that EPD will vary significantly throughout the study area,
both at the intra-storm and seasonal temporal scales. For example, application of
the power function contained in Figure 3.7 to the Ed50 data in Table 3.2 results in an
intra-storm range in EPD of between 0.01 g cm3 (Upper Exe, 19/12/93, 20/12/93, and
03/02/94 and Exe 13/09/93) and 0.35 g cm3 (Jackmoor Brook 08/04/94), with a study
area average intra-storm range of 0.10 g cm3. Seasonal variation in EPD is illustrated
in Figure 3.8 which presents the estimated mean storm-period EPD using the power

y = 2.1567x – 0.1197
r 2= 0.94
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FIGURE 3.7 The inverse relationship between median effective particle size and median
particle density determined for the study area.
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FIGURE 3.8 Estimated seasonal variation in effective particle density for the combined study
site data set.

function contained in Figure 3.7. As would be expected, the trend approximates
the inverse of the seasonal trend in EPS, with EPD being a minimum during the
summer–autumn period.

3.5 SOURCES OF AGGREGATED SEDIMENT IN THE
EXE BASIN

Detailed consideration of the origin of the composite particles comprising the EPSD
in the study area is beyond the scope of this chapter. However, data obtained from
Jackmoor Brook during the storm event of April 8, 1994 do provide an important
insight into this issue. Measurements were made of the EPSD and DOA of four
suspended sediment samples comprising runoff from slopes draining to the chan-
nel. The samples were collected from four cultivated fields immediately prior to
the commencement of the detailed in situ measurements in the stream at this site,
using 500 ml wide-mouthed bottles. EPSD measurements were made on-site using
the Par-Tec 200, with the chemically dispersed APSD of each sample being determ-
ined subsequently in the laboratory. The EPSD of all four runoff samples evidenced
aggregation, with a mean Ed50 of 13.5 µm and DOA of 64.9%. The APSDs of the
runoff and stream samples were virtually identical, with mean values of Ad50 of
4.2 µm and 4.3 µm, respectively. These results suggest that external slope processes
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are potentially important determinants of the EPSD and DOA of fluvial suspended
sediment in the study area.

Phillips and Walling33 have described the aggregated nature of fine-grained bed
sediment at the River Dart, Jackmoor Brook, River Exe, and River Culm study sites
within the Exe Basin, with the EPSD of fine-grained bed sediments being consist-
ently coarser than that of suspended sediment at these sites. Furthermore, when
resuspended, the EPSD of the bed sediments was shown to become finer in response
to the break up of composite particles. This phenomenon is likely to be of greatest
importance to the EPSD of ambient suspended sediment during the rising limb of the
hydrograph when the bed sediment is resuspended, as critical bed shear-stresses are
first exceeded. In this context, the observed intra-storm trend of a fining of the EPSD
through the hydrograph (Figure 3.3(a) and (b) and Table 3.2) may be hypothesized to
result, in part, from the resuspension and subsequent break up of highly aggregated
fine-grained bed sediments.

Phillips and Walling33 also identified a seasonal trend in the EPSD and associated
DOA of resuspended fine-grained bed sediments that essentially mirrored that of the
suspended sediment described in this study. Given their considerably coarser EPSD,
it is reasonable to conclude that resuspended fine-grained bed sediments may be an
important variable in determining the observed seasonal variation in the EPSD and
DOA of fluvial suspended sediment in the study area.

3.6 CONCLUSION

The effective particle size distributions of fluvial suspended sediment collected at
eight study sites in the Exe Basin have been shown to be characterized by a significant
degree of aggregation. Intra-storm variation in the effective particle size distribution
was measured in all 37 of the sampled storm events and the magnitude of this variation
was closely related to the degree of aggregation of the suspended sediment. The pattern
of intra-storm variation was characterized by a relatively systematic reduction of both
the median effective particle size, and degree of aggregation through the hydrograph.
Inter-storm variation in the effective particle size distribution was not significant over
periods of days, however seasonal variations in the effective particle size distribution
and degree of aggregation dominate the effective particle size regime of the study
area, with both parameters being at a maximum during the summer/autumn period.

The effective particle density of suspended sediment was reduced relative to
that which could be expected from a single mineral grain, and evidenced an inverse
relationship between effective particle size and effective particle density. Temporal
variations in effective particle density have been considered and it is possible to infer
that particle density typically increases through an individual runoff event, while
seasonally EPD may also vary, being at a minimum during the summer/autumn period.

If more widely applicable, the dynamic nature of the effective particle size regimes
identified in this study has important implications for the characterization of fluvial
suspended sediment particle size regimes. In particular, and of particular significance
for the modeling of suspended sediment transport, measurement strategies must be
appropriate and detailed enough to encompass significant intra-storm and seasonal
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variation in the effective particle size distribution and degree of aggregation of fluvial
suspended sediment. Finally, further research is needed to elucidate more fully the
origin of the composite particles comprising the effective particle size distribution of
storm-period suspended sediment. In particular, it is important to establish the extent
to which aggregation reflects dynamic flocculation within the water column during
the storm event or “inherited” aggregation from preexisting flocs/aggregates derived
from in-channel and catchment slope sediment sources.
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4.1 INTRODUCTION

In the past decade there has been a concerted research emphasis on the structure,
settling, and storage of suspended sediments in freshwater riverine environments.1–5

This body of work has recognized the significance of flocculation and aggregation
(terms which are used interchangeably in the literature) in riverine sediment transport
processes, and the concomitant implications for the storage of both sediments and
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sediment-associated contaminants. While the mechanisms and factors regulating
flocculation, defined as the combination of two or more particles of mineral or organic
material to create larger composite particles, have been research interests in the marine
literature for decades they were only reported as being significant in natural freshwater
systems in the 1990s.6–8 While the process of flocculation increases both the effective
size of the particle and modifies its density it has been shown that the propensity for
particle settling is influenced more by the particles altered size rather than its density
or porosity.5

While the literature details the conditions or mechanisms which promote the
flocculation and aggregation of sediments in rivers (increased sediment concentra-
tions, increased collision encounters, decreased shear velocities, high ionic strength,
increased bacterial activity, and increased temperatures) there has also been some
effort in the literature to subdivide composite particles into two separate populations
comprising flocs and aggregates. Different processes and different composite struc-
tures have been suggested as a means to differentiate flocs and aggregates. Petticrew
and Droppo9 differentiated flocs and aggregates by visual evaluation, with flocs being
characterized as irregularly shaped and porous while aggregates appeared opaque
and compact. It was postulated by them, and reiterated by Woodward et al.10 that
the sources of the two structures were different with the fragile, loosely bound flocs
being formed in the water column while aggregates are delivered to the stream from
the catchment as robust, compact particles. Petticrew and Droppo9 also considered
the fact that the floc structures stored in or on the gravels could be dewatered and
potentially become more compact due to biological processes or physical reworking.
Droppo et al.11 have proposed a floc cycle for riverine composite particles that sug-
gested a downsizing and consolidation of particles with increased exposure to bed
shearing environments, indicating a change in structure over time spent in the river
system. While it may be important to determine the source of the composite types it
is also of interest to determine the relative abundance of aggregates and flocs in the
stream channel and to determine if they behave differently in the context of settling
and storage.

The objective of this chapter is to evaluate the morphology, settling behaviour, and
characteristics of composite sediments that are transported and stored in a relatively
undisturbed productive headwater stream. A case study of a highly productive salmon
bearing stream is presented here with both the hydrologically important and biolo-
gically important periods of the open water season being investigated over several
years. The focus of this chapter is the relationship of these changing environmental
conditions with the sediment particle populations in both the water column and gravel
storage. The changes in composite particle morphology and their resultant dynamic
characteristics (settling rate and densities) were evaluated temporally over a range of
open water conditions (May through October) while both the physical environment
(suspended sediment load, stream velocities, and shear stresses) and the biological
inputs to the stream changed.

Earlier work on O’Ne-eil Creek, reporting on the structure and composition of
suspended and gravel stored sediment, indicated that in these biologically active head-
water streams the fines (sediments< 63µm) were well flocculated.3,12 The aggregates
or flocs exhibited maximum sizes 7 (suspended) to 14 (gravel stored) times greater
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than the maximum size of the constituent inorganic material comprising the composite
structures.3 Petticrew and Droppo9 visually identified different composite structures
and observed that these loosely bound flocs and compact aggregates exhibited dif-
ferent settling behaviors and size ranges. As these data were collected during the
1996 die-off of 10,722 sockeye salmon (Oncorhynchus nerka) that had returned to
the stream to spawn, follow-up work was undertaken to evaluate the importance of
the biological and physical influence of the fish upon the morphometric and dynamic
properties of the sediment.

The hydrologically important period in terms of sediment transport in streams of
this region is the spring melt which occurs in late May. High flows on the rising limb
of this flood event scour and break down the armoured layer in this creek13 mobilizing
the supply of channel surface and gravel stored fine sediment. Terrestrial contributions
from the floodplain and from the headwater slopes are also observed during this
event. Cyclonic summer storms can also generate high intensity rainstorms which act
to move sediment into and within the channel. The high flow spring melt events exhibit
increased concentrations of suspended fine sediment, increased local shear stresses,
and contributions of organic matter which are predominantly terrestrially derived. It
was of interest to determine the resultant size, structure, and settling behavior of the
composite particle population generated by these interacting set of factors.

Alternately the influence of the dominant biological influence in the stream was of
concern, as this stream can have annual sockeye returns of up to 50,000, although on
average it receives approximately 10,000 per year.13 The physical effect of the digging
of redds, or egg nests dug to about 25 cm into the gravels, is to both modify the surface
morphology of the gravel bed and to resuspend the gravel stored fines,14 possibly
many times in one spawning season. Following this major physical disturbance of
both the gravels and the water column, the fish die in the stream and decay in the
late summer low flows. The flux of organic matter to the stream is immense and
abrupt15,16 as these salmon spawn in only the lower 2 km of the channel and die in
a period of about 10 days, resulting in a high unit area loading of fish breakdown
products. Petticrew and Arocena17 observed a chemical signature of salmon flesh in
the gravel stored sediments, indicating that either the breakdown products or bacteria
with the salmon signature are associated with the fine grained gravel stored aggregates.
Given the potential role of organic matter and microbial activity in the generation
of composite particles this highly productive stream was seen as a good venue to
evaluate the effect of both the supply of organic matter and the physical disturbance
of spawning on the structure of flocs and aggregates being transported and stored in
streams.

4.2 METHODS

4.2.1 STUDY AREA

The O’Ne-eil Creek catchment is approximately 75 km2 and is located in an experi-
mental forest in the central interior of northern British Columbia. It is a tributary to
the Middle River which drains into the Stuart Lake system which is well known for its
highly productive sockeye salmon runs. Fish escapements to streams in this region,
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including O’Ne-eil, have been monitored using counting fences for nearly 50 years.
The O’Ne-eil catchment drains part of the Hogem Range of the Omenica Mountains,
and has its mouth at 700 metres above sea level (masl) and its drainage divide at
approximately 1980 masl.18 The channel is approximately 20 km in length with a
steep upper reach which drains well-developed cirques, a steeper middle reach that
passes through a rock-walled canyon, and a gentle, low gradient depositional reach in
the lower 2 km.19 In the lower reaches of the stream, the channel bed is comprised of
clean gravel with very low concentrations of fine sediments, well suited for salmon
redds. This lower reach is underlain by fine grained glaciolacustrine sediments and
the only anthropogenic disturbance to date consists of a road (constructed in 1980)
which cuts through this material. This road bridges the stream and allows access
approximately 1500 m upstream of the river mouth. There has been no harvesting in
the catchment, so the system represents a nearly pristine environment.

4.2.2 FIELD METHODS

Data collected over five seasons of sampling are presented here comprising various
periods of 1995, 1996, 1997, 2000, and 2001. Within each year various hydrolo-
gical or biological events were sampled including spring melt floods, active salmon
spawning, post-spawning die-off, and low flows when no visual evidence of adult fish
were evident, which in this chapter is called post-fish, were represented. Table 4.1
identifies the events, the conditions, and the variables that were collected each year.
The conditions of sampling are characterized as either “ambient” or “resuspended”
with ambient conditions representing the undisturbed, natural suspended sediment
concentration conditions. In order to characterize the gravel stored fine sediment, a
resuspension technique that was an attempt to rework the surface gravels using approx-
imately the same energy expended by spawning salmon, was used. Several minutes
after the collection of the ambient sample, a second sample of suspended sediment
was taken, following the disturbance, or mixing, of the top layer (0.04 to 0.06 m) of
gravels by a field assistant, positioned 3 to 5 m upstream of the collection site. This dis-
tance provided sufficient travel time for the resettling of heavier sand particles thereby
allowing the collected material to comprise the aggregated fine sediment stored within
the surface gravel matrix. In this chapter, that material is termed “resuspended gravel
stored fines.”

Stream velocities and depths at the time of sampling were determined using a
Swoffer current meter and are presented in Table 4.1.

4.2.3 SUSPENDED SEDIMENT MEASUREMENTS

Stream water with suspended sediment was collected approximately 10 cm below
the surface of the water in several large mouthed 1 l Nalgene bottles for the
determination of

(i) suspended particulate matter (SPM) concentration
(ii) the disaggregated or absolute particle size distribution (APSD)

(iii) the aggregated or effective particle size distribution (EPSD)
(iv) morphometric characteristics of the aggregated suspended sediment

population
(v) the fractal dimensions of the filtered particle population
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TABLE 4.1
O’Ne-eil Creek Sampling Schedule, Conditions and Variables for Five Sample Years

Year Date Event type
Conditions

sampled
Cumulative fish

return
SPM

(mg l−1)

Water depth (m)
and velocity

(m s−1)
SPM filter

fractals

Settling
chamber

sizing

Settling chamber
visual

characterization

1995 Aug. 2 Active spawn Ambient 26,456 11.70 0.20/0.26 Na Yb N
1996 Aug. 26 Die-off Ambient 10,772 0.93 0.22/0.23 Y N N

Resupended gravel
stored fines

10,772 7.22 0.22/0.23 Y Y Y

1997 May 28 Spring melt rising limb Ambient 0 8.38 0.70/1.04 Y Y N
May 30 Spring melt rising limb Ambient 0 6.79 0.77/1.59 Y Y N
Jun. 1 Spring melt rising limb Ambient 0 8.70 1.40/1.28 Y Y N

2000 Aug. 10 Active spawn Ambient 10,601 2.47 0.22/0.31 N Y Y
Resupended gravel

stored fines
10,601 15.73 0.22/0.31 N Y Y

2000 Aug. 12 Active spawn Ambient 10,709 3.76 0.21/0.28 Y N N
Resupended gravel

stored fines
10,709 7.12 0.21/0.28 Y N N

2000 Sep. 21 Post-fish Ambient 10,890 0.69 0.26/0.35 Y N N
Resupended gravel

stored fines
10,890 15.48 0.26/0.35 Y N N

2000 Oct. 5 Post-fish Ambient 10,890 1.00 0.20/0.29 Y Y Y
Resupended gravel

stored fines
10,890 20.89 0.20/0.29 Y Y Y

2001 Jul. 17 Pre-fish arrival Gravel stored fines 0 Y Y N
2001 Jul. 28 Early spawn Gravel stored fines 8,211 Y Y N
2001 Aug. 3 Mid-spawn Gravel stored fines 10,931 Y Y N
2001 Aug. 12 Die-off Gravel stored fines 13,757 Y Y N
2001 Aug. 16 Die-off Gravel stored fines 13,892 Y Y N
2001 Sep. 22 Post-fish Gravel stored fines 13,893 Y Y N

a N = no samples analyzed.
b Y = yes, samples analyzed.
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The water samples were returned to the laboratory and processed in a variety
of ways. SPM was determined gravimetrically by filtering a known volume of
water (commonly 1000 to 4000 ml, depending on concentration) onto preweighed
and preashed 47 mm diameter glass fiber filters. A second, smaller volume (100 to
1000 ml) was filtered through preweighed 0.8µm Millipore cellulose-acetate filters.
These were used for determining the disaggregated inorganic grain size distribution
also known as the ASPD. The weighed, dried filters were ashed in a low-temperature
asher (<60◦C) and wet digested with an excess of 35% H2O2 before analysis on
a Coulter counter.20 A Coulter Multisizer IIE was used to determine the ASPD.
Results are expressed as a volume/volume concentration in ppm and are plotted
as smoothed histograms of log concentration versus log diameter.20 The Multis-
izer was set to a lower detection limit of 0.63µm and an upper detection limit of
1200µm.

The EPSD was determined by filtering smaller volumes of water (10 to 100 ml,
depending on the sediment concentration) through 0.45µm Millipore filters at low
levels of suction (<80 kPa). Care in handing the collected water and in the filtering
process ensured minimal disturbance to the aggregate structures. EPSD was meas-
ured optically, using a method similar to that of de Boer21 and reported in Biickert.22

These filters were air dried, cut and mounted onto microscope slides to obtain particle
morphometrics using the BioQuant OS/2 image analysis system which was connected
to a microscope. The filtered particles were counted and characterized for perimeter,
area, long axis, equivalent spherical diameter (ESD) and circularity. The population
of particles counted per filter was in excess of 1000 and in most cases triplicate fil-
ters were analyzed to allow a determination of the variability. To obtain the ESPD,
the population’s equivalent spherical diameters were grouped into size classes which
correspond to the same intervals as the Coulter counter and plotted as volume/volume
concentration in parts per million against ESD. The lower limit of the image analysis
technique when linked to the microscope is an areal size of 5.4µm2 and presumably
the upper limit would be defined by the area of the filter visible at the given magnific-
ation setting which would be in the order of 100,000µm2. However as the volume of
water filtered is often small, because this minimizes overlap of particles on the filter,
and because the probability of capturing the larger, rarer flocs is lower due to reduced
sample volume, this method tends to artificially restrict the upper limit of the size
spectra. For almost all filters analyzed for this study, the maximum aggregate diameter
observed was of the order of 400µm while larger aggregated particles (>700µm)
were observed in the bigger sample volume of the same origin in the settling
chamber.

The morphometric parameters collected from the image analysis of the filtered
population of aggregates were used to determine the fractal dimension (D) of the
populations. D is a measure of the perimeter–area relationship for a set of objects.
Collections of natural objects tend to have a perimeter–area (P, A) relationship of
A ∝ P2/D.23 Euclidean objects such as squares or circles have a D value of 1. Values
of D>1 indicate that as area increases, perimeter increases at a greater rate.21,24

This means that these larger particles have more edge complexity and are less
Euclidean or evenly shaped. Fractal D values were determined from perimeter and
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area relationships for populations of filtered aggregates as well as particle populations
sized and characterized in the settling chamber.

4.2.4 SETTLING CHAMBER MEASUREMENTS

The collection of a larger volume of suspended sediment to determine the fall
velocities and densities of suspended sediment structures employed a rectangular
plexiglass settling box (1.5× 0.14× 0.06 m) with two removable end caps that was
built to hold approximately 13 l of water. A scale was mounted on the outside back
wall of the settling chamber using white adhesive paper which aided in photograph-
ing and sizing particles. The settling chamber was aligned into the stream flow such
that water and suspended sediment passed through it. When a sample was required
the ends were capped and the box carried in a horizontal position to the side of the
creek, where it was placed vertically onto a stable platform 20 to 30 cm in front of a
35 mm single lens reflex (SLR) camera mounted on a tripod. After a period of sev-
eral minutes, during which fluid turbulence decayed, a series of timed photographs
were taken. Pairs of sequential images were then projected onto a large surface and
examined to identify individual flocs. The particle size, shape, and position in the
two images were determined using image analysis packages (Mocha and Bioquant)
allowing an estimate of the fall velocity.

In the spring of 1997, the same settling chamber was used to collect suspen-
ded sediment samples from the snowmelt flood events in O’Ne-eil Creek. Due
to the fast overbank flows at this time the box was lowered and returned to the
bridge platform using a winch system. The box was filled and capped by persons
standing in the stream. The photographic system employed in the field at this time
was a video capture system. A black and white digital camera (a charged-coupled
device — CCD), with a resolution of 512 × 512 pixels, was connected to a per-
sonal computer running Empix Imaging’s Northern Exposure software. This field
setup allowed an automated image grabbing system, which recorded the current time
(accurate to 10−2 s) on each image. A run of 45 images could be grabbed in just over
a 90 sec. The resultant images had individual pixel resolution of 55µm± 10µm.
The images were then analyzed via a custom-developed22 settling rate measurement
program.

Due to colder weather, and shorter day lengths that contributed to poor conditions
for outdoor photography, the samples from October 5, 2000 were collected in the
field but returned to the laboratory for analysis. In this case up to 12 l of ambient
and resuspended sediment-laden water was collected and introduced into the settling
chamber for analysis using the SLR camera.

Measurements of particle size and settling velocity for both the SLR and video
imaging method allowed for the derivation of particle Reynolds numbers as well as
particle density using the equations presented in Namer and Ganczarczyk.25 The lower
resolution of particle diameters using these techniques was approximately 150µm
while the upper limit would be defined by the field of view of the cameras, which
given the distance from the settling chamber allows a photographic image of a particle
with a long axis in excess of 10,000µm.
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4.2.5 INFILTRATION GRAVEL BAGS

On July 13, 2001, twelve infiltration gravel bags were installed in two riffles near
the bridge site of O’Ne-eil Creek. A hole approximately 25 cm in depth was dug and
the gravels removed were cleaned through a 2 mm sieve. The bags are a modification
of the design presented by Lisle and Eads26 and consist of watertight bags, with a
maximum volume of 10,000 cm3 clamped onto a 20 cm diameter iron ring. The bag
is folded down on itself at the bottom of the hole, while straps attached to the ring are
placed along the sides of the hole and left at the gravel–water interface. The cleaned
gravel is then returned to the hole, being placed on top of the folded bag and left for
a known period of time to accumulate fine sediments in the intergravel spaces. The
bag traps were retrieved over a 71-day period following installation. The retrieval
dates (cf. Table 4.1) represent (i) the period before the fish return to the river to spawn
(July 17), (ii) the early spawn (July 28), (iii) mid-spawn (August 3), (iv) two dates
during the major fish die-off (August 12 and August 16), and (v) a sample when
there was no visual evidence of live or dead carcasses in the stream, termed post-fish
(September 22).

Upon retrieval a lid is placed over the surface gravels between the emergent
straps that are pulled up, moving the iron ring and the bag up through the gravels
ensuring a minimal loss of fine sediment. The gravels and water collected in the bags
were passed through a 2 mm sieve such that the finer sediment was collected in a
calibrated bucket. This material was mixed to resuspend all grain sizes, settled for
10 sec to allow the settling of large sands from the top water layer from which a
250 ml subsample was taken for use in the settling chamber. These gravel stored fine
sediments were introduced into the settling chamber which was filled with filtered
(0.45µm) O’Ne-eil Creek water. The CCD digital video method of image collection
was used for these samples. Around 100–250 individual particles were tracked for
each set of bags, providing size and settling characteristics while larger populations
(n = 1000 to 2500) of particles photographed in the settling chamber were used
to determine morphometric characteristics of the total population of gravel stored
aggregated fine sediment.

4.2.6 VISUAL CHARACTERIZATION OF AGGREGATE PARTICLES

The images of particles captured in the settling chamber when the SLR camera is used
were very clear and distinct such that more detailed structure of individual particles
could be evaluated. It was obvious upon viewing the particles for the first time in
the year 1995 that some were opaque, appearing to exhibit no open pores while
others were a loose and open matrix of material attached together. In some cases the
aggregates were a combination of both of these forms. In 1996, we decided to label
each particle that we had tracked and for which we had estimated a settling velocity,
in order to determine if differences in settling behavior existed between these visual
subpopulations. The compact, opaque subset was termed compact particles while the
open, loose matrices were called flocs. The combination particles and those which we
were unable to define were classed in a group as mixed particles. A fourth subset was
added in the year 2000 as visual evaluation of the compact subpopulation indicated
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that some dense, dark particles had visual indicators that they were organics or parts
of organisms. For further clarity these were separated and labeled compact-organic
particles.

4.3 RESULTS

The settling chamber was used for the first time in August 1995, sampling ambient
water during the active spawn of a very large return of salmon (26,456) to O’Ne-eil
Creek. On this first use, 23 individual particles were identified and tracked for 46
settling velocity determinations, but the data set was not characterized visually for
particle type (Table 4.2). The visual identification of floc and compact particles was
first undertaken and reported9 for the 1996 settling population. When the two sub-
populations (i.e., floc and compact particles) are plotted as diameter against density
(Figure 4.1) it is clear that while both floc and compact particle diameters range
between 300 to 1300µm, the larger particles tend to be flocs and they exhibit lower
densities. In this data set flocs with the equivalent diameter as compact particles are
always of lower density. An exponential decrease of density with increasing size is
apparent for the compact particle population as it exhibits a wider range of densities.
Figure 4.2 shows the same general pattern for the August and October 2000 settling
data. The total population of settled particles exhibits the exponential decrease in
density with diameter more clearly than in the 1996 data in Figure 4.1. Note that a
third set of particles, visually identified as compact-organic, is also shown here. They
tend to fall into the central part of the size–density spectrum.

Table 4.2 provides a summary of particle numbers and types identified in
the ambient and resuspended settling chamber runs of 1996 and 2000. Visual
identification of particle types was not undertaken in 1995 or 1997. In each case

TABLE 4.2
Settling Chamber Image Analysis Characterization

Date Event Sample type

Number of
individual
particles

Percent
floc

Percent
compact

Percent
mixed

Aug. 2, 1995 Active spawn Ambient 23a N/A N/A N/A
Aug. 26+27, 1996 Die-off Resuspended 43b 35 23 42
May 28+30, 1997 Spring melt rising

limb
Ambient 280 N/A N/A N/A

Aug. 10, 2000 Active spawn Ambient 117 7 75 18
Aug. 10, 2000 Active spawn Resuspended 113 13 77 10
Oct. 5, 2000 Post-fish Ambient 37 14 51 35
Oct. 5, 2000 Post-fish Resuspended 315 12 71 17

a 46 settling counts performed.
b 70 settling counts performed.
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FIGURE 4.1 Size–density relationship for visually determined floc and compact particles
from resuspended gravel stored sediment during the salmon die-off of 1996.
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FIGURE 4.2 Size–density relationship for visually identified floc, compact and compact-
organic particles from both ambient and resuspended sediment in mid- and post-spawn of
2000. Note the separation of flocs and compact particles into the arms of the distribution.

when the particle subpopulations were differentiated the proportion of flocs never
comprise as much as half of the population, although the maximum value occurs in
the die-off period of 1996 when 35% were identified as flocs. Of note in Table 4.2
is the proportion of compact particles observed in the resuspended sediment in the
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FIGURE 4.3 Settling velocities of aggregated particles observed in the ambient suspen-
ded and resuspended, gravel stored sediment in mid-spawn (August 10) and post-fish
(October 5) 2000.

active spawn and post-fish samples of 2000, calculated as 77% and 71%, respectively.
These values are similar to the 75% of compact particles observed in the ambient sus-
pended sediment during the active spawn of 2000. The ambient waters of the October
post-spawn period have only 51% compact particles in the suspended sediment.

When the data from August and October 2000 settling runs are plotted together
the different sizes and behaviors of the two populations are apparent (Figure 4.3). The
compact particles are generally smaller, all being <760µm and tend to exhibit the
fastest settling rates with 6% actually exceeding the settling rate of 100µm quartz sand
(8.7 mm s−1). The open matrix floc particles exhibit the largest sizes as indicated by
the fact that all particles in excess of 760µm are identified as flocs that generally settle
at slower rates. Note that there are few large flocs in the ambient suspended sediments
of both August and October, but upon resuspension of the gravel stored sediment the
floc structures increase in number.

Table 4.3 summarizes the data from all available settling chamber runs and
provides statistics for the particle populations’ size (diameter), shape (sphericity),
and density by particle type where possible. The data for the relative abundance of
floc and compact particles indicates that in all but the die-off period compact particles
dominate both the suspended (ambient) and gravel stored (resuspended) samples. The
proportion of floc particles tracked for settling varied between 7% and 35% of the total
population. The percentage of flocs exceeded the compact particles only during the
fish die-off in August 1996. Once again it is clear that the compact particle sizes are
significantly smaller than floc sizes, as shown by viewing both the population means
and maximum diameters. The largest sizes occur in the resuspended gravel stored
sediments during the fish die-off of 1996. The compact particle population mean
during die-off is significantly larger (p = 0.05) than compact particles observed at
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TABLE 4.3
Size and Density Characterisation of Settling Chamber Particle Populations

Date Event
Sample

type
Particle

type

Percent of
total

population

Mean
diameter
and SEa

(µm)

Maximum
diameter

(µm)

Smaller
diameter
%<500

(µm)

Larger
diameter
%>500
µm

Greater
density
%>1.10
g cm−3

Lower
density
%<1.10
g cm−3

Shape as
sphericity

and SE

Aug. 2, 1995 Active
spawn

Ambient Total
population

100 514 (58.2) 1162 52 48 42 58 N/A

Aug. 27, 1996 Die-off Resuspended Compact 23 704 (96.6) 1323 35 65 6 94 N/A
Floc 35 897 (107.8) 1828 6 94 0 100 N/A

May 28+30, 1997 Spring
melt rising
limb

Ambient Total
population

100 276 (6.5) 712 96 4 32 68 N/A

Aug. 10, 2000 Active Ambient Compact 75 342 (8.4) 685 96 4 10 90 0.62 (0.011)
spawn Floc 7 564 (31.8) 711 15 85 0 100 0.47 (0.025)

Aug. 10, 2000 Active
spawn

Resuspended Compact 77 365 (13.2) 723 86 14 30 70 0.63 (0.014)

Floc 13 685 (27.3) 954 0 100 0 100 0.56 (0.025)
Oct. 5, 2000 Post-fish Ambient Compact 51 384 (15.5) 515 95 5 11 89 0.67 (0.020)

Floc 14 791 (176) 1439 20 80 0 100 0.54 (0.058)
Oct. 5, 2000 Post-fish Resuspended Compact 71 400 (9.5) 752 79 21 22 78 0.67 (0.007)

Floc 12 816 (52.4) 1494 19 81 0 100 0.56 (0.020)
a SE = standard error shown in brackets.
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any other time. The spring melt rising limb population was not visually differentiated
into compact and floc particles but exhibits the lowest population particle diameter
mean and its maximum particle size is similar to that of resuspended gravel stored
compact particles of the active spawn of August 2000 and the post-spawn of October
2000. Note that the ambient active spawn particles (August 2000) exhibit the smallest
floc and compact sizes even though water velocities are similar to those observed in
September and October sampling periods (Table 4.1). In fact its maximum floc size is
slightly smaller than the maximum aggregate measured in the 1997 spring melt when
flows were four times as fast.

To differentiate size and density, each subpopulation was separated into size
categories based on a criterion diameter of 500µm while low density and high
density particles were separated at 1.10 g cm−3. These values were selected as they
characterize the boundaries of the bulk of overlapping data points in Figure 4.2. In
Table 4.3 the floc subpopulations are classified as large (>80% of the particles always
exceed 500µm) and low density (100%< 1.1 g cm−3). Compact particle subpopula-
tions tend to be comprised predominantly (>79%) of smaller (<500µm) particles.
The exception is the 1996 die-off when larger compact particles comprised 65%
of the population with the other 35% being <500µm. The compact particles also
predominate in the high density classification with 11 to 30% of their population
exhibiting densities >1.1 g cm−3, excluding the 1996 post-spawn die-off when only
6% were of higher density. Compact-organic particles were not included in this eval-
uation of compact particles but comprised a separate subpopulation not presented in
Table 4.3.

In the data sets that were also characterized for sphericity (all 2000 settling
runs) all floc populations are significantly less circular than the compact particles
(Table 4.3). While the floc shapes are not significantly different (p = 0.05) over time
or by source (suspended or gravel stored) the compact particles do exhibit differences
over time. The compact particles become significantly more rounded in the post-fish
ambient and resuspended samples.

Fractal (D) values and their 95% confidence limits for the population of particles
measured for settling velocities in 2000 are shown in Figure 4.4. A fractal value for
the total population is shown for each sample date as well as the fractal value for
the floc, compact and compact-organic particle subpopulations. The fractal values
for the total populations indicate that there is no significant difference by source
(ambient versus resuspended sediment) but there is by time, in that the suspended
(ambient) sediment has significantly smaller fractal values in October than in August
for the total population. Fractals for gravel stored (resuspended) sediment do not
vary significantly between these dates. An evaluation of the subpopulations indic-
ates that the floc and compact-organic particles exhibit a large amount of variation,
while the compact particles have smaller confidence limits, indicating less variability
in shape.

A similar fractal analysis of particles collected on filters is shown in Figure 4.5 for
the years 1996 through to 2000. The sampling dates are not graphed chronologically
by year, but rather grouped by date within the season so that the periods of spring
melt, active spawn, fish die-off, and post-spawn can be viewed consecutively. The
fractal values are lowest for the ambient suspended sediment of the spring melt period
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FIGURE 4.4 Fractal values for total particle populations and the visually identified subpop-
ulations for ambient and resuspended sediment in the mid-spawn (August 10) and post-fish
(October 5) periods of 2000. Error bars represent the 95% confidence intervals.
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sediments. Error bars represent the 95% confidence intervals.
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indicating that the particles are more rounded. In contrast to the results of the settling
particle fractal analysis (Figure 4.4) the D values for filtered suspended sediment
increase later in the season, becoming significantly less rounded during fish die-off
and in post-fish periods (Figure 4.5). In the active spawn sampled in August 2000, the
suspended and gravel stored fractals are not significantly different from each other.
These low D values represent more rounded particles and are similar statistically
to the suspended sediment of the spring melt flood and the gravel stored samples
throughout the full sampling season.

In 2001, gravel stored fine sediments collected from infiltration bags were intro-
duced into the settling chamber and analyzed for size, shape (fractal), and settling
characteristics (density). Table 4.4 shows these data along with the cumulative num-
ber of spawning fish returned to O’Ne-eil Creek by that date. Particle diameters were
largest pre-fish and post-fish with the smallest mean values occurring at mid-spawn.
Particle densities increased chronologically until die-off when they significantly
decreased. Density increases were significant again in the post-fish sediments. The
temporal pattern is that pre-spawn gravel stored aggregates are large and low density,
mid-spawn aggregates are small and high density while at seasons end (post-fish) the
gravel stored aggregates are again large but high density. While the fractal values
for all of the infiltration bag sediments are low, the smallest D values, representing
the roundest particles, were noted at mid-spawn and post-fish which is also when
densities were highest. Figure 4.6 shows the changing pattern of fractal values over
time along with a temporal plot of the cumulative spawner numbers in 2001. This
indicates the number of individual fish having passed the counting fence by that
date. On August 3, when 10,931 have returned to the stream to rework the gravels
for redd construction the particles are more rounded than at all times except for
the period when no visual evidence of fish carcasses are apparent in the stream
(post-fish).

TABLE 4.4
Characteristics of Gravel Stored Fine Sediment Collected in Infiltration Bags
in 2001

Event type
Date in

2001
Cumulative
fish returns

Particle
diameter (µm)

Particle density
(g cm−3) Fractal D 95% CL D

Pre-fish arrival Jul. 17 0 332 (109) b 1.047 (0.033) a 1.060 0.009
Early spawn Jul. 28 8211 261 (112) a 1.092 (0.068) b 1.073 0.004
Mid-spawn Aug. 3 10931 244 (89) a 1.116 (0.079) c 1.052 0.007
Die-off Aug. 12 13757 262 (95)a a 1.032 (0.048)a a 1.063 0.004
Die-off Aug. 16 13892 1.061 0.004
Post-fish Sep. 21 13893 316 (157) b 1.121 (0.033) c 1.051 0.004

Note: Means (and standard deviations) of particle diameter and particle density are shown. In each column,
means followed by similar letters are not significantly different (p < 0.05).
a Values in bold represent composite value for Aug. 12 and Aug. 16.
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FIGURE 4.6 Fractal values for fine sediment collected in infiltration gravel bags in the
summer of 2001 are shown as bars with the 95% confidence limits depicted. These sediment
populations (n> 1000) were characterized for size and shape from charge-coupled device
(CCD) images in the settling chamber. The 2001 cumulative fish count for O’Ne-eil Creek is
shown by sample date (dots).

4.4 DISCUSSION

The particle populations sampled in O’Ne-eil Creek have been shown to be highly
aggregated with floc factors (EPSD/APSD) exceeding ten.3 All of the particles eval-
uated in this paper for size, morphology, and settling characteristics can be shown
to be aggregates as the maximum particle sizes of the disaggregated inorganic sed-
iment (APSD) of these samples do not exceed 130µm, while each of the particles
evaluated visually (EPS) was larger than 150µm. The only particles which should
be considered separately in this context are the compact-organics as they in fact may
not be composite particles, but could be parts of organisms or aggregates of organism
parts. The organics are removed from the sediment sample before characterizing the
ASPD and so their constituent size is not determined.

Visual differentiation of aggregate particles in freshwater allowed an investigation
of the size, shape, and behavior of particle subpopulations identified as flocs and
compact particles. The loosely packed, open matrix floc particles are observed to be
larger, less dense, less rounded, and slower settling than the opaque, compact particles.
They were noted to be less abundant than compact particles in all periods sampled
except for the fish die-off. While the smaller, rounder, denser compact particles are
carried in ambient low flow conditions (0.23 to 0.35 m s−1) their proportions are
smaller in the post-fish quiescent flows (79%) than in low flows with active spawning
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occurring (93%). In the resuspended gravel stored sediment of active spawn and
post-fish they comprise 85% and 83%, respectively (Table 4.3). It is unfortunate
that the spring melt population could not be visually differentiated as the energy
environment of that period was high and both the proportion of floc and compact
particles would be of interest as well as their respective sizes and shapes.

In any case, the characteristics of the total population can still be useful as it
is clear that the particle size of the populations change over the open water sea-
son with the smallest mean sizes observed during spring melt when local flows are
deepest and fastest and the concentration of suspended sediment is higher (mean
of 7.96 mg l−1) for this system. The shear stress measured in spring melt flows of
this scale in O’Ne-eil Creek has been reported as being approximately 70 N m−1 27

which would act to break apart weakly bound aggregate structures resulting in smaller
mean and maximum population sizes as observed. Interestingly, aggregate particles
are small during the active spawn of 1995 and 2000, while the largest sizes were
observed during the die-off of fish in 1996. This variability in size occurs despite the
fact that measured water velocities, which reflect local shear stresses of approxim-
ately 6 N m−1 at this site in O’Ne-eil Creek27 were not very different during these
sample periods (Table 4.1). This implies that the activity of spawning fish resus-
pending sediment could be having a similar shearing effect. Evidence to support this
can be seen in the concentrations of suspended sediment during ambient flow con-
ditions. In 2000, the background concentrations were between 2.47 and 3.76 mg l−1

after approximately 10,700 fish had entered the stream to spawn, while in 1995 the
ambient concentration was 11.70 mg l−1 with 26,985 spawners in the stream. Undis-
turbed ambient suspended sediment concentrations are measured in O’Ne-eil Creek
as <1 mg l−1. The physical activity of these fish in digging their redds results in the
reworking of the gravel bed, resuspension of the gravel stored fine sediments, and the
downstream transport and deposition of these fines. The energy imparted in moving
the gravels to release fine sediment, along with the action of being transported in the
turbulent water column before settling again, would act to break apart weakly held
structures, generating smaller and stronger and potentially more compact aggregates.
In the ambient flow of active spawn in August 2000 only 7% of the total popula-
tion of aggregate particles is loose floc structures. Alternately the largest aggregate
sizes as well as the largest abundance of floc structures (35%) are observed in the
salmon die-off period which exhibits low flow velocities with resuspended sediment
concentrations of 7.22 mg l−1. While these same low shear conditions and higher
resuspended particle concentrations are sampled in post-fish periods (September and
October 2000) the particle aggregates do not reach the same large sizes as during
die-off. Clearly some other environmental factor aside from shear velocities and sus-
pended sediment concentrations is controlling the size of these aggregate structures.
The changing size and density of the infiltration gravel bag particle populations also
supports the influence of the physical role of spawning salmon on the aggregate
size. Smallest mean population sizes at mid-spawn, which are also associated with
high densities, suggest that the smaller compact particles that predominate have been
collected in the infiltration bags during spawn. The larger less dense aggregates col-
lected in the bags earlier in the season have presumably been modified by the fish
spawning activity. While the particles stored in the gravel bed during salmon die-off
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are not statistically larger than at mid-spawn they are significantly less dense, which
corresponds to the higher proportion of low density flocs observed in the water column
(Tables 4.3 and 4.4). This could reflect the fact that the larger floc particles are less
stable, breaking up when they enter the gravel matrix, or potentially being broken
into smaller particles by the physical action of sieving through 2 mm mesh when the
gravels are separated from the fines in the field.

The change in the particle composition and structure noted during fish die-off
is associated with a temporal change in the organic composition of the aggregates.
Petticrew and Arocena17 reported on these same gravel stored samples and stated that
over the open water season the biofilms that cover gravel stored aggregates changed
from weak, web-like structures at mid-spawn to a less porous, film-like covering in
post-spawn. The stronger more extensive biofilm was associated with large aggregates
while the weaker web structure existed when the aggregates were being exposed to
repetitive reworking of the gravel bed (e.g., resuspension) during mid-spawn.

The sediment moving in the spring melt has the lowest mean particle size as
well as the lowest fractal values, as determined from filtered samples (Figure 4.5).
The sediment moving in the melt is small, dense, and rounded. In an evaluation of
the filter fractals there is a significant decrease in D over the three day high flow
sampling period in 1997. The suspended sediment becomes more rounded with time,
indicating either a change of source21 or a modification of the particle shape with
changing energy conditions. In Figure 4.5 there does not appear to be any signific-
ant differences between sediments resuspended from the gravel artificially over the
season and the ambient suspended sediment from the active spawn of 2000. This
would indicate that the sediments are from the same source, which we know to be
the case, and experiencing similar energy conditions. This then would support the
assumption that the energy imparted to the surface gravels to resuspend the stored fine
sediments is similar to the work perpetrated by the fish. To corroborate this effect of
physical resuspension note the timing of significant differences observed in the fractal
dimensions and structure of the infiltration gravel bag sediments over the 2001 sea-
son (Figure 4.6, Table 4.4). Particles are growing more amorphous from pre-spawn
through early spawn but then decrease in D values becoming rounder at the same
time as becoming smaller and denser at mid-spawn when the majority of the phys-
ical reworking of the bed has been completed. As this reworking abates and die-off
occurs, delivering carcass breakdown products to the stream the particle roundness
decreases, density decreases, and particle size starts to increase again.

The ambient suspended sediments analyzed from the filtered populations show
a significant increase in D following active spawn (Figure 4.5). This indicates that
these particles are more amorphous than those of active spawn but also less rounded
than the gravel stored sediment resuspended on the same dates. Intuitively this would
make sense as there is less energy in the low flow water velocities which could break
up the larger more amorphous particles.

In the post-spawn period the artificially resuspended (gravel stored) sediment has
similar fractal values as the material comprising the ambient suspended sediment
during the active spawn (August 2000) (Figure 4.5). This indicates that the material
resuspended by spawning fish which remains in the water column is similar in shape
to the gravel stored sediment later in the season. This is corroborated by looking at the
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fractal results of the infiltration gravel bags (Table 4.4, Figure 4.6). The mid-spawn
and post-fish fractals indicate they are the roundest populations of particles over
the season, but as well they are the densest populations. Petticrew and Arocena17

presented scanning electron microscope evidence indicating that these mid-spawn
aggregates were held together with a weak-looking web of biofilm while pre- and
post-spawn periods exhibited a more extensive coating of biofilm. The strength of
these biofilms may relate to the physical action these particles are exposed to (low
flows, active spawning) and could also play a role in regulating their size.

4.4.1 FRACTAL CONCERNS

Note that the fractal results for the filtered populations (Figure 4.5) are not the same as
is found in the fractal analysis of the settling chamber populations shown in Figure 4.4.
In this latter data set there are no significant differences within the subpopulations by
either source (ambient versus resuspended) or date but there is a statistically smaller
D value for the total population of the ambient post-fish (October 2000) suspended
sediment as compared to the ambient active spawn samples. This indication that
the ambient suspended sediment is becoming more rounded with time is opposite
to the results of the filtered samples. A comparison of fractal values for samples
from the same date and source material indicates that the filtered particle populations
are always lower than the settling chamber populations. This would be a result of
both the larger number of particles that are counted by filters as well as the lack
of inclusion of the larger particles (>400µm) which have the higher proportion of
amorphous, less rounded flocs. Inclusion of these bigger particles, which also exhibit
larger variability, increases the fractal value of the settling chamber populations as
seen in Figure 4.4. Another inconsistency is that the fractal values of the gravel
stored sediment (Figure 4.6) are consistently much lower than that of the resuspended
sediment shown in Figure 4.4, which is meant to represent the gravel stored sediment.
This could be a function of the artificially disturbed samples being mixed with low
concentrations of ambient sediment or the fact that the structure of the aggregates
changes with depth in the gravels. The infiltration gravel bags collect material stored
to a depth of approximately 25 cm while the artificial resuspension mobilizes only
the top 5 or 6 cm. In Figure 4.3 it is clear that the majority of large floc particles
are associated with the artificially resuspended gravel stored samples from August
and October 2000, as opposed to being abundant in the ambient suspended sediment.
Aside from periods of high flow, or just following scouring events, a layer of fine
grained loosely aggregated sediment is often observed to be coating the surface of
the channel.28 These fine grained aggregates are more floc like than compact and are
easily resuspended and moved downstream with increases in entrainment flows. These
aggregates would be collected in both the artificially resuspended and the infiltration
bag sediment sampling but would represent a larger portion of the population in
the artificially resuspended sample as it disturbs a larger surface area and smaller
depth of gravels. These surface fines would be less abundant in the gravel infiltration
bag samples as they are deeper (25 cm) and have a specific surface area sampled
(314 cm2). This bias of surface sampling would then result in higher fractal D values
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for the former (i.e., more amorphous) and lower D values, or more rounded particles
in the gravel bags as observed in this comparison.

As the fractal values presented here reflect the measurement of potentially dif-
ferent populations (e.g., sediment populations with different upper and lower size
limits as well as populations from different depths of gravel storage) care should be
taken to compare results of fractal analyses between methods. Changing the upper
and lower limits of the population analyzed in a fractal analysis has been found to
have a significant effect on the results. For the settling chamber samples the lower
limit was defined by the resolution of the image analysis technique (diameter approx.
150µm) and the upper limit was not restricted. The regressions were always strong
(r2 > 0.90) and significant, but the subpopulation sizes were not always very large
(n = 5 to 182). A test was done on the largest settling chamber data set (total popula-
tion, Oct 2000 resuspended, n = 315), where the sample was altered to include only
the aggregate population <600, <500, <400, and <300µm in order to determine
the effect of the size limits on the fractal D values. While the D’s are not significantly
different as the upper size limit is reduced and the sample size becomes smaller, the
95% confidence limits increase resulting in reduced ability to distinguish statistical
differences. This observation is important if one plans to use fractals for identifying
source sediments or for implying processes affecting sediment structure. The results
of the filter population fractals presented in Figure 4.5 were analyzed using the same
method as de Boer and Stone29 who identified source differences in suspended sedi-
ment during a spring melt period. The lower limits and presumably the upper limits
(as they are defined by the sampling technique) are similar to de Boer’s which are
detailed in his 1997 paper.21 Using this method between 1,500 and 15,000 particles
can easily be counted ensuring a representative population size. In viewing this lower
end of the aggregate population (7 to 400µm) we see significant differences over
a 3-day period in spring melt and a difference in the ambient suspended sediment
over the season. As the data for Figure 4.4 are comprised of subpopulations of quite
variable, and in some cases small sizes, these data would be considered problematic.
A better method of evaluating the fractal dimensions of these samples would be to
measure a large number of particles from the general population photographed in the
settling chamber as opposed to using just particles that have been tracked for settling
velocities. This approach was used to determine fractal values for the infiltration bag
fine sediments from 2001. An excess of 1,000 particles were sized to determine the
D values of the gravel stored sediment over the season. The fractal D values indicate
that on all dates the particles are very rounded with the only significant differences
being that the mid-spawn is rounder than the sample before it from early spawn and
that the final post-fish sample is roughly the same roundness as mid-spawn with a
significantly smaller D than in the period of fish die-off preceding it.

4.5 CONCLUSIONS

Visual differentiation of aggregated sediment particles both moving in the stream and
stored in the gravel bed indicates the presence of variable subpopulations of particle
types. The settling behavior of the particles is modified by their size, density, and
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shape which appear to be modified by the hydrological, physical, and biological
conditions within the stream. Both the energy of turbulent streamflow and the energy
imparted by fish reworking the gravel bed are associated with a predominance of
small, denser compact particles. In periods when internal stream energy is lower and
when there is abundant organic matter delivery to the stream the composite structures
are largest and are comprised predominantly of loosely bound flocs.

While structural and behavioral differences are associated with the different events
occurring in the system, a more complete investigation of the open water season,
incorporating storm events and summer base flows would be valuable. As well an
evaluation of the types of organic matter comprising the composite structures through-
out the season could potentially elucidate the processes which regulate the structure
and morphology of these particles.
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5.1 INTRODUCTION

Particle aggregation is a complex process affected by various physical, chemical, and
hydrodynamic conditions. It is of interest for understanding, modeling, and design
in natural and engineered water and wastewater treatment systems. In natural aquatic
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systems such as lakes, rivers, and estuaries, particle aggregation is important because
it controls the fate of both the particles themselves, as well as potentially hazardous
substances adsorbed to the particles.1–5 In water and wastewater treatment, floccu-
lation is used to produce larger aggregates that can more effectively be removed
from the treatment stream by sedimentation and filtration.6–8 The growth of aggreg-
ates depends on the relative size of the colliding particles or clusters of particles,
their number density, surface charge and roughness, local shear forces, and the sus-
pending electrolyte. Specific factors that affect aggregation include coagulant dose,
mixing intensity, particle concentration, temperature, solution pH, and organisms
in the suspension.3,7,9 These factors contribute not only to changes in particle size
and shape, but also affect flow around and possibly through the aggregate, with
corresponding effects on transport and settling rates.

Historically, efforts to understand individual processes of aggregation have
been based on relatively simple systems, assuming impervious spherical particles,
with various mechanisms of particle interaction explained using Euclidean geo-
metry. More recently, it has been recognized that aggregates are porous and
irregularly shaped, and that these characteristics suggest different behavior than
for impervious spheres. Fractal concepts have been adapted from general theoret-
ical considerations originally discussed by Mandelbrot10 and later by Meakin.11–14

For specific applications in environmental engineering, much of the fundamental
fractal theory for particle aggregation has been developed by Logan and his
coworkers.15–18 Fractal theories have been used mainly as a quantifying tool for
describing the structure of the aggregate, but several studies have also looked at
the application of fractal characteristics as a means of analyzing the kinetics of
aggregation.11,18

In addition to the assumption of impervious spherical particles, earlier stud-
ies also assumed that volume is conserved when two particles join (known as
the coalesced sphere assumption). However, these assumptions are exact only for
liquid droplets. When two aggregates collide, the resulting (larger) aggregate often
has higher permeability than the parent aggregates, and the volume of the new
aggregate is generally larger than the sum of the two original volumes. The over-
all goal of this study is to conceptualize and develop an aggregation model using
fractal concepts, based on measurements from coagulation–flocculation experiments
under a variety of environmental/process conditions, and to determine the poten-
tial impact of aggregate geometry on particle dynamics in natural and process
oriented environments. The study is motivated by the idea that improvements in
particle and aggregation modeling may be achieved by incorporating more real-
istic aggregate geometry; and fractal concepts are used to characterize the impacts
of aggregate shape in relation to traditional models that have assumed spherical
aggregates. In particular, incorporating realistic aggregate geometry is expected
to provide improvements in our ability to describe such features as aggregate
growth rates under different hydrodynamic and chemical conditions. Relationships
between aggregate size and geometry, as characterized by fractal dimension, are
sought, which can provide additional information for understanding and modeling
particle behavior. To avoid potential problems associated with sample collection
and handling, a nonintrusive image-based technique is used for the measurements.
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This technique uses digital image analysis to obtain information for aggregates
in suspension that can be used in model development. It is expected that results
of this study will lead to a better understanding of particle behavior in aqueous
suspensions, and will advance our capability to model aggregate interaction and
transport.

5.2 BACKGROUND

5.2.1 FRACTAL AGGREGATE PROPERTIES

The assumptions of aggregates as impervious, spherical objects have facilitated the
development of particle interaction models and provided an obvious simplification
of their geometric properties, defined by a single variable, the diameter, d. Peri-
meter, P, is then proportional to d, projected area, A, is proportional to d2, and
volume, V , is proportional to d3. Under the coalesced sphere assumption, volume
conservation can be easily computed in terms of changes in diameter, since when
two particles collide and stick, the resulting volume is just the sum of the two ori-
ginal volumes and the diameter is found by assuming the resulting volume is again
spherical. Other features of aggregation, including particle interaction terms and
hydrodynamic interactions, also have been explored on the basis of spherical particles.
In this approach aggregate density, ρ, is essentially constant and equal to the density
of the primary particles from which the aggregate was formed, since ρ is defined as
the total mass of the aggregate divided by its volume. In addition, porosity, φ is zero
in this case.

In reality, aggregates are highly irregular, with complex geometry and relatively
high porosity. Shape cannot be defined in terms of spherical, Euclidean geometry, and
fractal geometry must be used instead. The primary geometric parameters of interest
are the one-, two-, and three-dimensional fractal dimensions, which may be defined,
respectively, by16,18

P ∝ l D1 ; A ∝ l D2 ; V ∝ l D3 (5.1)

where l is a characteristic length for an aggregate, and D1, D2, and D3 are the one-,
two-, and three-dimensional fractal dimensions, respectively. In general, l has been
defined differently in different studies, but the most common definition, which will
be used here, is to take l as the longest side of an aggregate. Note also that l takes the
place of d in the Euclidean definitions of P, A, and V . Here, D1, D2, and D3 do not in
general take integer values, as in Euclidean geometry. These fractal dimensions are
obtained from the slope of a log–log plot between the respective aggregate property
and l. In essence, fractal geometry expresses the mass distribution in the body of an
aggregate, which is often nonhomogeneous and difficult to assess. Aggregates with
lower fractal dimension exhibit a more porous and branched structure and, as shown
below, have higher aggregation rates.

By taking into account the shape of primary particles and their packing charac-
teristics in an aggregate, Logan15–18 derived various aggregate properties in terms of
the fractal dimensions defined in Equation (5.1). The number of primary particles in
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an aggregate was shown to be

N = ψD3/3
(

l

l0

)D3

(5.2)

where N is the number of primary particles, ψ is a constant defined by ψ = ζ ξ/ξ0,
ζ is the packing factor, ξ0 and ξ are shape factors for the primary particles and the
aggregate, respectively, and l0 is the characteristic length for the primary particles.
The density of the primary particles is ρ0 and the volume of one primary particle is
V0 = ξ0l3

0. The total solid mass in an aggregate, ms, is then (Nρ0V0), or

ms = ρ0ψ
D3/3ξ0l 3−D3

0 lD3 (5.3)

Using similar parameters, the aggregate solid density, ρs, is calculated as the ratio
of mass and encased volume of the fractal aggregate, defined as the combined volume
of particles and pores within the aggregate, Ve = ξ l3. The aggregate solid density
is then

ρs = ms

Ve
= ρ0 ψ

D3/3
(
ξ0

ξ

)(
l

l0

)D3−3

(5.4)

Solid volume, Vs, is the volume associated with the primary particles, which is
just Vs = N(ξ0l3

0). In addition, the porosity of the aggregate is φ = 1− Vs/Ve, or

φ = 1− ψD3/3
(
ξ0

ξ

) (
l

l0

)D3−3

(5.5)

Finally, the total, or effective density of the aggregate is the total mass (solid plus
fluid) divided by the encased volume, which can be shown to be

ρ = ρ0 − φ(ρ0 − ρw) (5.6)

where ρw is the water density. The net gravitational force for settling depends on the
difference between ρ and ρw, which can be written as

ρ − ρw = (1− φ)(ρ0 − ρw) (5.7)

This last result demonstrates the intuitive idea that aggregate porosity should be
important in controlling settling rate.

In the present experiments it was found that φ is related to size (discussed in the
later part of this section), and indirectly to D2 and D3. Drag on an aggregate moving
through the water column depends on the flow of water around and possibly through
the aggregate, which in turn depends on overall shape, porosity, and distribution
of primary particles within the aggregate structure. For example, flow through an
aggregate with a uniform distribution of primary particles would be different from flow
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through an aggregate in which primary particles are more clustered, with relatively
large and interconnected pore spaces, and these differences would lead to differences
in overall drag (however, it should be noted that most researchers (e.g., ref. [17,18])
believe there is little or no flow through an aggregate). Even without flow through an
aggregate, the distribution of primary particles would affect the manner in which an
aggregate would move through the fluid.

Aggregate settling rate can be evaluated from a standard force balance between
gravity, buoyancy, and drag,

(ρ − ρw)Ve = 1
2 CDρwAw2

s (5.8)

where CD is a drag coefficient, ws is the settling velocity, and A is the projected
area in the direction of movement (i.e., vertical). Since Ve is proportional to l3,
A is proportional to lD2 , and ρ depends on lD3−3, Equation (5.8) shows that w2

s is
proportional to (lD3−D2)/CD. Note that if Euclidean values are used for D2 and D3
(D2 = 2 and D3 = 3), then w2

s is proportional to l/CD. If it is further assumed that
laminar conditions apply, and the relationship for CD for drag on a sphere is used,
CD ∝ Re−1, where Re = wsl/ν is a particle Reynolds number and ν is kinematic
viscosity of the fluid in which the settling occurs, then

ws ∝ l(D3−D2+1) (5.9)

which shows that for a given l, larger D3 (more compact aggregate) facilitates faster
settling, while larger D2 appears to inhibit settling. This is a somewhat contradictory
result, since both D2 and D3 increase with greater compaction, and this contradiction
may be a factor in explaining differing results reported for settling in the literature.
However, in the case of the most compact (impermeable) aggregates (with D2 = 2 and
D3 = 3), the relationship represented in Equation (5.9) converges to a typical Stokes’
settling expression (for spheres) where the settling rate is a function of diameter
squared. As shown below, results from the present study support an exponent in
the settling relationship that is <2, suggesting that a fractal description of settling is
needed.

5.2.2 MODEL DEVELOPMENT

Models of suspended sediment transport are important for evaluating efficiency of
removal in treatment plant operations and also in predicting the distribution of sus-
pended load and associated (sorbed) contaminant fluxes in water quality models.
These models require some description of aggregation processes and must simulate
changes in particle size distribution. Aggregation models may generally be classified
as either microscale or macroscale. An example of a microscale model is the classic
diffusion-limited aggregation (DLA) model,19,20 or one of its various derivatives such
as reaction-limited aggregation (RLA). Such models have an advantage in that they
consider particle interactions directly, and allow examination of individual aggreg-
ates. However, they are generally not very convenient for incorporation into more
general sediment transport and water quality models.
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Macroscale models address general properties of the suspension, and not
individual aggregates. The most well-known macroscale modeling framework was
originally described by Smoluchowski,21 and it considers mass conservation for
aggregates in different size classes. A basic form of the equation may be written
in discrete form as

dnk

dt
= 1

2
α
∑

i+j=k

β(i, j)ninj − nkα

∞∑

i=1

β(i, k)ni (5.10)

where nk represents the number of aggregates in size class k, t is time, α is collision
efficiency, β(i, j) is the rate at which particles of volumes Vi and Vj collide (collision
frequency function), and i, j, and k represent different aggregate size classes. The first
summation accounts for the formation of aggregates in the k class, from collisions
of particles in the i and j classes. The second summation reflects the loss of k-sized
aggregates as they combine with all other aggregate sizes to form larger aggregates.
Additional terms such as breakup, settling, and internal source or decay may be added
on the right-hand side of Equation (5.10), or terms may be dropped, depending on
the processes of importance for a given application. For simplicity, these terms are
neglected in the present discussion.

In the discrete form suggested by Equation (5.10), size distribution is determined
simply by the number of particles, nk, in each of the k size classes considered for a
given problem. Separate equations are written for each size class and the interaction
terms determine how the size distribution changes over time. Various forms of this
equation may be incorporated into more general advection diffusion type models
written to evaluate the distribution of sediment and associated (sorbed) contaminant
in water quality models (e.g., ref. [22]).

Major assumptions of the Smoluchowski approach (Equation (5.10)) are that
only two particles take part in any single collision, particles follow rectilinear paths
(i.e., the particles move in a straight line up to the collision point), and particle
volume is conserved during the agglomeration process (again, the coalesced sphere
assumption). The rectilinear assumption tends to over predict aggregation rates, while
the coalesced sphere assumption under predicts them.3 In reality, as the coagulation
of solid particles proceeds, fluid is incorporated into pores in the aggregates that are
formed, resulting in a larger collision diameter than the coalesced sphere diameter.23

However, this process is not explicitly included in the traditional model.
The collision frequency function, β(i, j), reflects the physical factors that affect

coagulation, such as temperature, viscosity, shear stress, and aggregate size and
shape. The three major mechanisms that contribute to collisions are Brownian motion
or perikinetic flocculation, fluid shear or orthokinetic flocculation, and differential
settling. The total collision frequency is the sum of contributions from these three
transport mechanisms,

βtotal = βBr + βSh + βDS (5.11)
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where βBr,βSh, and βDS are the contributions due to Brownian motion, fluid shear,
and differential sedimentation, respectively. If the colliding particles are submicron
in size, Brownian motion is appreciable. However, with larger particles, Brownian
motion becomes less important.24 In traditional methods, β is calculated from con-
stant parameters describing aggregation kinetics, assuming spherical particles. In
other words, there is no dependence on the actual shape and size of the aggreg-
ates in calculating β. Formulas have been developed to calculate β based on fractal
geometry for each of the three above-mentioned transport mechanisms (Table 5.1).
These expressions are based on solid volume of the aggregate, Vs, defined previ-
ously. The degree to which the values determined from Table 5.1 differ from those
determined using the traditional approach assuming spherical aggregates depends on
how far the respective fractal dimensions are from their Euclidean counterparts. The
functions in Table 5.1 reduce to corresponding traditional estimates when Euclidean
values are used, but in general they produce larger values for β.18 The present results
(Figure 5.12) also confirm this relationship.

In the experiments described below, collision frequencies and, as a secondary
effect, collision efficiencies, are examined as they depend on geometric characteristics
of the interacting particles. Density also is shown to be dependent on particle size,
which in general is a function of time.

5.2.2.1 Conceptual Fractal Model of Aggregation

Although useful for general modeling purposes, the Smoluchowski model does not
provide a basis for developing insight into the details of the physical processes that take

TABLE 5.1
Collision Frequency Functions for Fractal Aggregates (from ref. [15, 18])

Mechanism Collision Frequency Function

Brownian motion βBr = 2kBT

3µw

(
v
−1/D3
i + v

−1/D3
j

) (
v

1/D3
i + v

1/D3
j

)

Fluid shear βsh = G

6ξ0b
3/D3
D

v
1−(3/D3)
0

(
v

1/D3
i + v

1/D3
j

)3

Differential sedimentation

βDS = π

4

(
2g(ρ0 − ρw)

aρwξ2vbD

)
ξ
−1/3
0 b

−(2+(bD−D2)/(2−bD))
D

∗v(1/3)−(1/D3)(2+(bD−D2)/(2−bD))
0

∣∣∣v
(1/D3)((D3+bD−D2)/(2−bD))
i

−v
(1/D3)((D3+bD−D2)/(2−bD))
j

∣∣∣
(

v
1/D3
i + v

1/D3
j

)2

Note: The parameters in these functions are: β = collision frequency function (cm3 sec−1);
kB = Boltzmann’s constant (1.38 × 10−16 g cm2 sec−2 K−1); T = absolute temperature (293 K);
G = velocity gradient (sec−1); µw = dynamic viscosity of water (0.01002 g cm−1 sec1); ρw = density
of water (0.99821 g cm−3); ρ0 = density of primary particle; g = gravitational constant (981 cm sec−2);
ξ2 = aggregate area shape factor; a and bD = fractal functions depending on Reynolds number (a = 24
and bD = 1 for Re < 0.10); ν = kinematic viscosity (0.01004 cm2 sec−1), and vi , vj = solid volume of i
and j size class particles, and v0 = primary particle volume.
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place during aggregation. Microscale models are more helpful in this regard, and also
helpful for present purposes is a more general conceptual description of aggregation,
in terms of geometric properties (fractal dimensions) of the interacting aggregates.
Several studies have already shown, for example, the effect of fractal dimension on
collision frequencies,15,16,18 and similar results were found in the present study, as
described later in this section.

The present conceptual model is based on general ideas presented in the literature
describing aggregation processes, and is applied to a specific experiment in which
an initially monodisperse suspension of primary particles, either spherical or at least
with known fractal dimension, is mixed with or without coagulant addition. The
model focuses on the initial stages of aggregation, before particles grow large enough
that further growth may be limited by breakup. It is assumed that mixing speed and
chemical conditions are constant during any given experiment.

Referring to Figure 5.1, the initial state of the suspension is characterized by
initial values for average size and fractal dimension of the primary particles. Here,
fractal dimension refers to either D2 or D3, and size refers to the longest dimension
for an aggregate. As particles collide and stick, average size increases and fractal
dimension decreases, according to processes discussed earlier in this section. For
example, following a successful collision (i.e., one that results in the two particles
sticking), the resulting volume is larger than the sum of the volumes of the two
colliding particles, as additional pore space is incorporated in the aggregate.

As the process continues, both growth and breakup occur, but growth is faster.
Eventually, a state, represented by point A in Figure 5.1, is reached in which there is
a temporary balance between growth and breakup. During this period there may be
some restructuring of the aggregates, as particles and clusters penetrate into the pore
spaces of larger aggregates, not necessarily increasing size appreciably, but increasing

A

Pr

frac

ag equilib rium

Fractal dimension

Length, l

A

Primary particle size

Primary particle 
fractal dimension

Aggregation ≈ equilibrium

Restructuring, 
compaction 
breakup,

Time

FIGURE 5.1 Conceptual model of temporal changes in fractal dimensions and average size
(characteristic length) during initial stages of an aggregation process.
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density, with a corresponding reduction in fractal dimension. With additional time,
aggregates become more compact and average size may even decrease slightly, as
particles and clusters that are only loosely joined break off and rejoin other aggregates
in a more stable manner. The overall effect is a slight reduction in average size and a
slight increase in fractal dimension. These changes also are illustrated with the floc
sketches at the bottom of Figure 5.1.

The length of time in the initial phase (before point A) will vary, depending on
chemical and mixing conditions, as well as the initial state of the suspension. In the
experiments reported below, this phase lasts approximately 40 to 60 min. In a typical
treatment process, the length of time allowed for mixing is on the order of several
tens of minutes, so the later processes of restructuring and compaction are probably
not significant. In natural systems particular conditions may last longer, and there is
a greater chance particles will be in a near-equilibrium state.

5.3 EXPERIMENTAL SETUP

5.3.1 IMAGE ANALYSIS

Three sets of experiments were conducted in this study (Table 5.2), each one using an
image-based analysis of aggregates. A nonintrusive imaging technique was used to
capture images of aggregates and to analyze changes in aggregate properties with time.
Using this technique, aggregates could be maintained in suspension and images were
captured without sample extraction or any other interruption of the experiment. In one
set of tests (Experiment Set 1, Section 5.3.2.1), the images were taken of the mixing
jar containing suspensions immediately at the end of the flocculation step, assuming
the particle shape and size did not change during the settling period. In another set of

TABLE 5.2
Summary of Experiments

Experiments Coagulant Measurements
Shear rate
(sec−1)

Experiment Set 1
(lake water and
montmorillonite)

Alum Initial conditions,
charge
neutralization,
sweep floc

n/a-tested
supernatant after
mixing (during
settling)

Experiment Set 2
(latex particles)
(Expts. 1–8)

Alum 10, 20, 30 min 20, 80

Experiment Set 3
(latex particles,
Buffalo River)
(Expts. 9–11)

Polymer 2–150 min 10, 40, 100
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experiments (Experiment Set 2, Section 5.3.2.2), images were taken from the sample
while slow mixing was still in progress, that is, particles were photographed in situ.

A schematic of the general experimental setup is shown in Figure 5.2. Images of
the suspended particles were illuminated by a strobe light, which provided a coherent
backlighting source. Depending on conditions for a particular experiment, the strobe
pulse rate and intensity were adjusted to produce one pulse during the time the camera
shutter was open. The projected images were captured by a computer-controlled CCD
camera (Kodak MegaPlus digital camera, model 1.4) placed on the opposite side of
the mixing jar from the strobe. Generally the shutter exposure time was between about
80 and 147 ms. The camera captured digital images on a sensor matrix consisting
of 1320 (horizontal) × 1035 (vertical) pixels. Each pixel was recorded using 8 bit
resolution, that is, with 256 gray levels. For the present tests, a resolution of 540 pixels
per mm was achieved. This was determined by imaging a known length on a stage
micrometer and counting the number of pixels corresponding to that length. The cam-
era was mounted on a traversing device so that it could be moved in each of the three
coordinate directions, and images were stored on the hard drive of a PC. Camera
settings were varied to obtain the best quality (greatest contrast between aggreg-
ates and background) for each set of experimental conditions (see Chakraborti25 for
further details), but pixel resolution was held constant throughout the tests. Pixel
resolution was always sufficient to adequately describe the smallest particles in these
experiments.26 Experiments were conducted in a darkened room to eliminate light
contamination.

Once saved, images were processed using a public domain image analysis soft-
ware program (NIH Image). Processing steps included contrast enhancement and
thresholding, resulting in a binary image consisting of solids (black) and background
(white). Image was then applied to calculate basic geometric properties for each
aggregate in the image, which included perimeter and area. In addition, an ellipse
was fitted to each aggregate, by matching moment of inertia and area of the original
aggregate. This step resulted in the definition of major and minor ellipse axes, and
the major axis was taken as the characteristic (longest) length, l, of the aggregate.
In order to estimate volumes to calculate D3 (Equation (5.1)), the two-dimensional
fitted ellipse was rotated about the long axis. As shown by Chakraborti et al.,27

Strobe light

Meter (pulses/min)

Pulse control

CCD camera

Suspended particles

FIGURE 5.2 Experimental setup consisting of strobe light, CCD camera attached to a
computer, and the suspended sample in a mixing jar.
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this procedure produces estimates of volume that are preferable to using a spherical
encased volume assumption, although there is still obviously greater uncertainly in the
volume estimates than in the calculations based on area. Since direct measurements
of volume using an image-based method are not available, the ellipse approximation
provides a reasonable approach. After application of Image, all data were transferred
to a spreadsheet for further processing, including calculations of size distributions,
fractal dimensions, and other parameters as described in the following paragraphs.

Before conducting the aggregation experiments, preliminary tests were conducted
to ensure that the imaging procedures were providing accurate data. Monodisperse
suspensions of several different latex particle sizes with known concentration were
photographed to determine the accuracy of size analysis and also to evaluate the degree
to which concentration could be reproduced. Initial experiments were conducted by
Cheng et al.,28 who showed that both 10 µm and 6 µm monodisperse latex solutions
were correctly analyzed. Chakraborti25 conducted additional tests and, in addition,
used the known concentration to evaluate the sampling volume, defined by the field
of focus of the camera. The sampling volume was found to be approximately 20 mm
square and 3 mm deep. In addition, he conducted a number of sensitivity analyses to
further refine the imaging procedures and evaluate the accuracy and reproducibility
of the imaging results.

5.3.2 MATERIALS AND GENERAL PROCEDURES

Three sets of experiments were designed to provide data for analysis of particles result-
ing from coagulation and flocculation under different process conditions (Table 5.2).
In these experiments, alum and polymer were used as coagulants. In Experiment Set 1,
particle size distributions and morphology of aggregates obtained from lake water
samples and laboratory suspensions of montmorillonite clay were measured. Results
of these experiments were reported previously,27 and they demonstrated that fractal
dimension could be used to characterize different stages of aggregation, ranging from
initial untreated suspensions, to conditions of sweep floc with relatively large alum
dose. Experiments were conducted to test the hypothesis that charge neutralization
and sweep floc mechanisms produce fundamentally different particle characteristics,
including differences in fractal dimension. In Experiment Set 2, images of aggregates
were obtained while the suspension was still being stirred during flocculation. Results
demonstrated that images could be obtained in situ and also provided direct observa-
tion of temporal changes in floc characteristics during mixing. Again, alum was used
as a coagulant. The goal of these experiments was to test the hypothesis that changes
in fractal dimension are correlated with the physicochemical conditions of a partic-
ular experiment. These experiments were reported by Chakraborti et al.26 The third
set of experiments was designed to provide a description of the aggregation process
over longer periods of time for both inorganic and natural suspensions. Polymer was
used as coagulant, to avoid additional mass that may be introduced by alum particles
and to focus on fundamental aggregate growth due to primary particles only. The
previous flocculation experiments were restricted to durations of only 30 min. For
treatment plant operation this length of time may be relevant, but the aggregates were
probably still undergoing changes in their shape and size. In particular, disaggregation
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and restructuring were relatively unimportant during this earlier period, and become
more important only for longer times. Results from the second and third sets of
experiments provided the basis for model conceptualization and model development
described above. Because Experiment Sets 1 and 2 have been previously reported,
they are only briefly summarized here.

5.3.2.1 Experiment Set 1

Water samples were collected from a shallow lake located on the campus of the
University at Buffalo, Buffalo, New York. The lake has an average depth of 3 m, with
maximum depth of 8 m and a total area of 243,000 m2. Experiments also were con-
ducted for clay suspensions prepared by adding montmorillonite clay powder (K-10)
to deionized water to produce a sample with a solids concentration of 100 mg/l. Mont-
morillonite is an aluminum hydrosilicate where the ratio between SiO2 and Al2O3
is approximately 4 to 1. It has a bulk density of 370 g/l, surface area of 240 m2/g
and pH 3.2 observed at 10% suspension (Fluka Chemicals, Buchs, Switzerland). For
coagulant, a stock solution of alum was prepared by dissolving Al2(SO4)3·18 H2O
(Fisher Scientific, Pittsburgh, PA) in deionized water to a concentration of 0.1 M
(0.2 M as aluminum). Standard jar tests were conducted with these samples to determ-
ine an appropriate dose of alum to generate a “sweep floc” condition. Changes of
both surface charge (measured as zeta potential) and residual turbidity with alum
dose also were measured. After addition of alum, the suspension was mixed rap-
idly (@∼100 rpm) for 1 min and then slow-mixed for 20 min with a mean velocity
gradient, G = 20 sec−1. The mixing was then stopped and images of the resulting
aggregated particles in suspension were taken. All experiments were conducted at
room temperature (∼20◦C to 23◦C), and the analyzed images were obtained with an
alum dose of 20 mg/l, and with pH maintained at 6.5 by manual addition of acid or
base as required.

5.3.2.2 Experiment Set 2

Monosized polystyrene latex microspheres with a density of 1.05 g/ml (Duke
Scientific Corporation, Palo Alto, CA, United States) were used as the primary
particles for these experiments. The nominal particle diameter was 9.975 µm,
with a standard deviation of ±0.061 µm. Particles were taken from a 15 ml
sample of aqueous suspension with 0.2% solids content (manufacturer’s specific-
ation). The number concentration of particles in the concentrated suspension was
3.66× 106 particles/ml (±10%). Aliquots of 0.06 ml or 0.1 ml of the suspension
were added to the mixing jar along with 1 l of deionized water, resulting in ini-
tial number concentrations of 220 and 366 particles/ml, respectively. The higher
and lower concentrations yielded total suspended solids of 0.12 and 0.20 mg/l. The
images were analyzed to track changes in aggregate morphology for a given test,
as well as differences between tests resulting from varying coagulant (alum) dose,
particle concentration and mixing speed, or shear rate.

A freshly prepared stock solution of alum was prepared for each test as in
Experiment Set 1. For each test, after addition of coagulant and an initial rapid
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mixing period (with G = 100 sec−1) for 1 min, the mixing speed was reduced to
either G = 20 sec−1 or G = 80 sec−1 and continued until the end of the experiment.
All tests were conducted at room temperature (20◦C to∼23◦C) and a constant pH of
6.5 was maintained by adding acid or base as required. Measurements were taken at
10, 20, and 30 min after the initial rapid mixing period. Experiments were performed
to evaluate temporal changes in the fractal dimensions of aggregates formed dur-
ing flocculation of the microspheres. Particle size distributions, collision frequency,
and aggregate geometrical information at different mixing times were obtained under
variable conditions.

5.3.2.3 Experiment Set 3

Typically, two types of suspension were used in the third set of experiments: abiotic
(latex) and natural (collected from a local river), containing both inorganic and organic
constituents. These experiments were conducted using the same equipment and gen-
eral procedures as in Experiment Sets 1 and 2. Polystyrene latex particles (Duke
Scientific Corporation, Palo Alto, CA) of 6 µm diameter (6.038 µm ± 0.045 µm;
density 1.05 g/ml) with a particle concentration of 4000 /ml were used as the primary
particles for the abiotic suspensions. Suspensions were prepared by adding a pre-
determined quantity of particles in deionized water and stirring vigorously to insure
homogeneity. These solutions contained 4.52×10−5% solids by volume, or 0.5 mg/l.
A constant pH = 6.5 was maintained by adding acid or base as required.

The natural suspension was obtained from the Buffalo River (Buffalo, New York).
This sample was collected at about 0.5 m below the water surface at a point where the
channel is about 50 m wide and total water depth is about 7 m (in the mid-section).
The wind velocity recorded on the sampling day was 27 kmph (17 mph), and water
temperature was 10.55◦C (51◦F). The organic content was measured by oven drying
a filtered 500 ml sample for 24 h at 105◦C, followed by 24 h of oven drying at 550◦C.
The measured total solids content (TSS) was 14.6 mg/l (measured using a 0.22 µm
filter), which is fairly typical for rivers, and the volatile organic solids (VSS) was
0.4 mg/l, resulting in a 2.74% organic content.

Since the surface charge of suspended particles is negative, cationic polymer
was used for coagulant. Polymer was chosen since it does not form gel or add
particles in suspension like alum floc, and it allows quick aggregation. Alken solu-
tions (Alken-Murray Corporation, New York) supplied the polymer Ethanediamine
(C193K) for these experiments. This polymer has a molar mass less than one million
(∼700,000) and contains the quaternary amine (ammonium) group that produces the
positive charge. According to the manufacturer, it is completely soluble and has an
effective pH range of 0 to 13, with good floc formation at solution pH between 4 and 6.
Fresh polymer (0.5% stock solution, per manufacturer’s specifications) was prepared
for each experiment, and the solution was shaken vigorously before each use.

The selected mixing speeds for the experiments were 15 rpm, 46 rpm, and
100 rpm, resulting in average velocity gradients, G = 10 sec−1, 40 sec−1, and
100 sec−1, respectively. These values were chosen to span the range of mixing
environments found in engineered and natural aquatic systems, although some natural
environments may have even lower mixing intensities. For each experiment, samples
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were rapid mixed for 1 min to provide thorough mixing of the particles with the
coagulant. The stirring rate was then adjusted to the desired level and images of the
flocs were taken at different times throughout the experiment.

Preliminary tests were performed to determine the quantity of coagulant needed
to produce particle aggregation at the desired rate. Measurements of zeta potential and
resulting residual turbidity (measured at 30 min after stopping the mixing) are shown
in Figure 5.3 for different polymer doses added to Buffalo River suspensions. Basic
stages of aggregation may be seen with increasing coagulant dose. Initially (Stage I),
particle surface charge is reduced as the particles become destabilized. The principle
aggregation mechanism in this stage is the reduction of electrostatic repulsion between
particles as a result of surface charge reduction. Charge neutralization (Stage II) is
reached when sufficient coagulant is added so that the originally negatively charged
particles are just neutralized, and aggregates are formed when contacts occur. Further
addition of coagulant leads to charge reversal and restabilization (Stage III) where
aggregation is not chemically favored. When alum is used as coagulant, Al(OH)3(s)
is produced, which coats particles with a gelatinous and “sticky” sheath. At higher
doses and for appropriate pH range, “sweep floc” may occur, which causes aggregates
to settle more quickly and reduce turbidity. This stage is not present for the polymer,
which does not produce “sweep floc.”

As the surface charge of the suspended particles changes with increasing coagu-
lant dose, the resulting residual turbidity decreases, reaching a minimum for a dose
near the dose corresponding to neutral surface charge (Figure 5.3). The initial turbidity
for the Buffalo River suspension was 28 NTU, and the coagulant dose causing charge
neutralization was 520 µg/l. For doses higher than the neutral surface charge dose,
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FIGURE 5.3 Zeta potential and residual turbidity measurements as a function of coagulant
dose for Buffalo River suspension; different stages of aggregation are indicated with increasing
dose.
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turbidity increases slightly. Once the dose of coagulants was selected for a partic-
ular experimental condition (the charge neutralization dose), the next step was to
photograph and analyze images of particles from the mixing jar, as described above.

5.4 RESULTS AND DISCUSSION

5.4.1 OBSERVATIONS AND ANALYSIS OF DATA

5.4.1.1 Coagulation–Flocculation

A time series of floc images formed by Buffalo River particles at different mixing
times is shown in Figure 5.4 (these images were obtained as a prelude to the tests in
Experiment Set 3). After only 2 min, the initially monodispersed particles are seen
to form flocs of various shapes and sizes, and larger flocs formed with additional
time. The larger aggregates at later times appear to be more porous and spread out
than the smaller aggregates observed at earlier times, and are associated with lower
fractal dimensions. The images show that the aggregate structure is an agglomer-
ate of particles/clusters, with a highly irregular surface. Qualitatively at least, this
observation supports the characterization of natural aggregates in terms of fractal
geometry. The series of images in Figure 5.4 also is consistent with the aggregation

2 min 5 min 10 min 15 min 20 min

90 min 120 min 150 min

100 �m

30 min 40 min 50 min 60 min

FIGURE 5.4 Images of aggregates from Buffalo River suspensions at different times of
aggregation.
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stages described in Figure 5.1. During the initial period of coagulation, aggregates
quickly grow and become more convoluted and porous. Later, after about 50 or
60 min, aggregates appear to be more regular, with a smoother surface. This condi-
tion corresponds with the later stages described in Figure 5.1, where more loosely
bound clusters have been broken off and the aggregates become denser as inner pore
spaces become occupied. The period between about 40 and 60 min shows only minor
changes, which should correspond with the state indicated around point A in Fig-
ure 5.1. For times greater than about 90 min, the aggregate size seems to decrease
slightly, again consistent with the later stages described in Figure 5.1.

5.4.1.2 Particle Size and Shape

Geometric information from the image analysis was used to characterize particles.
Temporal changes in aggregate size distribution for experiments with latex particles
mixed with G = 20 sec−1 and G = 10 sec−1 are shown in Figure 5.5, where fre-
quency of occurrence (number) in each size class is plotted against the aggregate
characteristic length (major ellipse axis) using a logarithmic scale. Test results using
alum (Experiment Set 2) and polymer (Experiment Set 3) are shown. In both cases
the gradual movement of the peak of the distribution toward larger size is clearly
seen, indicating that aggregate growth was the primary mechanism during this period
(also shown in Figure 5.4). In this period (0 to 30 min) conditions are such that
the model of Equation (5.10) is applicable, that is, breakup is negligible. Compared
with the results using polymer, alum treatment seems to result in more peaked size
distributions, with less spread about the mode. The peak size for the polymer treated
experiment showed a more significant increase with time and the peak had smaller
magnitudes than with the alum treated test. The higher peak associated with the alum
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FIGURE 5.5 Temporal plot of particle size distribution for latex suspensions mixed at G =
20 sec−1 using alum, and mixed at G = 10 sec−1 using polymer (Poly).
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treated tests may be related to additional solids added by the alum, and to different
particle concentrations used in the two sets of experiments. It is difficult to com-
pare the two suspensions directly since different coagulants were used and the zeta
potentials for the two suspensions at charge neutralization were different, as were the
mixing speeds. Keeping these differences in mind, the polymer treated coagulation
produced larger (and possibly stronger) particles more quickly than coagulation by
alum at the charge neutralization stage.

Temporal changes in the peak of the particle size distribution for Buffalo River sus-
pensions mixed with polymer at G = 10 sec−1 are illustrated in Figure 5.6. The peak
size gradually increases (until about 50 to 60 min) and then it decreases. The decrease
at later times is thought to be due to the breakup effect, which has been described in
several previous studies. For example, Williams et al.29 reported a breakup of particle
size after reaching a peak for silica particles mixed at various speeds. Their study
suggested that smaller G would induce a larger peak and a relatively smaller decrease
of peak size over time, compared to a higher mixing rate. A similar observation was
reported by Selomulya et al.,30 who found that the average aggregate size (for latex
particles) decreased with time after reaching a peak, using a range of shear rates (40
to 80 sec−1).

Further evidence of this type of behavior is seen in Figure 5.7 and Figure 5.8,
where temporal changes in median aggregate size and D2 are plotted for both latex
(LT) and Buffalo River (BR) suspensions treated with polymer under three different
mixing rates. Although not shown here, similar results were found with D3 as with
D2. In general, slower mixing produced larger aggregates (Figure 5.7) and lower D2
(Figure 5.8) for both these experiments, and changes in the Buffalo River suspensions
were relatively more pronounced. This may be due to higher solids concentration for
the Buffalo River suspension, or to the presence of organic material, which was not
a factor in the latex tests. In addition, there was greater heterogeneity in aggregate
size and shape for Buffalo River suspensions. In both cases there is a gradual increase
in size and decrease in D2, followed by the attainment of approximately steady-state
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FIGURE 5.6 Temporal change in the peak of the particle size distribution for Buffalo River
suspensions mixed at G = 10 sec−1.
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FIGURE 5.7 Temporal changes in the particle size (median) for latex (LT) and Buffalo River
(BR) suspensions with various shear rates.
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FIGURE 5.8 Temporal plot of D2 for experiments with latex (LT) and Buffalo River (BR)
suspensions with 10 sec−1, 40 sec−1 and 100 sec−1 mixing speeds.

values. The final steady-state size was found to be higher than the initial size, but
lower than the peak size, and final D2 was lower than the initial value, but higher than
the minimum, consistent with the above conceptual model description (Figure 5.1).

The effect of mixing speed, suggested in the results of Figure 5.7, is further
demonstrated in Figure 5.9, where aggregate area is plotted as a function of size for two
experiments from Experiment Set 2, using a relatively high and a relatively low mixing
speed. The slopes for the lines (estimated as D2 — see Equation (5.1)) corresponding
to G = 20 sec−1 and G = 80 sec−1 were 1.62 (±0.02) and 1.75 (±0.03), respectively,
where the ± values are the standard errors for the regression lines. The results verify
that aggregate size correlates with mixing speed (and fractal dimension), with smaller
size corresponding to larger G and larger D2. For comparison, lines with D2 = 1 and
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FIGURE 5.9 Effect of shear rate (G = 20 sec−1 and 80 sec−1) on aggregate size, as
represented by area, and comparison with Euclidean relationship (D2 = 2).

D2 = 2 also are drawn in Figure 5.9. With all data points falling between these two
lines, it is clear that the aggregate size depends on a fractal relation.

5.4.1.3 Density and Porosity

Solid density and porosity for aggregates produced in Experiment Set 1 at sweep
floc condition were calculated using Equations (5.4) and (5.5) and plotted as func-
tions of aggregate size, taken as the major axis of the ellipse fitted to each aggregate
(Figure 5.10). Various parameters needed in these definitions (e.g., shape factors) were
evaluated using the imaging technique.18,31 Primary particle density was assumed to
be 2.65 g/cm3, corresponding to clay or silt particles. For larger aggregates, large
portions of the aggregate contained pores, with porosity varying between 0.92 and
0.99. Floc density varied from 1.01 to 1.10 g/cm3, considerably less than the primary
particle density. Curves were fit to the data for porosity and density, along with cor-
responding data from Amos and Droppo.32 As shown in Figure 5.10, the smoothness
of the fit for these curves indicates that aggregate properties scale with size. A similar
relationship between floc size, density, and porosity has been observed in several pre-
vious studies.5,33,34 As previously noted, these properties are important for settling
and general transport calculations.

5.4.1.4 Collision Frequency Function

Collision frequency (β) was calculated using relations summarized in Table 5.1.
To illustrate the general results, β values for a latex suspension mixed with G =
20 sec−1 and treated with alum are shown in Figure 5.11. Results for other tests
and other particle size combinations showed similar trends and are not shown here
(see Chakraborti 25 for further details). To calculate collision frequency functions, two
particle sizes (i and j) are required. In these calculations, the primary particle size was
taken as 10 µm, and different sizes for the second colliding particle were assumed,
varying between 10 µm and 1 mm. Results also are shown when variable fractal
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FIGURE 5.10 Aggregate properties as a function of size for lake water suspensions and
measurements by Amos and Droppo32 for (a) density and (b) porosity. Bars represent the
observed range of data.

dimensions are used. In this case, the fractal dimensions obtained from Experiment
Set 2, corresponding to the three different measurement times, were incorporated
in the calculations (D2 = 1.84, 1.75, and 1.65, and D3 = 2.77, 2.62, and 2.47, for
t = 10 min, 20 min, and 30 min, respectively). As expected, the effects of shear
rate and differential sedimentation were much greater than the effects of Brownian
motion. Furthermore, except for the largest particles, the impact of shear rate was
greater than differential sedimentation.

Noting that the fractal dimensions decreased with time, it is seen that β generally
increased with time during these experiments. The increase is particularly evident
for colliding particles larger than about 100 µm, where nearly an order of magnitude
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FIGURE 5.12 Comparison of total collision frequency function calculated according to
fractal (β(D)) and Euclidean (β(3)) formulas at different times of aggregation.

increase is seen in the values of β for the fractal dimension corresponding to 30 min,
relative to the values for 10 min. This is due to the effect of larger collision radii
for aggregates that sweep out a larger volume and provide greater opportunity for
collisions with other particles.

It also should be noted that the β values shown in Figure 5.11 are significantly
greater than the values that would be calculated based on Euclidean dimensions. For
example, setting D2 = 2 and D3 = 3 in the formulas in Table 5.1 gives β values
consistent with traditional models that assume spherical particles. A comparison of β
calculated using the Euclidean values (β(3)) and β from the fractal formulas (β(D))
is shown in Figure 5.12, where it can be seen that order of magnitude and greater
increases are obtained using the fractal calculations. Chakraborti25 provides a more
detailed comparison of different calculation results for a range of particle sizes.
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5.4.1.5 Settling Velocity

Using results from Experiment Set 1, the exponent in Equation (5.9) was found to
be 1.96 for initial conditions, 1.73 at the charge neutralization dose, and 1.47 for
sweep floc, for the lake water samples. Corresponding values for the montmorillonite
suspensions were 1.82, 1.70, and 1.62, respectively. Although the exponent in these
results becomes smaller for higher alum dose, l also increases with each success-
ive coagulation stage, suggesting more rapid collision rates.35 Thus, larger aggregate
size appears to offset the effect of lower fractal dimension and helps to explain the
common observation from water treatment practice that sweep coagulation results in
better (lower turbidity water) settling than charge neutralization.

However, in order to fully evaluate settling, the aggregate density also must be
taken into account. With increasing size (l), results from Figure 5.10(a) show that
density decreases, which should reduce ws (Equation (5.9)). Calculations based on
the present samples show that ws increases with increasing l, but at a slower rate
than would be expected using a traditional (Stokes-based) model (Figure 5.13). Data
in this figure were obtained by taking images of samples from the Buffalo River,
which were allowed to passively settle in the mixing jar. The images were double
exposed so that each aggregate was pictured twice. The difference in locations of
each of the aggregate pairs was then divided by the known time interval between
the two images to obtain settling rate. These rates were then plotted as a function
of aggregate size. The best fit line drawn through the data has ws ∝ l1.30, an expo-
nent value clearly less than 2 and, in fact, even less than the exponent suggested
in Equation (5.9) (discussed earlier). Thus, an additional factor must be affecting
the settling, which may be due to changes in density or changes in the drag coeffi-
cient, as previously suggested. The net effect of these various factors is unknown
in general, and further data are needed to determine the correct relationship for
settling.
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FIGURE 5.13 Settling velocity of Buffalo River solids.
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5.5 CONCLUSIONS AND RECOMMENDATIONS

The focus of this study is on developing relationships between aggregate size and
shape, and transport and growth behavior. Experiments were conducted to demon-
strate the dependence of aggregate properties on fractal dimensions, consistent with
the supposition that improvements could be made in describing aggregate character-
istics and behavior in aqueous solutions using a fractal-based analysis, rather than
relying on the common approach of assuming the aggregates are impervious spheres.
An image-based analysis was used to develop basic geometrical properties of aggreg-
ates in suspension, from which properties such as fractal dimension could be derived.
Basic properties such as density and porosity were shown to be functions of size, which
also was correlated with fractal dimension. Along with relatively high porosity, these
results show that the solid sphere assumption has obvious drawbacks, although it
clearly has facilitated progress in aggregation theory.

To develop a full model of particle transport and behavior in an aqueous system,
an extended version of Equation (5.10) would serve as a reasonable starting point,
with additional terms added according to the needs of a particular application. Those
terms might include breakup, settling, and internal reactions, or sources and sinks of
material. The present experiments were designed to shed light on the particle aggreg-
ation and settling mechanisms, and although progress has been made, the results here
are far from complete. For example, there is still uncertainty in the volume calcula-
tions, and methods are needed for nonintrusive measurement of aggregate volume.
Much work remains to be done to complete a full model description, particularly with
respect to settling.

From a modeling point of view, an approach needs to be developed that can
incorporate changes in fractal dimensions directly into the aggregation modeling
framework (Equation 5.10). Once fractal dimensions are known, they can be used to
calculate collision frequency functions (Table 5.1) which are needed in the aggregation
calculations. Experimental results were shown to be consistent with the conceptual
model, and indicated that the basic Smoluchowski approach (Equation 5.10) could
still be used, but that collision frequencies should be updated as functions of time, as
fractal dimensions change. For the present tests fractal dimensions were supplied to
the model using a simple empirical fit to the observed data, but ideally these values
would be developed in a separate submodel. At this stage, the only approach available
to accomplish this is with a DLA or RLA-type model, which would account for each
individual aggregate (or at least some representative number of aggregates) and keep
track of changes in fractal dimensions. While theoretically appealing, this approach is
at best cumbersome for general modeling purposes, and is computationally unrealistic,
even with today’s computer capabilities. Nonetheless, as a research tool, this type of
model may be useful and is worth a more detailed look.

Values for β are considerably different when fractal dimensions are taken into
account, and an unexpected result of incorporating better resolvedβ in the calculations
has been the realization of the need for further evaluation of α, in particular as a time-
varying parameter that depends not only on the chemistry of the solution and the
surface of the aggregate, but also on aggregate structure. In other words, noting
that α is generally used as a fitting parameter, and that aggregation is controlled
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by the product of α and β, then changes in β suggest that corresponding changes
in α will be required. In addition, since β changes with time, it may be expected
that α should change with time. This makes intuitive sense, as the likelihood of two
colliding aggregates sticking together should be greater when they have a rougher
surface, compared with a smooth sphere. So far, very little research has been directed
at a finer description of collision efficiency, and this is an important area for further
improvement of aggregation models.

The conceptual model developed here has been useful in explaining the different
stages of aggregation for the present experiments and, more importantly, the rela-
tionship between fractal dimensions and different aggregation processes. Although
designed with the specific conditions of the present experiments in mind, the model
provides a framework within which one may conceptualize the correspondence
between fractal dimensions and physical changes occurring among the aggregates.
The model is easily extended to consider situations where an initially monodisperse
suspension is not required, as the basic ideas are also applicable when a change in
mixing or chemistry is induced in a system where at least the initial size distribution
is known.

A property of particular interest is the settling rate, and results shown in
Figure 5.13 indicate that Stokes’ law is inadequate for estimating settling for fractal
aggregates. Particular problems with the application of Stokes’ law include determin-
ation of appropriate aggregate size and density, as well as the assumption of laminar
flow around the aggregate, and the associated formulation of the drag coefficient.
This last point also applies for the fractal-based expression (Equation (5.9)), since the
correct formulation for drag coefficient has not been demonstrated, only assumed.
The results shown in Figure 5.13 suggest the dependence of ws on l is different than
in Equation (5.9), and this difference may be due to an inadequate description of
the drag coefficient. The drag coefficient assumed in Equation (5.9) comes from the
expression for a sphere in laminar flow, but it would be more consistent to assume
CD as a function of fractal dimensions, which characterize general aggregate shape
and would introduce the impact of different shapes on settling characteristics. Along
with collision frequency and efficiency, this is another specific area where fractal
dimensions can improve our ability to model particle aggregation and behavior in
suspensions.

NOMENCLATURE

A Projected area
CD Drag coefficient
D1 One dimensional fractal dimension
D2 Two dimensional fractal dimension
D3 Three dimensional fractal dimension
g Gravitational constant
G Shear rate
kB Boltzmann constant
l Object characteristic length
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m Mass
ms Solid mass (in an aggregate)
ni Number of particles, i-th size
N Number of primary particles
P Perimeter
Re Particle Reynolds number
t Time
T Absolute temperature
V Volume
ws Settling velocity
α Collision efficiency
β Total collision frequency function
βBr Collision frequency function due to Brownian motion
βSh Collision frequency function due to shear rate
βDS Collision frequency function due to differential sedimentation
ρ Density
φ Porosity
ψ Fractal constant
ξ Shape factor
µ Dynamic viscosity
ν Kinematic viscosity
ζ Packing factor
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6.1 INTRODUCTION

Microbial communities or aggregates also known as biofilm systems may be divided
into stationary ones and mobile ones. Stationary ones are the classical microbial films
usually on solid surfaces. Mobile ones have been named with a variety of terms such as
assemblages, aggregates, flocs, snow, or mobile biofilms.1 The techniques described
in the following chapter apply to both biofilms and flocs. Aquatic aggregates (river,
lake, marine, technical) may be very different in terms of size, composition, density,
and stability.2 Lotic aggregates are structurally very stable as they are exposed to a
constant shear force resulting in relatively small aggregates (≈ 5 to 300µm), whereas
lake or marine snow may be very fragile and much larger (millimeters to meters). Both
environmental aggregates are colonized to a certain degree by prokaryotic and euka-
ryotic microorganisms (bacteria, algae, fungi, protozoa). The bacterial composition
of environmental aggregates was studied in situ, for example, by Weiss et al.3 In com-
parison to natural aggregates, technical aggregates are heavily colonized mainly by
bacteria, for example, in activated sludge.4 The microbial population structure of
activated sludge was first analyzed in situ by Wagner et al.5 Another example for
man-made aggregates are mobile biofilms growing on carrier material, for example,
in fluidized bed reactors. Due to high shear force, these immobilized aggregates are
extremely dense and stable.6 A major understudied component of all these microbial
systems is their exopolymeric matrix.

Exopolymeric substances have correctly been referred to as the mystical sub-
stance of biofilms and aggregates7 and a challenge to properly characterize.8 The
extracellular polymeric substances (EPS) are defined as organic polymers of bio-
logical origin which in biofilm systems are responsible for the interaction with
interfaces.7 Although EPS are understood as extracellular polymers mainly composed
of microbial polysaccharides, by definition other extracellular polymeric substances
may also be present, for example, proteins, nucleic acids and polymeric lipophilic
compounds.8–11 In biofilm systems we can expect two types of structural polymeric
carbohydrate structures. First, those associated with cell surfaces and second, those
located extracellularly throughout the extracellular biofilm matrix. The importance of
EPS in flocs and biofilm systems is fundamentally twofold: (i) they represent a major
structural component of flocs and (ii) they are responsible for sorption processes.12,13

Particularly in complex environmental systems, the EPS are difficult if not
impossible to chemically characterize on the traditional basis of isolating single poly-
mer species. Chemical approaches are limited to pure culture, chemically defined
systems. Despite this problem, chemical quantification of EPS constituents in biofilm
systems have been reported.14 These confirm the complex nature of the material and
the extensive range of polymers present. Increasingly attempts have been made to
examine natural biofilm and floc polysaccharides in situ.1,8,15–18

The critical need for in situ analyses and visualization of EPS is due to its complex
chemical nature and the importance of its molecular structure in its behavior. Indeed,
the challenge remains to characterize its chemical composition in the context of its
biological form. To do this we have proposed a variety of in situ methods based
on the application of chemical probes and 1P (1-photon) and 2P (2-photon) laser
microscopy. In addition, synchrotron radiation using the interaction of x-rays with
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the molecular structure of intact hydrated biofilms has proven an effective approach.
In this overview we assess in situ analyses of EPS using light of various wavelengths
ultraviolet, visible, infrared, and x-ray in combination with targeted probes to assess
the structure of biofilms and flocs.

6.2 METHODOLOGY

6.2.1 HANDLING FLOCS FOR MICROSCOPIC EXAMINATION

Due to their size, location and relative fragility, river, lake, or marine flocs are diffi-
cult to examine under in situ conditions. Lotic aggregates are often sampled in bottles
with, for example, one or two liter volume. Similarly, lake or marine flocs maybe
sampled directly into special containers by scuba divers.19 However, within 30 min,
these sampling procedures will result in settling and co-aggregation of smaller flocs
into larger loosely associated aggregates of several 100 µm diameter thus analyses of
these specimens are extremely time sensitive. Leppard20 reported the occurrence of
artifactual aggregation where small aggregates combine to yield a few large aggreg-
ates. In addition, it was noted that rough handling (high flow, centrifugation) storage
longer than 24 h, and most concentration steps will all result in coagulation of the flocs.

In order to maintain structural integrity of the sample some care must also be
exercised in the preparation for microscopic examination. In general, biofilm and floc
samples are exposed to physical stress in the real-world environment, therefore in
most instances they are resilient enough to be manipulated and mounted for staining
and observation. However, laboratory treatments such as drying, freezing, washing,
dehydration etc. will all perturb the native structure of the floc. Leppard,20,21 Leppard
et al.,22 and Droppo et al.23 provide useful instruction on the handling of flocs for
microscopic examination and preservation of their native state and properties. Staining
may be carried out by careful addition of the stain and its withdrawal using tissues or
small sponges, with subsequent replacement and washing with sterile medium (vari-
ously 3× to 5×) or environmental water (river, lake, pond, etc.). In some instances
removal of excess stain must be carried out by centrifugation of the floc and resus-
pension in stain/probe free water. Only careful evaluation can determine at what point
these treatments will alter the floc under investigation and this should be assessed for
each type of floc examined. Conventional wet mounts and other slide preparations
may also be usefully performed to examine flocs.24 Floc or aggregate samples may be
fixed to the bottom using flowable silicon adhesives or allowed to settle to the bottom
of a small petri dish (diameter 5 cm). In these cases an upright microscope may be
used to examine the preparation. In the case of flocs an inverted microscope in com-
bination with a settling chamber having a cover slip bottom such as those provided
by NalgeNunc International, Denmark, may be a preferred method of preparation
for 1-photon laser scanning microscopy (1P-LSM), 2-photon laser scanning micro-
scopy (2P-LSM), or fluorescence microscopy.1 Although if an inverted microscope
is used, access to the sample is limited and the working distance of the objective lens
may further limit examination of the material. It is also possible that lotic aggregates
be collected directly in the LabTek coverslip chambers (NalgeNunc International).
By this sampling procedure the settling and co-aggregation of small flocs is kept to
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a minimum. Subsequently, the aggregates can be microscopically examined using
LSM for reflection signals and autofluorescence (general, algal, cyanobacterial). In
addition, flocs may be stained inside the chamber using nucleic acid specific stains to
record bacterial distribution and fluorescently labeled lectins to record glycoconjugate
distribution.

In the case of synchrotron based imaging such as scanning transmission x-ray
microscopy (STXM) the sample must be prepared on an x-ray transparent holder.
STXM measurements must be performed with the sample in a wet cell constructed
with a silicon nitride window (Silson Inc, Northampton, U.K.) by placing the sample
onto one half of the silicon nitride cell and sealing it with the other half. Figure 6.1
shows a typical completed wet cell with enclosed biofilm material. The wet cell is
then placed directly in the beamline for imaging.25,26

6.2.2 EPIFLUORESCENCE MICROSCOPY

Conventional widefield epifluorescence microscopy provides simple effective means
to examine the results of most staining of the exopolymers of microbial cells, flocs, and
biofilms provided a suitable range of optical filters are available. Optical sectioning
may be achieved using epifluorescence, a stepper motor, and a digital video imaging
device. The major limitation of the image series collected is poor axial resolution,
however, this may be improved by computing intensive restoration procedures or
deconvolution (see Section 6.2.3).

6.2.3 CLSM AND 2P-LSM

Confocal laser scanning microscopy (CLSM or 1P-LSM) has become an
indispensable technique for the study of interfacial microbial communities.27 This
is particularly due to the increasing number of fluorescent stains and reporter

FIGURE 6.1 (A) Image shows a silicone nitride window attached to a rotating annular biofilm
reactor, and detail in inset shows window and central x-ray transparent region for STXM
imaging; (B) CLSM image of x-ray transparent region showing biofilm development on the
window.
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systems suitable for application in the study of flocs and biofilms. Specific tech-
niques include those for detection and quantification of cellular and polymeric
compounds in biofilms.9,16,27 In addition, Neu et al.28 demonstrated that 2P-LSM
could be effectively applied to the study of highly hydrated microbial systems such
as flocs and that a range of fluorescent reporters for both cell and exopolymer
identity could be applied in combination with this imaging approach. Figure 6.2
provides a comparison of the excitation for 1P versus 2P for the common fluor
fluorescein illustrating the different response of the fluor in the two forms of LSM.
Extensive details of these microscopy techniques and their use in combination with
biofilms and flocs are provided in Lawrence et al.27 Neu,1 Lawrence and Neu,29 and
Lawrence et al.30

6.2.3.1 CLSM Limitations

A limitation of 1-photon excitation is laser penetration of samples (excitation) and
detection of emission signal in thick samples. This problem is very much dependent
upon the density and light scattering properties of the sample. Consequently thick
samples have to be embedded and physically cut into slices using embedding resins
or cryosectioning.

6.2.3.2 2P-LSM Limitations

The major problems are the overall stability of the laser system, maintenance of signal
intensity, and excessive noise in the image. In addition, images may be degraded
by reaction of the light source with the substratum or mounting materials causing,
for example, streaks in the image due to adsorption of infrared light (e.g., plastics).
Although laser penetration is better (twofold) in 2P-LSM over CLSM, light scattering
in thick biological samples remains a problem.
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FIGURE 6.2 Comparison of the 1P and 2P emission for fluorescein when excited at
wavelengths between 400 and 900 nm.
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6.2.4 SYNCHROTRON RADIATION (SOFT X-RAY IMAGING)

Scanning transmission x-ray microscopy (STXM) is a powerful tool that may be
applied to fully hydrated biological materials. This is due to the capacity of soft
x-rays to penetrate water and have minimal radiation damage relative to electron
techniques. In addition, soft x-rays interact with nearly all elements and also allow
mapping of chemical species based on bonding structure.31 Soft x-ray microscopy also
provides suitable spatial resolution and chemical information at a microscale relevant
to bacteria. Most importantly, the method uses the intrinsic x-ray absorption proper-
ties of the sample eliminating the need for the addition of reflective, absorptive, or
fluorescent probes and markers which may introduce artifacts or complicate interpret-
ation. Figure 6.3 shows the representative absorption spectra for protein, nucleic acid,
saccharide, lipid, and calcium carbonate. The potential of soft x-rays for imaging early
stage Pseudomonas putida biofilms using a full field transmission x-ray microscope
with synchrotron radiation was demonstrated by Gilbert et al.32 They measured at
single photon energy and did not explore the analytical capability of x-ray microscopy.
Lawrence et al.25 demonstrated the application of analytical soft x-ray microscopy
to map protein, nucleic acids, lipids, and polysaccharides in biofilm systems. Hard
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FIGURE 6.3 C 1s NEXAFS spectra of protein (albumin), polysaccharides (sodium alginate),
lipid(1-Palmitoyl-2-Hydroxy-sn-Glycero-3-Phosphocholine), and nucleic acid (calf thymus
DNA). All spectra except that of DNA were recorded with the ALS 7.0.1 STXM. The spectrum
of DNA was recorded on ALS 5.3.2 STXM. (Copyright American Society for Microbiology,
Lawrence, J.R. et al. Appl. Environ Microbiol: 69: 5543–5554, 2003.)
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x-ray analyses also have potential for application to biofilm–floc materials having
been used for bacterial cell–metal interaction studies.33

6.2.4.1 STXM Limitations

Limitations to STXM include: suitability of the model compounds relative to
biofilm/floc material, data acquisition without undue radiation damage, requirement
for very thin samples (<200 nm equivalent thickness of dry organic components, less
than 5 micron of water when wet), use of fragile silicon nitride windows, sample
preparation, that is, encapsulation in a wet cell, and absorption saturation distortion
of analysis in thick regions of a specimen.

6.3 TARGETS AND PROBES

The in situ analyses of hydrated biofilms may be carried out using a variety of probes
targeted generally at polysaccharides, proteins, lipids, or nucleic acids. In addition,
other probes such as dextrans, ficols, and polystyrene beads may be used to assess
general properties such as charge, hydrophobicity, permeability, or the determination
of diffusion coefficients. Probes are most frequently conjugated to fluors although
colloidal reflective conjugates (gold, silver) may be used.27 Recently, quantum dots
(QDs) have shown great promise as multiwavelength fluorescent labels. Colloidal
QDs are semiconductor nanocrystals whose photoluminescence emission wavelength
is proportional to the size of the crystal. Kloepfer et al.34 reported that cell surface
molecules, such as glycoproteins, made excellent targets for QDs conjugated to wheat
germ agglutinin. This new class of fluorescent labels may open opportunities for in situ
detection of matrix chemistry. As indicated above, the option exists for probe inde-
pendent examination of major biopolymers and other constituents in hydrated biofilm
and floc material providing a basis for detailed examination of these structures and
ground truthing of the fluorescent and reflection based probe dependent approaches.

6.3.1 POLYSACCHARIDES

6.3.1.1 General Probes

A range of stains with specificity for beta-d-glucan polysaccharides are used as general
stains, these include calcofluor white and congo red. Ruthenium red has also been
used as a light microscopy stain for detection of EPS. Probes for glycoaminoglycan
such as Alcian blue may also be used as a general stain for “polysaccharides.” Wetzel
et al.35 demonstrated its use for determination of total EPS in microbial biofilms, in
this case it was used indirectly and not for microscopy. Due to the complexity of the
EPS the likelihood of finding a true total polysaccharide probe appears to be very
limited.
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6.3.1.2 Lectins

Lectin-like proteins have a long history of application in the biological sciences.36

Currently, lectins are regarded as proteins with a lectin–carbohydrate and a lectin–
protein binding site and are characterized on the basis of their interactions with
specific monosaccharides. Lectins are produced by many organisms including
plants, vertebrates, protists, slime molds, and bacteria where they function as
cell/surface-recognition molecules.37 Recognition of the specific site is controlled
by stereochemistry, however, the carbohydrates also interact with lectins via hydro-
gen bonds, metal coordination, van der Waals, and hydrophobic interactions.38 (See
also review articles and comprehensive books on lectins.39–42)

The difficulty of isolating a single polymer type from a complex biofilm matrix
may be comparable to the situation at the cellular level.43 Neu et al.16 noted that if
one considers the potential of carbohydrates to encode information in terms of sac-
charides it is even larger than that of amino acids and nucleotides. The latter two
compounds can only build 1 dimer whereas one type of monosaccharide can form
11 different disaccharides. Further, 4 monosaccharides, a common number in the
repeating unit of polysaccharides, may form 35,560 different disaccharides.37 If each
of the estimated number of bacterial species (4,800,000) secretes one protein and
one polysaccharide this would be 9,600,000 EPS compounds; a very conservative
estimate.44 As a consequence, there is a need to establish an in situ technique for the
assessment of glycoconjugate distribution in floc systems. At present the most prom-
ising approach to achieve this is the application of fluorescent-lectin-binding-analysis
(FLBA) in combination with CLSM. Labeled lectins have been successfully used in
many microbial pure culture studies to probe for cell surface structures.45–48 Fluor
conjugated lectins have also been used fairly extensively in complex environments
including, marine habitats49 and freshwater systems.1,15,16,18,30,50,51

As noted by Neu and Lawrence9 lectins may represent a useful probe for in situ
techniques to three-dimensionally examine the distribution of glycoconjugates in
fully hydrated microbial systems. The many lectins available, offer a huge and
diverse group of carbohydrate specific binding molecules waiting to be employed
for an in situ approach.52 The above listed studies all suggest that lectins may be
applied successfully to extract information regarding the nature of the EPS. Fluor-
conjugated lectins effectively reveal the form, distribution, and arrangement of EPS
in three dimensions. Figure 6.4 illustrates this phenomenon showing the distribution
of EPS using Solanum tuberosum, Cicer arietinum, and Tetragonolobus purpureas
lectins and confocal laser microscopy to examine a microcolony in a river biofilm,
note the multiple layers of EPS identified by each lectin and their spatial distri-
bution. Figure 6.5 illustrates the distribution of binding sites for lectins within a
river floc from the Elbe River. As also shown in Figure 6.5, FLBA has been com-
bined with fluorescent in situ hybridization (FISH; see review by Amann et al.)53

to allow localization and identification of bacteria associated with the binding of
specific lectins.17 This visualization is extremely useful as a starting point for addi-
tional questions regarding the EPS. However, the major goals of quantification and
chemical identification remain more elusive. Neu et al.16 evaluated lectin binding
in complex habitats in detail. They showed that it was possible, through digital
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FIGURE 6.4 CLSM micrographs of a bacterial microcolony stained with lectins (A) Cicer
arietinum-Alexa-568; (B) Solanum tuberosum-FITC; (C) Tetragonolobus purpureas-CY5; and
(D) the overlay image of all three channels showing the layers and differential lectin binding.

FIGURE 6.5 (Color Figure 6.5 appears following page 236.) Images of the combined
FLBA–FISH approach showing (A) staining of an Elbe River floc where the gene probe EUB-
CY3 and lectin Canavalia ensiformis–FITC were applied; and (B) the binding of the lectin
Cicer arietinum–Alexa-568 and the lectin Arachis hypogaea–CY5 with localization of beta-
proteobacterial cells using the probe Bet42a.

image analyses of confocal image stacks, to quantitatively evaluate the binding of
different lectins spatially and with time. Neu et al.18 were able to detect clear stat-
istically significant effects of nutrient treatments and time on the EPS composition
of river biofilms using CLSM and FLBA. Figure 6.6 shows a typical data set with
variation in lectin binding in response to the addition of nutrients during biofilm
development. There were however, effects of the fluor, the matrix, and the lectin
on the apparent specificity of lectin binding and limitations on the interpretation of
the nature of binding site of the lectin. Recent comparative STXM–CLSM studies
of biofilms demonstrated significant agreement between the probe target dependent
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Control CNP CN3P

Arachis hypogaea Canavalia ensiformis
Glycine max Ulex europaeus

FIGURE 6.6 Sample data set illustrating the effect of nutrient additions on the EPS com-
position as determined by a panel of fluor-conjugated lectins. Note the increase in Canavalia
ensiformis lectin binding in the carbon, nitrogen, phosphorus treatment versus the increase in
Ulex europeaus lectin binding when 3x phosphorus is added to the river water during biofilm
development.

FIGURE 6.7 (A) CLSM image of mixed species river biofilm stained with nucleic acid
sensitive stain Syto9; (B) STXM image of the same location showing the location of nucleic
acids as detected by fitting models based on spectra in Figure 6.3; (C) localization of fucose
containing polysaccharide using the fucose sensitive lectin Tetragonolobus purpureas; and (D)
the same area imaged using STXM and fitting of general polysaccharide.

identification of polysaccharide by CLSM and the probe independent detection based
on soft x-ray spectroscopy. Lectin binding could be shown to identify subsets of the
total polysaccharide regions detected using STXM (Figure 6.7). Significant ques-
tions remain however regarding the precise chemical interpretation of the binding of
a specific lectin.
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6.3.1.3 Antibodies

Antibodies have been suggested as potential probes for sugars and carbohydrates,
however there are limitations to their application in complex microbial communities.
For example, (i) the production of antibodies against carbohydrates is in general dif-
ficult relative to proteins, (ii) it requires the isolation of pure polysaccharide material
from the complex polysaccharide matrix of a complex microbial biofilm community,
and (iii) if the antibody could be produced its specificity would allow only the detec-
tion of a very limited fraction of the carbohydrates present in a complex biofilm
community. Thus the application of antibodies presents significant technical and
interpretative barriers for in situ characterization procedures.

6.3.2 PROTEINS–LIPIDS

Proteins are major constituents of the exopolymeric matrix of floc and biofilm systems.
Particularly in activated sludge flocs, protein can be the most important contributor
representing 50% or more of the extractable EPS.14,54 Both extractive analysis and
in situ detection of protein is complicated by the presence of lipoproteins and gly-
coproteins, molecules that have a chemistry representative of more than one class of
biomolecule.

Neu and Marshall55 applied a “protein specific” probe Hoechst 2495 to detect
bacterial footprints on surfaces. In this case these remnant structures were readily
detected with this dye, consistent with the presence of a high level of protein in the
EPS. The SYPRO series of protein stains, although developed for protein in gels
and solutions have been proposed for application in situ. Lawrence et al.25 applied
SYPRO orange alone and in combination with other macromolecular stains. These
SYPRO stains bound extensively in the biofilm system, both in a cell associated and
matrix distributed pattern. They found strong colocalization of protein, lipid, and
polysaccharide. Parallel studies using STXM verified that colocalization was a valid
interpretation and representative of conditions in the biofilm matrix. Again this may
reflect the lipoprotein, glycoprotein distribution in the matrix polymer.

The hydrophobic lipid stain Nile Red has also been used extensively to detect
lipids in algal and bacterial cells and associated materials. Wolfaardt et al.56 reported
using Nile Red to detect hydrophobic cell surfaces within a degradative biofilm com-
munity, while Lamont et al.57 indicated that lipid deposits associated with Frankia
could be localized.

6.3.3 NUCLEIC ACIDS

Nucleic acids are also abundant in biofilms both as cell associated DNA–RNA and
within the extracellular matrix of the biofilm or floc. Although noncellular binding
of nucleic acid stains has often been classified as nonspecific staining, it has become
apparent that DNA may be a structural component of biofilms. Indeed extractive stud-
ies have often indicated that a considerable fraction of the biofilm EPS is DNA. Some
reports reviewed in Nielsen and Jahn14 indicate that nucleic acids may comprise 5
to 15% of the extracellular materials in pure culture biofilms and activated sludge.
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Recently, Whitchurch et al.58 indicated using pure cultures that this extracellular DNA
may be structural in nature and required for biofilm development. Similarly, Lawrence
et al.25 detected extracellular nucleic acids in biofilm materials using STXM. Cor-
relation of fluorescent nucleic acid staining with the results of soft x-ray analyses
indicated that both detected regions of non-cellular nucleic acids within a biofilm.

6.3.4 CHARGE/HYDROPHOBICITY

The essential approach to in situ determination of surface charge involves the applic-
ation of probes with known characteristics with assessment of their binding patterns
in the floc matrix. The use of fluorescent beads with sulfated or carboxylated surface
chemistry has been used for determination of hydrophobicity and hydrophilicity of
bacterial cells and may be used for flocs. Zita and Hermannson59 describe the essential
method using beads obtained from Molecular Probes Inc. (Molecular Probes, Eugene,
OR). Fluorescent beads have also been used to analyze under in situ conditions the sur-
face properties of filamentous bacteria in activated sludge flocs.60 As noted above the
binding of the hydrophobic dye Nile Red a lipophilic compound may also be inter-
preted as recognition of hydrophobic regions. Similarly, dextrans may be obtained
with anionic, polyanionic, neutral, or positive charges, these may also be reacted with
microbial EPS to assess charge and charge distribution. This approach has been applied
by Wolfaardt et al.56 Figure 6.8 are three-dimensional (3D) stereo pairs of the bind-
ing of 100 nm carboxylate and 20 nm sulfate modified beads at the same location in
a river biofilm. The image shows differential binding based on hydrophobicity and
penetration of the biofilm material based on hydrated radius of the probe.

FIGURE 6.8 CLSM stereo pairs A and B showing the differential sorption of the 100 nm
carboxylate modified beads and 20 nm sulfate modified beads in river biofilm.
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6.3.5 PERMEABILITY

There are a number of fluor conjugated probes that may be used to assess permeability
and diffusion coefficients of bacterial cells and polymer, these include ficols, size frac-
tionated dextrans, and a range of fluorescent beads (10 nm to 15 µm diameter) (see,
e.g., Molecular Probes, Eugene, OR). Lawrence et al.61 used 1P-LSM to monitor the
migration of fluor conjugated dextrans to determine effective diffusion coefficients
for biofilm systems. Microinjection and 1P-LSM has been developed by De Beer
et al.62 to determine diffusion coefficients in biofilm materials. The standard FRAP
(fluorescence recovery after photobleaching) approach may also be applied to bac-
teria, aggregates, and biofilms. Figure 6.9 (see also Section 6.3.4) illustrates the
penetration of biofilm microcolonies by 100 and 20 nm diameter fluorescent beads.

6.4 EXAMINATION OF EPS BOUND AND
ASSOCIATED MOLECULES

Due to its chemical heterogeneity the EPS of biofilms is an important site for the sorp-
tion of carbon, metals, contaminants, and enzymes.12 A number of studies indicate
that the EPS of biofilms functions to maintain long-term reserves of metabolizable
carbon.63,64 Wolfaardt et al.65 demonstrated that autofluorescence could be used to
localize the herbicide diclofop methyl in biofilm polymers and to follow its sorption
and subsequent metabolism. Antibodies may be used to map the locations of specific
enzymes, specific compounds such as pesticides, and a variety of other biologically
relevant molecules. Specific enzyme activity associated with EPS may be localized
using antibodies or fluorescent reporters of enzyme activity.66 Figure 6.10 shows the
results of incubation of biofilm material with ELF 97 (Molecular Probes, Eugene,
OR), illustrating the binding of the lectin Phaseolus vulgaris–TRITC and the com-
bination of the exopolymer image with ELF positive locations in the biofilm. This
shows the presence of both cellular and EPS localized phosphatase activity. Lawrence
et al.67 localized the herbicide atrazine within river biofilms using antibody staining.
As indicated in the publication of Wuertz et al.68 ion or metal sensitive probes such as

FIGURE 6.9 CLSM images showing the differential penetration of microcolonies with (A)
binding and retention of 100 nm sulfate modified beads on the outside; (B) penetration of the
20 nm aldehyde–sulfate modified beads to the inside of the colony; and (C) the overlay of the
two channels showing localization of the two probes.
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FIGURE 6.10 CLSM micrographs illustrating (A) the binding of Phaseolus vulgaris–TRITC
lectin; the development of ELF97 (Molecular Probes, Eugene, OR) phosphatase activity
reporting fluorescence (B); and (C) Arachis hypogaea-CY5 lectin binding pattern; and (D)
the combination of the three signals shows the presence of both cellular and EPS localized
phosphatase activity.

Newport Green may be used to detect the presence of metals in biofilms and within
the EPS matrix.

6.5 DIGITAL IMAGE ANALYSES

Digital images may be collected by a wide range of options, digital camera or digital
video on wide field epifluorescence microscope, 1P-LSM, and 2P-LSM. Collection
and analyses of synchrotron images is a specialized area not covered in detail in
this chapter.25,26 Once an image series or image stack is generated there are many
options to analyse these images and depending on the specific requirements many
commercial or freeware systems can be chosen. Key points to consider include:
gray level resolution, programming language, capacity for modification, design of
macros or plug-ins, and memory requirements, capacity to perform operations on
serial image stacks produced in confocal microscopy, or to perform object-based
image analysis. Software may be from the microscope company directly or spe-
cial software companies. All the major companies constantly extend the features on
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their microscope software. However, in general no software is suitable for every
data set and can perform every type of analysis. Consequently, the data has to
be treated with different software. The most sophisticated general packages are
Imaris (Bitplane), Amira (TGS), and Volocity (Improvision). All of these packages
have the usual options plus rendering capacity. Others available include Quanti-
met System, Leica (Heidelburg, Germany), MicroVoxel (Indec Systems, Sunnyvale,
California), VoxelView (Vital Images, Fairfield, Iowa), or VoxBlast (VayTek, Inc.,
Fairfield, Iowa), a complete listing of commercial image analyses software may
be found most easily by an internet search. Alternately freeware may meet the
requirements, the following are widely used systems, Comstat, a program for win-
dows platforms (see http://www.im.dtu.dk/comstat/), NIH Image for Apple platforms
(http://rsb.info.nih.gov/nih-image/), or the Windows-based version (ScionImagePC
at www.scioncorp.com), and the new Java version ImageJ from NIH or ImageTool
(http://ddsdx.uthscsa.edu/dig/itdesc.htlm). There is also Linux based software pro-
duced by the French INRA, Nantes, called QUANT3D. An example of how macros
developed in NIH Image were used to achieve quantitative measurements in FLBA
is provided in Section 6.5.1.

6.5.1 QUANTITATIVE IN SITU LECTIN ANALYSES

Neu et al.16 provided a detailed analysis of lectin binding in complex systems and
proposed a standardized method for digital imaging, image analyses, and calculation
of lectin binding. Image analysis was used to define the area of the biofilm binding a
specific lectin. In addition, the average gray value of the defined area was determined.
These two parameters were used to quantify the area binding a specific lectin according
to Equation (6.1).

%ICBA = TA × AGV× 100

255× 393216
(6.1)

% ICBA is the Intensity Corrected Binding Area, TA is the Thresholded Area of
lectin binding, AGV is the Average Gray Value within thresholded area, 255 the
gray value of saturated pixels, and 393216 is the number of pixels in a full image
(768× 512).

They noted the importance of incubation time, lectin concentration, the nature of
the fluor labeling, presence of carbohydrate inhibition, order of addition, and lectin
interactions. An incubation time of 20 min was found to be sufficient; tests indicated
that fluorescein isothiocyanate (FITC) conjugated lectins had more specific binding
characteristics than tetramethyl rhodamine isothiocyanate (TRITC) or cyanine dye
(CY5) labeled lectins. They concluded that the selection of a panel of lectins for
investigating the EPS matrix required a full evaluation of their behavior in the micro-
bial system to be studied. Neu et al.16 used macros developed in NIH Image and
the above equation to analyze 1P-LSM image stacks and determine the quantitative
abundance of specific lectin binding sites in river biofilms. Neu et al.18 has applied
this approach to examine the impact of nutrients on the glycoconjugate make up of
the EPS of river biofilms an approach that may be easily applied to flocs.
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6.6 DECONVOLUTION

Deconvolution may be required to remove out-of-focus information from the images
in the stack. Essentially, deconvolution is an algorithm for calculation that places
extended signals in the z direction to their correct xy–xz location in the image stack.
A variety of programs are available that allow the user to carryout this mathemat-
ical process including, AutoDeblur (AutoQuant), HazeBuster/Microtome (Vaytek),
Huygens (SVI), Amira DECONV (TGS), TILLvisION deconvolution (TILL Photon-
ics), 3-d deconvolution (Zeiss). The 3D rendering may be carried out using ray tracing
or surface contour based programs such as Huygens (SVI). An example of applica-
tion of deconvolution to images of bacteria and biofilm associated with sponges is
presented with color illustration in Manz et al.69

6.7 3D RENDERING

The use of visualization techniques such as confocal, 2P-LSM, or synchrotron based
imaging necessitates the presentation of the data in the most meaningful form. In
general, this has meant the use of a range of color and three-dimensional presentation

FIGURE 6.11 (Color Figure 6.11 appears following page 236.) 3D rendering of Elbe river
floc showing the individual channels (A) staining with the lectin Triticum vulgaris–TRITC; (B)
nucleic acid staining with SYTO9; (C) an autofluorescence signal for algae; (D) reflectance of
particulate colloidal materials; (E) merged 3D image; and (F) oblique view of the 3D rendering
of the four image stack.
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formats including: simulated fluorescence, stereo pairs, red–green anaglyph projec-
tions, and two or three color stereo pairs. These approaches allowing the presentation
of multichannel information sets providing a synthesis of large data sets for the read-
ers examination. Additional approaches involve the application of 3D rendering of
these data sets. Figure 6.11 provides an example of a series of images of an Elbe
river floc showing: four images, the reflection image of particulate matter in the floc,
autofluorescence showing the presence of autotrophic algae and cyanobacteria, stain-
ing with the nucleic acid stain Syto 9 showing all bacteria, and staining with a lectin
Triticum vulgaris–TRITC revealing the exopolymer matrix of the floc as single chan-
nel maximum intensity projection (MIP) and then combined as MIP and a rendering
image all of the same floc. Finally, images are often adjusted in terms of color balance
for publication using programs such as Photoshop (Adobe Systems Inc., San Jose,
California)

6.8 CONCLUSIONS

What is needed to further fine tune the in situ analysis of exopolymeric substances
of microbial communities? Primarily, we require a more detailed characterization of
the probes and a greater understanding of the nature of their affinities for targets such
as protein, lipid, nucleic acids, and carbohydrates. Further studies of their behavior
in complex microbial communities must also be carried out in order to establish the
“ground truth” for imaging based studies. This has been carried out in part through
the correlative application of STXM and 1P-LSM imaging25 which indicated consid-
erable agreement between the probe free and the probe dependent mapping of major
biopolymers in biofilm systems. However, new probes specific for major biopoly-
mers will have to continue to be developed and evaluated in complex systems. These
highly specific probes will be critical for the assessment of floc properties as well as
for structural examination of these microbial communities.
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7.1 INTRODUCTION

A large proportion of trace compounds (typically 40% to 90%) are adsorbed to
aquatic colloids via covalent, electrostatic, or hydrophobic interactions.1,2 Based
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upon size and density considerations, colloids will generally remain suspended in the
water column and be transported over long distances. On the other hand, coagula-
tion or flocculation can facilitate the elimination of colloids from the water column
by producing aggregates that are large enough to sediment.3,4 In complex systems
such as natural waters, colloidal aggregation is ubiquitous due to the large num-
ber of colloid types and reactive sites. Indeed, size fractionation analysis has often
demonstrated that each colloid type may be found in all size fractions.5 This sug-
gests that it is at least as important to understand interactions among the colloids
as it is to determine the binding energies of trace compounds to each colloid type.6

While considerable research has focused on determinations of binding constants of
trace compounds with colloids (e.g., ref. [1,2,7,8]), relatively few data are available
on the precise structural properties of the colloids9 and their interactions in natural
systems.

In this context, the exact role of natural organic matter (NOM) in freshwaters is yet
to be resolved. Although it is often shown that NOM can stabilize inorganic colloids
in natural waters,10,11 the opposite phenomenon, that is, destabilization, has also been
shown to occur with specific groups of NOM, in particular, the polysaccharides.12–14

Therefore, in order to understand colloidal aggregation in freshwaters, it is necessary
to take into account the specific behavior of each of the major groups of NOM by
considering relevant physicochemical parameters such as molar mass, size, electric
charge density, and conformational information such as the persistence length, radius
of gyration, or fractal dimensions.15,16

This information is more difficult to obtain than the corresponding parameters
that are necessary to model the behavior of inorganic colloids (mainly hydrodynamic
radius and electric charge density17). It is therefore not surprising that no general-
ized predictive model of colloidal interactions exists that includes the different types
of organic macromolecules that comprise the majority of NOM. The main object-
ive of this chapter will be to improve our understanding of the role(s) of NOM on
colloidal aggregation in freshwaters in order to facilitate the development of such
a model.

7.2 CHARACTERIZATION OF THE MAJOR AQUATIC
COLLOIDS

In this chapter, colloids are defined as any organic or inorganic entity large enough
to have supramolecular structure and properties (e.g., possibility of conformational
changes for organic colloids or an electrical surface field for inorganic colloids), but
small enough not to sediment quickly (hours to days) in the absence of aggregation.
This definition implies that the colloidal size range will typically be between 1 nm
and 1 µm. In freshwaters, colloids include significant organic and inorganic com-
ponents, with the proportions of each component depending upon the nature of the
water body and surrounding watershed, the vertical and horizontal position in the
water body, the climate, etc. Typical size distributions and some important physico-
chemical characteristics of the principal freshwater colloids are given in Figure 7.1
and Table 7.1.
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FIGURE 7.1 Schematic representation, by size, of some of the important organic and
inorganic components of freshwaters. (Modified from Buffle, J. and H.P. van Leeuwen, Envir-
onmental Particles. 1992, Chelsea, Michigan: Lewis Publishers, Inc. with permission from
Lewis Publishers.)

7.2.1 INORGANIC COLLOIDS

The major inorganic colloids found in oxic freshwaters include alumino-silicates
(clays), silica, and iron oxyhydroxyde particles.2,20,21 Other inorganic colloids can
also be found, but they are usually minor components (e.g., aluminum or manganese
oxides) or are only present in anoxic waters (e.g., elemental sulfur or FeS). Calcium
carbonate is found in significant quantities in freshwaters, especially during periods
of high primary productivity, but it is mostly particulate (i.e., >1 µm). Inorganic
particles are generally electrically charged due to the isomorphic substitution of ions
in the bulk solid phase, or to the reactions of surface functional groups with dissolved
ions in the aqueous phase.22 Apart from the iron oxyhydroxides which are neutral or
positively charged in the circumneutral pH range, the major inorganic colloids are
generally negatively charged in water due to their low zero point of charge (Table 7.1;
see ref. [6,21]).
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TABLE 7.1
Important Physicochemical Characteristics of Some Representative Freshwater Colloids

Nature of colloid and macromolecule
Molar mass or specific

surface area Site or charge density Comments

Non living organic compounds
Small, organic molecules including amino acids,

hydroxy acids, peptides, monosaccharides
Molar mass <1 kDa Variable Extremely labile compounds, residence time

often hours
Humic substances (including fulvic and humic

acids and the so-called marine humic acids)
Molar mass 0.5–5 kDa, spherical Electrical charge of −2 to

−11 meq g−1, mainly carboxylic
acid dissociation

Residence time of centuries

Proteins Molar mass 3–100 kDa, flexible Residence time of hours to days
Reserve polysaccharides Molar mass 10–1000 kDa,

flexible
Typical electrical charge of
−0.3–0.8 meq g−1, minimum 0,
maximum 6 meq g−1

Some modification of diameter as a function of
pH, ionic strength and the presence of cations;
Residence times of hours to days

Structural polysaccharides Molar mass 10–1000 kDa,
fibrillar structures, often double
or triple helical structure

Typical electrical charge of
−0.3–0.8 meq g−1, minimum 0,
maximum 6 meq g−1

Structure often highly dependent upon pH, ionic
strength and the presence of cations; Residence
time of months to centuries

Peptidoglycans Molar mass 10–1000 kDa, rigid
structures

Residence time of months
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Inorganic compounds

Amorphous-SiO2 40–260 m2 g−1 4.5–12 nm−2 pHzpc = 3.0–3.5

Amorphous-FeOOH 160–700 m2 g−1 0.1–0.9 mol/mol of Fe pHzpc = 7.9–8.1

Amorphous-Al2O3 2–12 nm−2 (crystalline) pHzpc ≈ 9.4

Amorphous-MnO2 260 m2 g−1 6–20 nm−2 (crystalline) pHzpc ≈ 2.3

Kaolinite 10–20 m2 g−1 0.6–3.6 nm−2 pH at isoelectric point = 3.3–4.6
Smectite 750–800 m2 g−1 0.5–1.0 nm−2 pHzpc ≤ 2.5

Allophanes 500–700 m2 g−1 0.4–1.2 nm−2

Illite 90–130 m2 g−1 0.9–2.7 nm−2

Note: Values are representative (rather than exhaustive). Where possible, values are given for the amorphous phases of the inorganic colloids. For the inorganic colloids, the site
densities refer to the maximum negative charge density for pH� pHzpc.
Source: (Modified from Buffle, J., et al., Environmental Science and Technology, 1998. 32(19): p. 2887–99 (and references therein) with permission from the American Chemical
Society. Based in part on Buffle, J., Complexation Reactions in Aquatic Systems: An Analytical Approach. 1988, Chichester: Ellis Horwood; Thurman, Organic Geochemistry of
Natural Waters. 1985, Dordrecht: Kluwer Academic Publishers Group; and Davis, J.A. and D.B. Kent, Reviews in Mineralogy, 1990, Mineralogical Society of America: Washington,
D.C. p. 177–260.
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It is therefore reasonable to represent the submicron inorganic colloids as compact,
often negatively charged particles that cover the whole colloidal size range.

7.2.2 ALLOCHTHONOUS MACROMOLECULES: HUMIC SUBSTANCES

Humic substances (HS) generally represent the largest NOM fraction in freshwaters
(typically 40 to 80%; ref. [9,19]. Because they are primarily of pedogenic origin, they
may also be present in the coastal waters of oceans but are generally absent from the
pelagic zones. HS are chemically heterogeneous polymers with small molar masses
(typically ∼1000 Da; see ref. [23]), high charge densities at neutral or alkaline pH’s
(Figure 7.2A), and typical average lifetimes of several hundred years. Due to the signi-
ficant degree of branching of HS, their high charge density (above pH 5; see ref. [24])
and degree of hydration (40% strongly bond water9), they are less flexible than linear
biopolymers such as proteins. In dilute solutions (<10 mg l−1) at circumneutral pH
and low ionic strength (≤10−2 M), HS generally behave as small rigid globules, with
diameters of 1 to 3 nm (Figure 7.2A and 7.2B; ref. [24–27]). HS aggregate formation
is favored at high concentrations of electrolyte, protons (i.e., low pH), HS, or divalent
cations.23,28,29 Although HS are sometimes represented as linear polyelectrolytes, the
linear representation of the HS does not fit with either the experimental measurements
discussed earlier in the chapter or the more modern models that consider HS as highly
branched molecules.30 Nonetheless, because HS are both chemically heterogeneous
and polydisperse, both within a given HS sample and with respect to samples isolated
from different sources, there is no single useful structural model of a “typical” HS.
Rather, most of the interesting properties of the HS result from their inherent
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FIGURE 7.2 (A) Electrophoretic mobilities (EPM) and diffusion coefficients (D) of the
International Humic Substances Society (IHSS) standard Suwannee River aquatic fulvic acid
(SRFA) versus pH (� EPM; � D). Adapted from Hosse, M. and K.J. Wilkinson, Environ-
mental Science and Technology, 2001. 35(21): p. 4301–6; Lead, J.R., et al. Environmental
Science and Technology, 2000. 34(7): p. 1365–9 with permission from the American Chemical
Society. (B) AFM image of the IHSS SRFA (10 mg l−1, 50 mM NaCl, pH 5.5) adsorbed to
mica. Scan size is 600 nm x 600 nm. The image shows mainly isolated points (as opposed to
aggregates) with adsorbed heights that averaged 0.8 ± 0.3 nm31. (Adapted from Balnois, E.,
et al. Environmental Science and Technology, 1999. 33(21): p. 3911–17 with permission from
the American Chemical Society.)
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polydispersity and heterogeneity, implying that knowledge of property distributions
will be more useful than mean values. For the above reasons, much still remains to be
learned about the structure of HS, in particular, at low (i.e., environmentally relevant)
concentrations.

7.2.3 AUTOCHTHONOUS MACROMOLECULES: PROTEINS, LIPIDS,
AND POLYSACCHARIDES

In freshwaters, a large number of organic compounds, including polysaccharides,
aminosugars, peptidoglycans, proteins, polyphenolic compounds, lignins, tannins,
DNA, and polyhydroxybutyrates,28 are produced in the water column by the exuda-
tion or degradation of phytoplankton, aquatic bacteria, and aquatic macrophytes. Part
of the autochthonous organic matter, especially structural components of plankton
that are resistant to degradation, are subject to recombination and thus are similar
to the HS except that they are generally more aliphatic and less hydrophilic, with
slightly smaller charge densities and molar masses (∼800 Da).9 Other classes of
organic macromolecules, such as the reserve polysaccharides, are degraded within
hours to days of their release into the water column.32 Aquatic proteins generally have
a molar mass that is in the tens of thousands and a significant proportion of hydro-
phobic moieties, favoring the formation of globules with typical diameters of <3 to
4 nm.9 Nonetheless, the concentration of free protein in the water column is generally
low due to its rapid degradation (hours to days) upon microbe death.33,34 Such obser-
vations are consistent with data showing that the amino acid contents of sediment
traps decline rapidly with depth35 and that protease activity is high in surface water
aggregates.36

Structural, fibrillar polysaccharides and peptidoglycans are also released from
plankton as exudates or cell wall components.32,37–39 They can constitute a sig-
nificant proportion of freshwater NOM, varying seasonally between ca. 5% and
30% in the surface waters of lakes (Figure 7.3; ref. [13,39]) and often account-
ing for an even larger proportion of the NOM in the surface waters of marine
systems.40–42 In marine systems, fibrillar polysaccharides have been shown to be
refractory enough to be found in the deep ocean where they may have lifetimes
of hundreds of years4 while peptidoglycans appear to be degraded much faster
(turnover time of weeks to months34). Freshwater polysaccharides are generally
quite rigid due to a large quantity of strongly bound hydration water (up to 80%)
and the association of the molecules into double or triple helices that can be stabil-
ized by hydrogen or calcium bridges.43 TEM and AFM images of freshwater and
marine biopolymers (e.g., Figure 7.3; ref. [40,44]) show that their total length may
be larger than 1 µm, whereas their thickness is often only a few nanometers. Fur-
thermore, because they are often charged molecules (i.e., charge densities of the
polysaccharides are typically in the range of 0 to −0.8 meq g−1, ref. [9]) their con-
formations can change as a function of the pH and ionic strength (Figure 7.3A,B).
Indeed, in natural waters, the charge density of the natural organic polyelectrolytes
is often lower than their maximum value due to partial protonation, complexation
by metals, and electrolyte screening. In addition to the association of molecules
into dimers and trimers, aggregation of those structures is thought to lead to the
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(A) (B) (C)

FIGURE 7.3 (A) AFM image of the bacterial (Rhizobium meliloti) polysaccharide, suc-
cinoglycan (10 mg l−1) in water. Scan size 500 nm×500 nm. (B) AFM image of succinoglycan
(10 mg l−1) in 0.01 M KCl. Scan size 705 nm× 705 nm. (C) AFM image of succinoglycan
(10 mg l−1) in 0.5 M KCl. Scan size 2.3 µm × 2.3 µm. (All three images were adapted from
Balnois, E., et al. Macromolecules, 2000. 33(20): p. 7440–7 with permission from the American
Chemical Society.)

formation of rigid, poorly defined structures including gels, flocs, and biofilms45

(Figure 7.3C).

7.3 PRINCIPAL MECHANISMS OF COLLOIDAL
STABILIZATION AND DESTABILIZATION

Colloids of a given type (e.g., clays, fulvic acids, iron hydroxides) may aggreg-
ate together (homoaggregation) or with colloids of other types (heteroaggregation).
General quantitative physicochemical theory exists only for the (irreversible) homoco-
agulation of compact particles, based on the Smoluchowski equations and Derjaguin,
Landau, Verwey and Overbeek (DLVO) theory.1,47,48 According to DLVO theory,
the interaction energy between two compact, spherical colloids results essentially
from (i) their surface charge, which defines the electrical field around each particle,
and (ii) the attractive van der Waals forces between them. The electrical and van der
Waals forces define an energy barrier which, if overcome by the kinetic energy of
the particles moving in water, will lead to aggregation and an unstable suspension.
For submicron colloids, this kinetic energy results mainly from Brownian motion
and little from hydrodynamic or gravitational forces49,50 whereas for larger particles
or aggregates, hydrodynamic processes such as differential sedimentation and fluid
shear can provide the necessary energy (e.g., ref. [51,52]). The barrier to aggregation
is decreased with increasing ionic strength or protonation of the colloidal surface.
In fact, the critical coagulation concentration (CCC) of the suspension is defined as
the ionic strength for which the energy barrier has been eliminated, resulting in a
rapid, diffusion limited aggregation. Finally, for large particles (>micrometers), a
secondary minimum, resulting in the formation of aggregates with relatively small
cohesion energies, exists in solutions of moderate ionic strength (10−2 to 10−3 M).

Non-DLVO forces such as steric interactions, hydration pressure, hydrogen bond-
ing, and hydrophobic effects, although rarely considered in quantitative attempts to
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model colloidal interactions, are more recently being recognized as important forces
contributing to the coagulation of environmental colloids.53 For example, in envir-
onmental (aqueous) systems, it is now clear that non-DLVO hydration effects are
possible due to the reorganization of surface bound water upon approach of the
colloidal particles. Furthermore, hydrophobic surfaces have a greater tendency to
aggregate than predicted by DLVO theory alone due to the migration of water from
the solid–water interface to the bulk solution and the subsequent formation of hydro-
gen bonds. Indeed, under conditions for which the energy barrier for aggregation
lies at subnanometer distances, there appear to be significant discrepancies between
theory and experimentally measured coagulation rates (e.g., ref. [54–57]).

Little work has directly examined the role of biopolymers on the flocculation
process. Based on the literature examining synthetic polymers, one would expect the
biopolymers to influence the above processes either by being adsorbed to the col-
loidal surface58 or by being expulsed from the area between the particles (depletion
layer).59,60 Indeed, the adsorption of small quantities of polymer is known to facilit-
ate colloidal aggregation due to bridging flocculation or charge neutralization while
the adsorption of larger quantities is thought to restabilize the colloidal suspensions
due to charge inversion or steric restabilization. The presence of large quantities of
non-adsorbing biopolymer can result in an excess pressure that pushes the colloids
together, resulting in a destabilization of the colloidal suspension (i.e., depletion floc-
culation). The adsorption of natural biopolymers to dispersed mineral particles can
be facilitated by Coulombic interactions, surface complexation, hydrogen bonding,
hydrophobic interactions, and even surface catalyzed polymerization reactions.61,62

In spite of an important literature on the physicochemical properties of the polymers
and their interactions with compact colloids (e.g., ref. [15,16]), there is no general
theory for aggregation involving biopolymers. One of the principal difficulties when
evaluating the role of biopolymers on the aggregation process is that the conformation
of the adsorbed biopolymer will greatly influence whether the colloidal system is sta-
bilized or destabilized. Several parameters, including the affinity of the biopolymer
for the particle surface, its chemical structure and molar mass, and the physico-
chemical conditions existing at the particle–water interface will greatly influence the
conformation of the macromolecule on the particle surface16 (Figure 7.4).

Charge modification
Steric Stabilization Depletion flocculation

Bridging flocculation

Increasing concentration of organic matter

FIGURE 7.4 Schematic representation of some of the potential roles of organic matter on
colloidal flocculation and stabilization processes in natural freshwaters.
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7.3.1 CHARGE MODIFICATION

A quantitative understanding of the role of biopolymer (polyelectrolyte) adsorption
on colloidal stabilization and destabilization processes requires knowledge on: (i) the
variation of the thickness of the adsorbed layer as a function of pH and ionic strength;
(ii) the repulsive forces between noncovered particles; (iii) the competition between
polymer segments and ions for surface sites; and (iv) the potential energy barrier
between the adsorbed polymer and the solution. Destabilization by charge neutraliz-
ation generally occurs at low concentrations of biopolymer for which the repulsive
Coulombic forces between the particles, reflected by low electrophoretic mobilities or
zeta potentials, approach zero.61,63 For a strong interaction between the biopolymer
and the colloidal surface, adsorption and a subsequent charge inversion (and restabil-
ization) is possible. Over time, the strongly adsorbing polymer will have a tendency
to be flattened on the surface of the particle, greatly reducing the opportunity for
interaction with other particles. In this case, the charge density of the polymer is
more important than its molar mass.

Gregory demonstrated that in certain cases, the aggregation rate depended upon
the molar mass of the polymer and the ionic strength of the solution.64 This mechan-
ism is generally observed when particles having a low charge density are neutralized
by polyelectrolytes with high charge densities. In such a case, a local charge hetero-
geneity can occur that results in the arrangement of the polyelectrolytes in patches on
the particle surface.61 The most important consequence of the charge heterogeneity
is that oppositely charged regions of different particles can react, even in the pres-
ence of an overall negligible particle charge. In that case, at low ionic strength, the
maximal aggregation rates will be greater than those observed in the presence of a
simple electrolyte. At high ionic strength, the additional attraction is reduced and the
aggregation rate will approach that observed for a simple charge neutralization.

7.3.2 BRIDGING FLOCCULATION

Bridging flocculation occurs when the loops and tails of a polymer adsorbed to one
particle become attached to one or more other particles. The process is optimized
for polymers which have several points of attachment on the colloidal surface and
are large enough to have free segments (loops and tails) outside the zone of electro-
static repulsion and available to bind to other surfaces. The surface coverage of the
adsorbed polymer appears to be a fundamental parameter controlling the probability
of bridging65 with the half surface coverage postulated as the optimum condition for
flocculation to occur.66 While flocculation can occur for polymers that are at equi-
librium with the colloidal surface,67 nonequilibrium flocculation, occurring before
the polymers are able to completely collapse on the colloidal surface, is thought
to predominate.68 In that case, the dynamics of bridging flocculation are related to
both the thermodynamics and kinetics of polymer adsorption, including: transport
of the polymer to the colloidal surface, attachment of the polymers to the surface,
and relaxation (reconformation) of the attached polymers. Furthermore, the time that
the polymer remains in its nonequilibrium conformation will be an important para-
meter controlling flocculation efficiency. The time scale will be influenced by the
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particle : polymer ratio, the size of the particle, the surface area of the particle, the
adsorption energy of the polymer segments, and the collision frequency among the
particles.69,70 The polymer rigidity,71 charge and spacing of charged groups, the poly-
mer dosage, the particle surface charge,72 and the particle mixing regime52 are also
important parameters controlling the flocculation efficiency.69 For neutral polymers,
the optimal polymer dose will also depend upon the molar mass of the polymer and
the ionic strength. In that case, larger polymers will flocculate particles more effi-
ciently while a higher ionic strength will decrease the electrostatic repulsion among
particles so that fewer polymer molecules are required to attain the same effect. In
the presence of charged polymers, both polymer and colloid charge are influenced
by the ionic strength. An increased ionic strength will generally decrease the rigidity
of polyelectrolyte chains resulting in more limited possibilities for flocculation. On
the other hand, as discussed earlier, the interparticle repulsive forces are screened at
high ionic strength, allowing for an easier approach of the particles. For this reason,
optimal bridging of particles by polyelectrolytes will generally occur at intermediate
charge densities or salt concentrations.73

It is relatively difficult to distinguish between the bridging and charge neutraliza-
tion mechanisms. In the presence of neutral polymers, there is little doubt that bridging
flocculation is responsible for particle aggregation. On the other hand, polyelectro-
lytes can both reduce electrostatic repulsion and act as bridging molecules. A charge
neutralization mechanism is generally identified for cases in which the optimal poly-
mer dosage (maximum aggregation rate) (i) coincides with a zero zeta potential;
(ii) decreases with increasing polymer charge density; and (iii) increases proportion-
ally with particle concentration.74,75 In the presence of polyelectrolytes, the simple
charge neutralization mechanism is not sufficient to explain the flocculation of col-
loidal particles for (i) failures of the above observations; (ii) effects due to the molar
mass of the polymer (width of the flocculation zone; shifts in the optimal dosage), or
(iii) an observation of a higher aggregation rate than would be observed in the pres-
ence of a simple electrolyte.64,74 Discrepancies have been attributed to both an uneven
distribution of charge on the particles (electrostatic patch model64) or to the likely
possibility that both flocculation and charge neutralization mechanisms are likely to
occur simultaneously.74

7.3.3 DEPLETION FLOCCULATION

Depletion flocculation occurs for cases in which the polymer has a stronger affinity for
the water than it does for the particle surface (or a polymer covered particle surface).
In that case, the polymer remains predominantly as a nonadsorbing coil in the solution
phase. When the particles in solution approach each other to a distance that is less
than the effective polymer diameter (i.e., twice the gyration radius), then the polymer
will be excluded from the space between the particles, reducing its concentration with
respect to the bulk solution. The imbalance of osmotic pressure generates an attractive
force among the particles, causing flocculation. The driving force for the existence of
the depletion zone is due to conformational entropic restrictions of the polymer coils
that are not compensated by an adsorption energy.59 In the presence of a sufficient
quantity of nonadsorbing polymer, the interparticle interaction energy curve shows a
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secondary minimum at a distance corresponding to twice the radius of gyration of the
polymer. Recent direct measurements of the interparticle interaction forces by atomic
force microscopy have confirmed that the depth of the secondary minima increased
with increasing free polymer concentration.76,77 The most important parameter gov-
erning depletion flocculation in aqueous solutions is the size of the polymer with
respect to the particle.78 Although an increase in molar mass has opposing effects on
the depletion energy,79 overall, an increase of the particle concentration or an increase
of the molar mass of the polymer will favor depletion flocculation.77,79–81

7.3.4 STERIC STABILIZATION

The adsorption of large concentrations of a neutral polymer or polyelectrolyte can lead
to steric stabilization. In this case, the particle surface is saturated with polymer such
that the polymer loops and trains form a relatively thick layer (several nanometers) of
adsorbed polymer. Stabilization depends upon several factors including the thickness
of the adsorbed polymer layer, the size of the particles, and the effective Hamaker
constant of the covered particles. Indeed, the spatial extension of the adsorbed layer
must be thick enough to prevent the particles from approaching to distances at which
London–van der Waals attractive forces become significant. Although, the adsorbed
polymers may overlap and become compressed, such overlap is generally unfavorable,
due to a strong repulsion that increases very sharply with increasing penetration.82

Because van der Waals attractive forces increase with particle size, larger particles
require thicker polymer layers to ensure a similar particle stability. Note that for
concentrations of polymers that are greater than those required for steric stabilization,
the excess polymer will remain unadsorbed in the bulk solution, potentially leading
to depletion flocculation.

7.4 PRIMARY COLLOIDAL INTERACTIONS IN
FRESHWATERS

In most oxic waters, Pareto law size distributions50 and microscopic imaging
(e.g., ref. [14,83]) obtained in the nanometer to micrometer size range suggest that
colloids are often found associated in aggregate structures84 rather than existing solely
as isolated entities. Based upon the physicochemical nature of natural organic mat-
ter (Section 7.2) and the known mechanisms leading to stabilization or flocculation
(Section 7.3), Section 7.4 summarizes our current understanding of the aggregation
properties of the major aquatic colloids.

7.4.1 HOMOCOAGULATION

Colloids may aggregate among themselves (homoaggregation) or among other colloid
types (heteroaggregation). In homoaggregation, the electric field is always repulsive,
whereas it may be attractive or repulsive in heteroaggregation, depending on the
nature of particles. An apparent contradiction in environmental colloidal sciences is
that models invoking homoaggregation have been reasonably successful in predicting
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colloidal and aggregate size distributions in natural waters,5,50 despite the obvious
large chemical heterogeneity of colloids in freshwaters. Such an observation is prob-
ably due in part to the fact that, in natural waters, most inorganic colloids are covered
by an adsorbed layer of HS11,62,85 that can modify their surface charge, resulting in an
“effective” single class of compounds with similar surface properties. Homoaggrega-
tion of HS covered inorganic colloids is usually a slow process due to a low collision
efficiency resulting from a significant repulsive charge of the surface bound HS. This
results in compact aggregates that do not exceed 1 micron even after a week50 and
are unlikely to be responsible for major sedimentation fluxes.

Little is known about the aggregation of HS.86 More traditional opinion pro-
poses that observations of large HS entities can be attributed to that fact that the HS
are polymers that can assume a random coil conformation in solution.87 Another
view suggests that large HS entities are, in fact, associations of relatively small
molecules held together by weak interaction forces including hydrophobic forces
and hydrogen bonds.88 Although the conceptual model for HS aggregation is still
under discussion, it is clear that HS can form large macromolecular structures or
aggregates in aqueous media at low pH26 (Figure 7.5), in the presence of multivalent
ions,89 or in the solid state, such as in soils. Indeed, homoaggregates of HS have
been observed by light scattering,90,91 turbidmetry,92 fluorescence spectroscopy,93

atomic force microscopy,26 and fluorescence correlation spectroscopy,27 even in the
pH range 5 to 8 for which COOH groups of the HS are predominantly dissociated.24

Under these conditions, HS can be considered as charged globules and DLVO theory
would appear to be at least partly applicable,94 although for such small, chemically
heterogeneous colloids, hydration effects, hydrogen bonding, non polar interactions,
polyvalent cation interactions,95 and reversible aggregation must also be considered.
Indeed, in an attempt to explain the observed slow disaggregation kinetics of a peat
humic acid (Figure 7.5C), Avena and Wilkinson96 postulated that at least two different
disaggregation mechanisms were involved simultaneously. Although the disaggreg-
ation rate increased significantly above the pH corresponding to the deprotonation of
the carboxylic groups, another mechanism, likely involving the breaking of hydro-
gen bonds holding the HS aggregate together, was also identified. Note finally, that
in contrast to what is generally assumed in the DLVO models, aggregation, though
slow, was reversible.

In order to understand the formation of biological flocs and biofilms, it is
extremely important to determine the mechanisms for the homoaggregation of other
biopolymers than the HS, including polysaccharides, peptidoglycans, and proteins. In
recent years, there has been a substantial increase of interest in the biomedical literat-
ure with respect to protein aggregation and its implications (reviews see ref. [97,98]).
As mentioned above, protein aggregation in freshwaters is not thought to be important
due to the high lability of the proteins in the water column. In biofilms, polysacchar-
ides appear to play a predominant though not singular role.99 Most investigations
of the physicochemical behavior of polysaccharides in solution have concentrated
on their conformational helix–coil transitions and their interactions with metal ions.
These contributions have demonstrated that transitions between a helical and ran-
dom coil conformation are dependent upon temperature, pH, ionic strength, and
calcium content.46,100 Less attention has been paid to the self association of the
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FIGURE 7.5 Tapping mode atomic force microscopy (TM-AFM) images and disaggregation
rates (rate of decrease of an equivalent spherical aggregate) of the U.K. Geological Survey peat
humic acid (PHA). (A) TM-AFM of a 10 mg l−1 PHA solution adsorbed on mica at pH 3.2,
5 mM NaCl. Scan size is 2 µm × 2 µm. (B) TM-AFM of a 10 mg l−1 solution adsorbed on
mica at pH 6.8, 5 mM NaCl. (C) Disaggregation rates of the PHA as a function of pH. (C) shows
that the aggregates observed in (A) were not at equilibrium (at this concentration, equilibrium
corresponds to complete disaggregation, a process that will take months). (The figures were
taken from [A, B] Balnois, E., et al. Environmental Science and Technology, 1999. 33(21):
p. 3911–17; [C] Avena, M.J. and K.J. Wilkinson, Environmental Science and Technology,
2002. 36(23): p. 5100–05 with permission from the American Chemical Society.)

polysaccharides, including their gelation properties. Furthermore, most work in the
field of gelation has examined polysaccharides used in encapsulation and physico-
chemical techniques such as electrophoresis rather than freshwater polysaccharides.
In addition to the intermacromolecular coordination bonds of metal ions, hydrogen
bonds and hydrophobic interactions are of great importance in the homocoagulation
process.

7.4.2 HETEROCOAGULATION: ROLE OF HS

As discussed in Section 7.4.1, HS diameters are typically 1 to 3 nm. Therefore,
the interaction of the HS with colloids larger than 10 to 20 nm corresponds to their
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adsorption101,102 and results primarily in a modification of the surface properties of
the colloid (surface potential and dielectric constant). Indeed, inorganic colloids in
contact with HS tend to have a similar negative surface charge,11,62,85,103 irrespective
of their intrinsic chemical nature. In the normal ranges of pH (5 to 8), ionic strength
(1 to 50 mM) and HS concentrations (0.5 to 10 mg l−1) that are found in freshwaters,
HS adsorption should stabilize colloidal suspensions,11,12,104,105 due to a significant
electrostatic repulsion among the HS covered colloids. The net effect will depend on
surface coverage of the mineral surface by the HS and the corresponding degree of
charge neutralization. For model compounds, it has been shown that the adsorption
of negatively charged polyelectrolytes on positively charged colloids may also result
in destabilization but only for a limited range of surface coverages, that is, those
very close to charge neutralization.75,106 Laboratory studies of both metal oxides and
clays,11,12,105,107 suggest that strong adsorption of the HS occurs and that very low
concentrations (≤1 mg l−1) are sufficient to stabilize colloidal particles for colloid
concentrations that are typical of natural waters (<10 mg l−1) (Figure 7.6). Where
coagulation does occur, a low collision efficiency is expected to lead to compact
aggregate structures, especially for low ionic strength waters.

Although steric repulsion of inorganic colloids by adsorbed HS might be thought
to increase the stabilization effect compared to electrostatic repulsion alone, it is
unlikely to be significant, given that the thickness of adsorbed HS molecules is small
(few nanometers on mica; ref. [26,108], Figure 7.7). Indeed, these results26 show
that it is unlikely that multiple layers of HS form on mica by adsorption from dilute
solution (<10 mg l−1) at circumneutral pH. Note that it might be possible to arrive at
a different conclusion for colloid suspensions in marine systems where due to ionic
strength effects (compression of the Debye layer), the Debye layer can be of a similar
order of magnitude as the adsorbed HS layer.

7.4.3 HETEROCOAGULATION: ROLE OF RIGID POLYSACCHARIDES

AND PEPTIDOGLYCANS

In freshwaters, fibrillar material likely corresponding to rigid polysaccharides or pep-
tidoglycans can be observed in the water column, especially in zones dominated by
photosynthetic plankton (especially phytoplankton and cyanobacteria) (Figure 7.8).
These long chain, semi-rigid biopolymers contrast with the organic material remain-
ing in solution at depth which is primarily “processed” organic material. Furthermore,
during periods of high productivity, inorganic colloids are depleted in surface waters at
depths corresponding to the maximum production of polysaccharides.13 In laboratory
experiments, flocculation has been shown to increase with increasing concentrations
of added polysaccharide while showing the opposite tendency in the presence of humic
substances. Finally, microscopic images of freshwater aggregates (e.g., ref. [84,109])
often show small inorganic colloids embedded into networks of fibrillar material.

For the heterocoagulation of compact colloids and fibrils, chemical reactivity
is expected to depend on the electric charge, van der Waals forces, hydrogen and
coordination bonds, as well as hydrophobic interactions of the two entities, as would
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FIGURE 7.6 Transmission electron microscopy of hematite (Fe2O3) colloids in the presence
of (A) 0, (B) 0.7, and (C) 4.9 mg l−1 of added Suwannee River standard natural organic matter
(pH 7). Bars in the figure correspond to 500 nm. (D) Electrophoretic mobilities of hematite
colloids (10 mg l−1) as a function of an increasing concentration of the standard Suwannee
River fulvic acid at pH 6.5 and three different ionic strengths: (NaCl: 5 mM, �; 50 mM, �;
250 mM,©.) (Taken from Wilkinson, K.J., J.C. Negre, and J. Buffle. Journal of Contaminant
Hydrology, 1997. 26(1–4): p. 229–43 with permission from Elsevier.)

be the case for homocoagulation. On the other hand, since most fibrillar biopolymers
have a zero or slightly negative charge density, electrostatic repulsion and thus the
energy barrier preventing aggregation will be small. Furthermore, due to the formation
and interactions of helices comprising the rigid biopolymers, their thickness and thus
the van der Waals forces of the fibril segments may be significantly larger than for
a corresponding segment of a single chain. Because freshwater fibrils may be much
longer than the diameter of the colloids (Table 7.1), they can serve as rigid (or semi-
rigid) long distance bridges between the colloids. Furthermore, attached, compact
colloids may serve as the binding center for polymers, leading to the formation of
loose aggregate networks that extend to very large dimensions.
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FIGURE 7.7 Variation of the height of adsorbed standard Suwannee River humic acid on
mica between pH 3 and pH 11 for ionic strengths of 5 mM NaCl (�), 50 mM NaCl (�)
or 5 mM CaCl2 (•). (Figure is taken from Balnois, E., et al. Environmental Science and
Technology, 1999. 33(21): p. 3911–17 with permission from the American Chemical Society.)

Indeed, several recent studies of model systems have demonstrated that
small concentrations of polymer can facilitate the bridging flocculation process
(e.g., polystyrene latex and methylcellulose or polyvinylpyrrolidone,112 silica and
polyacrylamide,113 alumina and modified polyacrylamide114,115). In these colloidal
systems, flocculation is often first observed at lower concentrations followed by sta-
bilization at significantly higher ones. For example, Solberg and Wagberg113 observed
bridging flocculation of silica nanoparticles for an addition of 0.4 mg l−1 polyacryl-
amide and dispersion due to electrosterical stabilization for concentrations exceeding
1.2 mg g−1 of the polymer. Nonetheless, only a few studies have examined the
bridging flocculation process in the presence of microbial polysaccharides and envir-
onmental colloids. For example, Labille et al.116 recently showed that the anionic
bacterial polysaccharide succinoglycan induced the destabilization of a polydis-
perse suspension of montmorillonite, presumably by bridging flocculation. Using
dynamic light scattering, Ferretti et al.117 demonstrated bridging flocculation of hem-
atite colloids by the neutral triple helical schizophyllan (Figure 7.9). In that case,
environmentally realistic (low) polysaccharide concentrations, that is, <1 mg C l−1

were observed to induce bridging flocculation. At higher and lower polysaccharide
concentrations, the hematite suspensions were stabilized.

7.4.4 HETEROCOAGULATION: CONTRIBUTIONS OF OTHER TYPES

OF ORGANIC MATTER

To our knowledge, there is very little specific information on the interactions of the
proteins or reserve polysaccharides with inorganic surfaces in natural waters. Some
recalcitrant proteins have the potential to play a role similar to that of HS in fresh
waters, since they are small (hydrodynamic diameters of 1 to 5 nm) polymers with
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FIGURE 7.8 (A) Organic matter profiles obtained in a oligotrophic lake (Lake Geneva,
Switzerland). In this figure, the increase in dissolved organic carbon (DOC) in the surface
waters can be attributed to an added presence of fibrillar polysaccharides (PS) rather than
HS (represented by the vertical curve of ultraviolet (UV) absorbance). Polysaccharides were
determined by the spectrometric technique detailed in ref. [110,111]. (B) AFM image showing
some important organic macromolecules isolated from a Lake Geneva surface water sample at
15 m (B) and 309 m. (C) Scan size was 5 µm×5 µm at 15 m and 3 µm×3 µm at 309 m. (B is
taken from Wilkinson, K.J., et al. Colloids and Surfaces, A: Physicochemical and Engineering
Aspects, 1999. 155(2–3): p. 287–310 with permission from Elsevier.)

hydrophobic moieties that will favor their adsorption on surfaces as thin films. Indeed,
for model systems, a stabilizing role of certain flexible polysaccharides has also been
demonstrated. For example, the adsorption of the flexible (globular) polysaccharide,
dextran (40, 150, and 500 kDa) stabilized monodisperse suspensions of sulfate- and
amidine-modified polystyrene colloids, similar to what was observed for a HS.118
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FIGURE 7.9 Ratio of flocculation rates of a 10 mg l−1 colloidal hematite suspension as a
function of the ratio between the total number of schizophyllan entities and the total number of
hematite particles (©) pH 4.5, ionic strength= 1 mM and (•) pH 3, ionic strength= 1 mM.
The flocculation rate ratio is equal to the flocculation rate under consideration divided by the
maximum rate of flocculation obtained using 0.1 M NaCl. (Figure is taken from Ferretti, R.,
et al. Journal of Colloid and Interface Science, 2003. 266: p. 328–38 with permission from
Elsevier.)

Although all of the biopolymers stabilized the colloidal suspensions, the HS and
the large molar masses of dextran were the most effective in reducing the rate of
aggregation of the colloidal particles. On the other hand, none of the biopolymers
fragmented already formed aggregates (in contrast to the results observed in Figure 7.6
and ref. [119,120]). In another study, the adsorption of even extremely large molecules
of a flexible polymer, polyacrylic acid (molar masses of 1 to 2 × 106 Da), did not
result in surface thicknesses exceeding 13 nm121 discounting the role of a potential
steric stabilization. In this case, the polyacrylic acid was clearly demonstrated to
induce coagulation by charge neutralization, irrespective of its molar mass.75 Indeed,
coil-like polymers will tend to collapse at the colloid surface due to a strong electro-
static attraction, especially for interactions between oppositely charged colloids and
biopolymers. Furthermore, most flexible biopolymers in aquatic systems have molar
masses which are too small to produce significant layer thicknesses. Nonetheless, the
role of large extended biopolymers such as alginic acid have been largely unstudied
(with the possible exception of their role in biofilms, e.g., ref. [122]).

Finally, when evaluating the role of proteins, polypeptides, reserve polysacchar-
ides, etc., it is important to compare the time scales for the decomposition of the
macromolecules with that of their adsorption and coagulation. As discussed in the pre-
vious section, most measurements of proteins and reserve polysaccharides in natural
freshwaters indicate that they constitute a minor component with a rapid turnover.19

As observed for the HS, it is likely that the adsorption of certain recalcitrant, flexible
biomacromolecules onto comparatively large inorganic surfaces will result primarily
in a modification of the particle surface charge.
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7.5 SUMMARY AND FUTURE PERSPECTIVES

In natural freshwaters, the association of all classes of “natural organic matter” into a
single, homogeneous reacting entity with a single set of properties is clearly an over-
simplification. The physicochemical nature of the organic macromolecules, including
their chemical nature, inherent chemical heterogeneity and polydispersity, will greatly
influence their role in the flocculation process. The aggregation of inorganic fresh-
water colloids in the presence of natural organic matter can nonetheless be simplified
as the result of at least two major but opposing effects: their stabilization by humic
substances and their destabilization by large, rigid biopolymers. In the presence of
polysaccharides, large, loose flocs are generally formed (Figure 7.10(A)) in marked
contrast with the effect of the humic substances. In that case, the significant repulsive
charge of the colloids leads either to colloidal stabilization or to the formation of
small, compact aggregates (Figure 7.10(B)) due to a low collision efficiency between
the particles. Under such a scenario, colloidal aggregates exceeding 1 µm are likely to
form slowly50 and are thus unlikely to be responsible for major sedimentation fluxes.
Nonetheless, the simple explanation based upon each of the flocculation mechan-
isms in isolation is rarely encountered in natural freshwaters. Typically, the bridging
role of the organic biopolymers becomes less and less significant and the application
of DLVO/Smoluchowski theory becomes more and more valid for larger primary
particles (>100 nm). Rigid biopolymers appear to dominate aggregate structures84

when the size of the primary particles making up the aggregates are small (<100 nm),
even though, under optimal conditions, aggregates formed by flocculation will be
much larger that those obtained by the coagulation of compact colloids. For the larger
colloidal aggregates, stability and aggregate structure will also depend on the shear

(A) (B)

FIGURE 7.10 (A) Inorganic colloids associated with fibrillar organic macromolecules. Scale
bar corresponds to 1 µm. (B) Compact heteroaggregate from Lake Bret, Switzerland. The
picture shows a spherical silica particle (gray at center) aggregated with smaller iron hydroxide
particles (black spheroids), a clay particle and some biological debris. Scale bar corresponds
to 250 nm. For experimental detail on transmission electron microscopy (TEM) preparation,
see ref. [123,124]; for further discussion, see ref. [6]. (B was taken from Buffle, J., et al.
Environmental Science and Technology, 1998. 32(19): p. 2887–99 with permission from the
American Chemical Society.)
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forces in solution, the tensile strength of the bridging biopolymers, and the weight of
the particles, all factors that may influence fragmentation and collapse. In any case,
environmental systems generally contain mixed heteroaggregates that are likely the
result of both a charge modification by the small molecules and bridging flocculation
by the large biopolymers, the net result being a network of rigid biopolymers that are
interconnected by isolated or aggregated compact colloids.

Unfortunately, only limited data are available that examine the effects of organic
biopolymer mixtures (especially HS and polysaccharides) on the flocculation and
stabilization processes (e.g., ref. [125–127]). For example, in one recent study on a
model system, low concentrations of polyvinyl alcohol (PVA) were shown to induce
the flocculation of amidine polystyrene latex particles via polymer bridging;126 an
effect that was prevented in the presence of a low concentration of HS (2.5 mg l−1).126

On the other hand, colloidal montmorillonite suspensions (3 mg l−1) were shown to
aggregate in the presence of 2 and 4 mg C l−1 of algal exopolymers isolated from a
small eutrophic lake, even in the (stabilizing) presence of 0.1 mg C l−1 of a soil fulvic
acid. Future research into the three-colloidal component system (compact inorganic
colloids; large rigid biopolymers; humic substances) is thus clearly merited.6

Much more detailed information is especially needed on the interactions of the
natural rigid biopolymers with freshwater colloids and the modifying role of the HS.
Since both natural colloids and biopolymers are physically and chemically hetero-
geneous, neighboring zones of a same particle surface may have different charges
or charge densities. Aggregation might then occur due to interactions of surface
patches61,64 which do not represent the average characteristics of the surface. Con-
clusions drawn from studies using model monodisperse, chemically homogeneous
polymers and colloids must therefore be applied with great caution to predictions of
the role of natural organic matter in “real” environmental systems.

In addition to developing a better understanding of heterocoagulation in fresh-
waters, future research should also examine the nature of the chemical interactions
and kinetics of biopolymer associations (HS, polysaccharides, proteins). Indeed, the
formation mechanisms of biofilms and humic aggregates and the kinetics of the two
processes have been largely ignored in the literature. It is hoped that future research
might provide a detailed and quantitative insight into the principle mechanisms reg-
ulating the role of each of the main classes of organic macromolecules and their
mixtures.

Although it is obvious that measurements of total organic carbon are poor indicat-
ors of the role(s) of natural organic matter in a given aquatic system, separate determ-
inations of HS, polysaccharides, peptidoglycans, proteins, etc. are analytically very
difficult to perform (e.g., ref. [28,128,129]). Physicochemical separation techniques
such as chromatography, filtration, field flow fractionation, etc. have been proposed
but are largely inadequate for a complete separation of the principal structures. Studies
using enriched fractions of the important components are useful, albeit oversimpli-
fied surrogates of natural freshwaters. It is likely that increased resolution of the
spectroscopic techniques, including nuclear magnetic resonance spectrometry130,131

may one day be able to provide a quantitative distinction of the important
components of freshwaters, especially at environmentally relevant (i.e., low)
concentrations.
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8.1 INTRODUCTION

Flocculation in natural freshwater systems has been suggested and inferred by many
researchers,1–4 and was explicitly investigated by Droppo and Ongley.5 These studies
and others6–9 have concluded that in addition to the electrochemical processes, the
bacterial processes also play a role in the formation of freshwater flocs. It is believed
(Ongley et al.10) that the biological processes contribute for flocculation in two dif-
ferent ways: bacterial bonding and bacterial “glue.” Marshall6 had shown that the
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bacteria have a high affinity for fine grained sediment particles and thereby promotes
flocculation by increasing the surface area and bonding two or more mineral particles
together. Biddanda11 and Muschenheim et al.8 had shown that secretion of extracel-
lular polymeric exudates by certain bacteria provide the necessary bonding material
(glue) to hold particles together.

Modeling of the flocculation process in freshwater system has been attempted by
several investigators.12–15 The approach used by these investigators is based on the
premise that the freshwater flocculation is a two step process in which the particles
are first brought into contact by collision mechanisms such as Brownian motion,
laminar and turbulent fluid shear, inertia, and differential settling, and subsequently, a
certain amount of such collisions result in the formation of flocs because of the
electrochemical and bacterial bonding and bacterial “glue.” While our knowledge on
the collision mechanisms and the collision frequencies is reasonably well established,
the same cannot be said for the actual mechanism of flocculation (i.e., how collided
particles bind and form flocs). The approach used in the existing models is to introduce
a collision efficiency parameter that is a measure of the probability of successful
collisions, and to determine the value of this parameter as part of the calibration
process of the model. A flocculation modeling approach proposed by Krishnappan
and Marsalek15 for a stormwater detention pond is reviewed here to highlight the
current state of knowledge in the area of modeling of freshwater flocculation.

8.2 THE STORMWATER DETENTION SYSTEM

The freshwater system that was considered by Krishnappan and Marsalek15 is a storm-
water detention pond in Kingston, Ontario, Canada. The layout of the pond is shown
in Figure 8.1. The pond consists of two cells; a wet pond and a dry pond. The surface
area of each pond is about one half of a hectare. The permanent depth of water in
the wet pond is about 1.2 m. The pond was constructed in 1982 to minimize the
impact of runoff from a newly built shopping plaza on the Little Cataraqui Creek.

Pond
outlet

Weir

Station 9

Weir

Creek
inlet

Weir

Parking lot
inflow

Wet pond
Dry pond

0 25 m

N

FIGURE 8.1 Schematic layout of the Kingston Stormwater Detention pond.
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This creek drains an urban catchment with a drainage area of about 4.5 km2. Since the
construction of the pond, continued development in the catchment basin has increased
the stream flow and hence reduced the effectiveness of the pond. Ongoing sediment-
ation in the pond has further exasperated the problem. To assess the effectiveness of
the pond to trap sediment, a fine sediment transport study was initiated. As part of this
study, deposited sediment from the pond and the pond water were collected and tested
in a rotating circular flume to ascertain the sediment behavior under different bound-
ary shear stress conditions (Krishnappan and Marsalek16). These experiments had
indicated that the pond sediment underwent flocculation when subjected to a flow
field, and consequently the settling behavior of the sediment differed significantly
from that of the constituent primary particles.

Existing methods for analyzing suspended solids settling in stormwater ponds
do not consider flocculation of the sediment, and treat the particles as discrete and
noninteracting particles. Such an approach is not satisfactory, and hence there is a
definite need for a model that would take into account the flocculation process of the
stormwater sediment. To meet this need, Krishnappan and Marsalek15 formulated a
flocculation and settling model for the Kingston pond sediment. The formulation of
the model was based on their experimental study in the rotating flume for the sediment
from the Kingston stormwater pond.

8.3 EXPERIMENTAL STUDY

Deposited sediment from the pond was collected at a number of sampling stations
within the wet pond using an Ekman dredge and combined to form a composite
sample. The sample and a large volume (500 l) of pond water were brought to
the Hydraulics Laboratory of the National Water Research Institute in Burlington,
Ontario, Canada and were tested in the Rotating Circular Flume. Use of the pond
water as the suspending medium preserved the chemical and biological characteristics
of the sediment–water mixture in the laboratory experiments.

8.3.1 ROTATING CIRCULAR FLUME

A sectional view of the rotating circular flume is shown in Figure 8.2. The flume is
supported by a rotating platform, which is 7.0 m in diameter. The flume is 5.0 m in
diameter at the centre-line, 30 cm wide, and 30 cm deep. The annular top cover fits
inside the flume with close tolerance. The gap between the edges of the top cover
and the flume walls is about a millimeter. The height of the cover inside the channel
can be adjusted by raising or lowering the top cover. The flume and the cover are
rotated in opposite directions. The maximum rotational speed of both components is
three revolutions per minute. The flume is equipped with a Laser Doppler Anemo-
meter to measure the flow field and a Malvern Particle size analyzer to measure the
size distribution of sediment flocs in suspension. The Malvern Particle size analyzer
was placed directly underneath the flume, and the sampling cell of the instrument was
connected to a short sampling tube that was inserted through the bottom plate of the
flume into the flow. The sample was drawn through the sampling cell continuously
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FIGURE 8.2 A sectional view of the rotating circular flume used in the experimental study.

and the instrument was operated in its flow-through mode. The size distribution of
the sediment flocs were monitored at regular intervals of time. The complete details
of the flume and the instruments can be found in Krishnappan.17

8.3.2 DEPOSITION TESTS

Deposition tests were carried out by placing the pond water and a known amount
of sediment in the flume and operating the flume at the maximum speed to mix the
sediment thoroughly. The amount of sediment added was enough to produce a fully
mixed concentration of about 200 mg/l. The flume and the top cover were operated at
the maximum speed for about 20 min, and then the speed was lowered to the desired
shear stress level. The flume was then operated at this level for about 5 h. During this
time, both suspended sediment concentration and the size distribution of sediment in
suspension were monitored at regular intervals of time.

Figure 8.3 shows the variation of suspended sediment concentration as a function
of time for five different bed shear stress conditions. From this figure, we can see
that after the initial 20-min mixing period, the concentration decreases gradually and
tends to reach a steady state value for all the shear stresses tested. The steady state
concentration is a function of the bed shear stress. From such data, it is possible
to calculate the amount of sediment that would deposit under a particular bed shear
stress under a steady flow condition.

The size distribution data measured during the deposition experiments are sum-
marized in Figure 8.4. In this figure, the median sizes of the distributions are plotted as
a function of time for three of the five deposition tests. For the lowest bed shear stress
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FIGURE 8.3 Concentration vs. time curves for different shear stresses during deposition.
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FIGURE 8.4 Median-size variations as a function of time for different bed shear stresses.

test (0.056 N/m2) the median size of the sediment decreases gradually suggesting
that larger particles are settling out leaving the finer fractions in suspension, in a
manner analogous to the settling of discrete particles. When the bed shear stress is
low such as in this case, the particles were undergoing settling without particle inter-
action and flocculation. On the other hand, when the bed shear stress was increased
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to 0.121 N/m2, there was a clear evidence of flocculation as can be inferred from the
median size variation shown in Figure 8.4 for this shear stress. From this curve, we can
see that the distributions were becoming progressively coarser starting from a median
size of 30 µm to a final steady state size of about 55 µm. As the bed shear stress
was further increased, the floc sizes decreased as shown by the curve corresponding
to the bed shear stress of 0.213 N/m2. At this shear stress, the increased turbulence
has limited the floc growth and hence the maximum size of the floc formed was only
about 45 µm.

The size distribution data shown in Figure 8.4 have demonstrated that the sediment
from the stormwater detention pond undergoes flocculation when subjected to the
flow field in the rotating circular flume. For formulating the flocculation model,
Krishnappan and Marsalek15 selected three tests among the five deposition tests and
the concentration and the size distribution data collected from these three tests were
used to calibrate and verify the model.

8.4 MATHEMATICAL MODEL

The mathematical model considers the motion of sediment particles in the rotating
circular flume in two stages: a transport or a settling stage and a flocculation stage.
The settling stage is modeled using an unsteady advection–diffusion equation. For
flow conditions that exist in the rotating flume, the equation can be simplified to a
one dimensional form as follows:

∂Ck

∂t
+ wk

∂Ck

∂z
= ∂

∂z

(
D
∂Ck

∂z

)
(8.1)

where Ck is the volumetric concentration of sediment of the kth size fraction and
wk is the fall velocity of the same fraction. D is the turbulent diffusion coefficient in
the vertical direction; t is time and z is the vertical distance from the water surface.
This equation was solved using a finite difference scheme proposed by Stone and
Brian,18 which minimizes the numerical dispersion. The boundary conditions spe-
cified for solving the equation are, (a) no net flux at the water surface and (b) the net
upward flux at the sediment water interface is calculated as the difference between
the erosion flux and the deposition flux. A uniform concentration of sediment over
the water column was used as the initial condition for the model.

The flocculation stage was modeled using a coagulation equation shown in the
following equation:

∂N(i, t)

∂t
= −βN(i, t)

∞∑

j=1

K(i, j)N( j, t)+ 1

2
β

∞∑

j=1

K(i − j, j)N(i − j, t)N( j, t) (8.2)

This equation expresses the number–concentration balance of particles undergoing
flocculation as a result of collisions among particles. The terms N(i, t) and N( j, t)
are number concentrations of particles in size classes i and j, respectively at time t;
K(i, j) is the collision frequency function, which is a measure of the probability that
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a particle of size i collides with a particle of size j in unit time, and β is the collision
efficiency, which defines the probability that a pair of collided particles coalesce and
form a new particle. The collision efficiency parameter β accounts for the coagulation
properties of the sediment–water mixture. This includes the bacterial bond and the
bacterial “glue” referred to earlier.

The first term on the right-hand side of Equation (8.2) gives the reduction in the
number of particles of size class i by the flocculation of particles in class i and all
other size class particles. The second term gives the generation of new particles in
size class i by the flocculation of particles in smaller size classes. In this process, it is
assumed that the mass of the sediment particles is conserved.

Equation (8.2) was solved after simplifying it into a discrete form by considering
the particle size space in discrete size ranges. Each range was considered as a bin
containing particles of certain size range. The size ranges in various bins were selected
in such a way that the mean volume of particles in bin i is twice that of the preceding
bin. When the particles of bin i flocculate with particles of bin j ( j < i), the newly
formed particles will fit into bins i and i + 1. The proportion of particles going to
bins i and i+ 1 is calculated by considering the mass of the particles before and after
flocculation.

The collision frequency function, K(i, j) assumes different functional forms
depending on the type of the collision mechanism considered. The collision mechan-
isms that were considered in the model were: (a) Brownian motion (Kb); (b) turbulent
fluid shear (Ksh); (c) inertia of particles in turbulent flows (KI); and (d) differential set-
tling of particles (Kds). An effective collision frequency function Kef was calculated
in terms of the individual collision functions as follows:

Kef = Kb +
√
(K2

sh + K2
I + K2

ds) (8.3)

The geometric addition in Equation (8.3) above is necessary because of the geo-
metric addition of velocity vectors involved in the last three collision frequency
functions (Huebsh).19

The collision frequency functions for the different collision mechanisms con-
sidered assume the following functional forms (Valioulis and List20):

Kb(ri, rj) = 2

3

kT

µ

(ri + rj)
2

rirj
(8.4)

Ksh(ri, rj) = 4

3

( ε
ν

)0.5
(ri + rj)

3 (8.5)

KI(ri, rj) = 1.21
ρf

ρ

(
ε3

ν5

)0.25

(ri + rj)
2abs(r2

i − r2
j ) (8.6)
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Kds(ri, rj) = 2

9

πg

ν

(
ρf − ρ
ρ

)
(ri + rj)

2abs(r2
i − r2

j ) (8.7)

In the above equations, k is the Boltzmann constant, T is the absolute temperature
in Kelvin, µ is the absolute viscosity of the fluid, ν is the kinematic viscosity of the
fluid, ε is the turbulent energy dissipation rate per unit mass, ρ and ρf are densities
of fluid and sediment flocs, respectively, and g is the acceleration due to gravity.

8.5 APPLICATION OF THE MODEL TO THE
LABORATORY DATA

The result from the deposition experiment with the highest bed shear stress of 0.324 Pa
(Test No 1) was chosen for calibrating the model. The other two tests with bed shear
stresses of 0.213 Pa (Test No 2) and 0.121 Pa (Test No 3) were used as verification tests.
The input parameters for the settling stage of the model include, settling velocity of the
sediment flocs, the turbulent diffusion coefficient, and deposition and erosion fluxes
of the sediment at the sediment water interface. For the flocculation stage, additional
input parameters needed are: (a) the collision efficiency parameter; (b) the collision
frequency functions; and (c) a model for the growth-limiting effect of turbulence. A
discussion of the various input parameters and their assigned values are given in the
following section.

8.5.1 INPUT PARAMETERS

8.5.1.1 Settling Velocity of the Flocs, wk

Settling velocity of the flocs is calculated in the model using the Stokes’ Law and a size
dependent density relationship developed by Lau and Krishnappan.21 Accordingly,
the expression for the settling velocity becomes:

wk = (1.65/18) exp(−adb
k )gd2

k /ν (8.8)

where wk is the settling velocity of the kth fraction and dk is the size of the sediment
floc. The parameters a and b are empirical coefficients that need to be determined as
part of the calibration process.

8.5.1.2 Turbulent Diffusion Coefficient, D

The turbulent diffusion coefficient, D was assumed to be equal to the momentum
diffusivity, which was obtained by simulating the flow characteristics of the rotating
flume using the PHOENICS model.22 The PHOENICS model is a three-dimensional
turbulent flow model and it employs the k − ε turbulence model to close the system
of equations. A depth averaged value of D was calculated from the three-dimensional
prediction of the turbulent eddy viscosity.
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8.5.1.3 Deposition Flux, Fd

Deposition flux at the sediment water interface was calculated using the Krone’s
equation as follows:

Fd = pwkCk (8.9)

In this equation, p is the probability that a sediment floc reaching the bed stays at the
bed. This probability is related to the bed shear stress and the critical shear stress for
deposition, which is defined as the shear stress above which none of the sediment in
suspension would deposit. The equation for p takes the following form:

p =
(

1− τ

τcrd

)
(8.10)

where τ is the bed shear stress and τcrd is the critical shear stress for deposition. The
bed shear stress corresponding to the high speed operation of the flume was taken as
the critical shear stress for deposition for the current application of the model. It is
possible to measure the critical shear stress for deposition precisely by successively
lowering the shear stress until the deposition of the sediment begins.

8.5.1.4 Erosion Flux, Fe

The erosion flux Fe is taken as zero. This is in accordance with the recent finding of
Winterwerp,23 who argued that the equation of Krone can be interpreted as a combined
erosion–deposition formula for erosion-limited conditions. Considering the erosion
flux, while using the Krone’s equation for deposition is equivalent to considering the
erosion flux twice.

8.5.1.5 Collision Efficiency Parameter, β

As indicated earlier, the collision efficiency parameter accounts for the different
coagulation mechanisms that are present in the freshwater flocculation process. Here,
the parameter is treated as a calibration factor and was determined as part of the
calibration process. If this parameter is determined through calibration as it has been
done here, then the model can also be used for saltwater flocculation.

8.5.1.6 Collision Frequency Functions Kb, Ksh, KI, Kds

The collision frequency functions given by Equations (8.4) to (8.7) were determined
for flows in the rotating flume using the dissipation rate of kinetic energy of turbulence
ε given by the PHOENICS’ model simulations.

8.5.1.7 Model for the Growth-Limiting Effect of Turbulence

The growth-limiting effect of turbulence was modeled using the scheme proposed
by Tambo and Watanabe.24 According to their scheme, a collision–agglomeration
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function was used as a multiplier for the collision-frequency function to produce
an effective collision frequency that produced an optimum floc size distribution for
the given turbulence level. The collision–agglomeration function recommended by
Tambo and Watanabe24 is as follows:

αR = α0

(
1− R

S + 1

)n

(8.11)

where R is the number of primary particles contained in a floc under consideration
and S is the number of primary particles contained in the maximum floc for the given
turbulence level. The parameters α0 and n assumed values of 1

3 and 6, respectively, as
recommended by Tambo and Watanabe.24 This approach is an indirect way in which
the breakup of particles during collision is handled.

8.6 COMPARISION OF MODEL PREDICTIONS WITH
THE MEASURED DATA

Comparison of model predictions of suspended sediment concentration with the meas-
ured data is shown in Figure 8.5. The test with the highest shear stress was used as
the calibration test and the calibration coefficients a, b, and β were determined by
matching the predicted concentration vs. time curve and the size distribution pro-
files with the measured data. The calibration was carried out using a trial and error
approach. The starting values for the coefficients a and b were obtained from Lau and
Krishnappan,21 and a range of values were tried for β. The predicted size distribu-
tions were then compared with the measured distributions and a value of β that gave a
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FIGURE 8.5 Comparison between model predictions and measured concentration vs. time
curves.
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reasonable match was chosen. Then, using this β value, the coefficients a and b were
adjusted until the predicted concentration vs. time curve matched reasonably well
with the measured curve. The procedure was repeated, and within a few iterations,
all three coefficients were estimated. The calibrated values of these parameters were
found to be a = 0.02, b = 1.45, and β = 0.075. The predicted concentration vs.
time curves for the other two tests were produced using these calibrated values. From
the comparison in Figure 8.5, we can see that the predicted concentration variation
agrees reasonably well with the measured data for all the three tests.

Comparison of the predicted size distribution data with the measurement is shown
in Figure 8.6 to Figure 8.9 for Test No 1 and in Figure 8.10 to Figure 8.13 for Test
No 2 for various elapsed times. These figures show that the agreement between the
model predictions and the measurement is reasonable for the size distribution data as
well. The comparison carried out for Test No 3 is not shown here as it was similar to
the other two tests.

Reasonable agreement between the model predictions of concentration vs. time
curves and the size distribution of the flocs in suspension at various elapsed times
imply that the model is capable of predicting the settling and flocculation process of
the Kingston pond sediment in the rotating circular flume. For predicting the sediment
behavior in the actual pond, the flocculation and the settling components of the model
can be used in conjunction with a hydrodynamic model that is capable of predicting
the flow conditions in the pond. Plans are underway to initiate such a study in a
number of stormwater detention ponds in Ontario, Canada.
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FIGURE 8.6 Comparison of size distributions for Test No 1 at elapsed time of 30 min.
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FIGURE 8.8 Comparison of size distributions for Test No 1 at an elapsed time of 60 min.
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FIGURE 8.9 Comparison of size distributions for Test No 1 at an elapsed time of 110 min.
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FIGURE 8.10 Comparison of size distributions for Test No 2 at an elapsed time of 30 min.
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FIGURE 8.11 Comparison of size distributions for Test No 2 at an elapsed time of 55 min.
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FIGURE 8.12 Comparison of size distributions for Test No 2 at an elapsed time of 72 min.
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FIGURE 8.13 Comparison of size distributions for Test No 2 at an elapsed time of 106 min.

Even though the development of the model was based on the behavior of specific
stormwater detention pond sediment, it has the potential for application for sediment
from other freshwater systems as well. For example, the present model was applied
to predict the behavior of sediment from the Hay River near the town of Hay River
in Northwest Territories in the rotating flume. The details of this study can be found
in Krishnappan and Milburn.25 The study showed that the model performed equally
well for the Hay River sediment, and yielded a different set of calibration parameters.
The model, therefore, can become a useful tool for testing sediments from differ-
ent environments to gain a better understanding of the flocculation mechanisms and
the role of bulk properties of the system that are responsible for the flocculation of
sediment in freshwater systems.

8.7 SUMMARY AND CONCLUSIONS

A model to predict the settling and flocculation of sediment from a stormwater deten-
tion pond was proposed. The model was applied to the rotating flume experiments
in which the deposition characteristics of the pond sediment were measured. The
deposition experiments carried out in the rotating flume showed that the pond sedi-
ment underwent flocculation when subjected to the flow field in the flume. The shear
stress producing flocculation has to exceed certain critical level. The experiments also
demonstrated the growth-limiting character of turbulence at high bed shear stresses.
The formulated model was calibrated and tested using the data from the rotating

Copyright 2005 by CRC Press



“L1615_C008” — 2004/11/19 — 02:48 — page 186 — #16

186 Flocculation in Natural and Engineered Environmental Systems

flume experiments. The model predictions of concentration and size distribution as a
function of time, agreed reasonably well with the measured data. The model has the
potential to be used as a management and research tool for assessing the flocculation
and transport of fine sediments in freshwater systems.
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NOMENCLATURE

a Empirical coefficient
b Empirical coefficient
C Volumetric concentration of sediment [Dimensionless]
D Turbulent diffusion coefficient [m2/s]
F Sediment flux [m3/m2s]
g Acceleration due to gravity [m/s2]
i Sediment size class notation
j Sediment size class notation
K Collision frequency function
N Number concentration [number/m3]
p Probability [Dimensionless]
R Number of primary particles in a floc [number]
S Number of primary particles in the biggest floc [number]
r Radius of sediment particles [m]
T Temperature [degree Kelvin]
t Time axis [s]
w Settling velocity [m/s]
z Vertical distance axis [m]
αR Collision–agglomeration function of Tambo and Watanabe21

α0 Parameter
α0 Collision efficiency parameter
ε Turbulent energy dissipation rate
µ Absolute viscosity of the fluid
ν Kinematic viscosity of the fluid
ρ Density
τ Shear stress
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Subscripts

b Pertains to Brownian motion
ds Pertains to differential settling
ef Pertains to an effective value
I Pertains to inertia
k Pertains to size class of sediment
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9.1 INTRODUCTION

Particles are the vehicles of vertical transport of material in aquatic systems. Large,
heterogeneous aggregates can sink through the water column at rates of 10 to 100 m per
day carrying with them carbon, nutrients, and trace metals.1 In the open ocean, sinking
particles carry carbon (e.g., in the form of phytoplankton, detritus, and mucilage) from
the surface waters to the sediments, thereby playing an important role in the global
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carbon cycle.2 These particles also carry nutrients, which help support food webs in
the mid-depths and benthos.3 In estuarine and coastal systems, terrigenous particles
settle out of the water column removing clays and a large and variable amount of
trace elements. In rivers, large quantities of suspended material are transported in
the form of nanoparticles.4 Nanoscale particles of Fe and Mn are also formed at
oxic/anoxic transitions in aquatic systems.5–7 Aggregation and subsequent settling of
particulate material is a crucial step in many industrial processes such as those used
in water treatment plants.8 This removal process, whose efficiency depends on the
presence of some principal components, that is, fibrillar microbial exudates, humic-
type material, and mineral matter,9,10 as well as environmental conditions, that is, pH
and ionic strength, is depicted in Figure 9.1.

Particulate material in aquatic systems covers a range of sizes greater than a
million-fold, from nanoscale colloidal particles to millimeter-sized flocs.1,9,11–14

Particle size distributions in marine environments tend to follow a power-law
distribution.15–19 Large particles (>100 µm) are relatively rare and represent the
dominant agent of sedimentation. For example, for aggregates with equivalent spher-
ical diameters >1.5 mm, numbers of 4 to 40 aggregates/l, peaking at the euphotic
zone and in mid-depth and near-bottom nepheloid layers, have been reported for
the Middle Atlantic Bight.20 Aggregate peak concentration regions coincided with
strong 234Th deficiencies in the water column, demonstrating their high efficiency for
scavenging particles and particle-reactive elements.20 Sediment trap data and in situ
camera observations21–23 indicate that marine particles settle as large, heterogeneous
aggregates, such as marine snow (Figure 9.2). The sinking rate of an aggregate is a
function of its size, composition, and structure. Dense, compact particles (e.g., fecal
pellets) sink faster than larger, porous marine snow particles. Differences in the tim-
ing between peaks in surface particle concentrations and peaks detected by sediment
traps throughout the water column indicate that these aggregates can have settling
velocities of 50 to 100 m per day or more.24–26

Colloidal particles (operationally defined in environmental aquatic chemistry
as microparticles and macromolecules with sizes between about 1 µm and 1 nm)

Fibrils (TEP)
Trace metal/pollutant

Aggregation

Inorganic colloids

Sinking
Sinking

FIGURE 9.1 Diagram representing the major routes of the formation of large-scale aggregates
from the aggregation of fibrils and colloidal particles.
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FIGURE 9.2 Marine snow. Clear organic matrix that enmeshes fecal pellets and smaller
biomolecules.11

dominate the particle number density and surface area. Ultrafiltration measurements27

revealed typical concentrations of colloidal organic carbon (COC) in oceanic surface
waters with sizes between about 1 nm (1 kDa) and<0.2 µm, of about 30 to 40 µM-C
(about 1 mg, organic matter/l), COC>3 kDa about 11 µM, and COC> 10 kDa about
3 µM. If marine colloids are present as spherical particles, the average molecular
weight of COC > 1 kDa in marine environments would be about 2 to 3 kDa. This
should give an average particle number density in surface ocean water of 1014 to
1015 nanoparticles per milliliter. However, Wells and Goldberg28,29 reported number
densities of at most 109 per milliliter of spherical nanoparticles they called “Koike”
particles, a concentration that is similar to that in ground water where colloid con-
centrations are in the range of a few micrograms per liter.30 This large discrepancy
between expected and measured colloids concentration in marine environments indic-
ates that (1) the majority of the colloidal fraction was undetected by Wells and
Goldberg,12,28,29 which is likely, since the colloids were not stained for transmission
electron microscopy (TEM); (2) the assumption of spherical shape for calculating the
average molecular weight is incorrect; this is likely, since many biomolecules are not
spherical but fibrillar; (3) colloids are present as aggregates.

Colloids are indeed present as aggregates, since recent observations of colloidal
particles using TEM31 and atomic force microscopy (AFM)14,32 have revealed that
an important fraction of colloidal organic matter (COM) in aquatic systems is present
as nanoscale fibrils that also contain smaller molecules assembled like pearls on
a necklace (Figure 9.3). These fibrils are acid-polysaccharide rich, have diameters
of 1 to 3 nm and can be missed by standard fractionation techniques.14,31 Fibrils
have estimated molecular weights between 105 and 106 kDa and yet, because of their
shape, they are able to pass through a 10 kDa filter.14 Wells and Goldberg12 did not use
state-of-the-art preparatory and staining techniques for electron microscopy imaging
and, therefore, were not able to document existing colloids in a representative manner.
Santschi et al.,14 Leppard et al.,33 and Wilkinson et al.32 used state-of-the-art electron
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FIGURE 9.3 Transmission Electron Microscopy (TEM) and Atomic Force Microscopy
(AFM) micrographs of nanoscale fibrils in aquatic systems. (a) TEM whole mount speci-
men showing the interconnections between fibrils and nanoscale particles from the Middle
Atlantic Bight (courtesy of K. Wilkinson; scale bar= 500 nm). (b) AFM image of fibrils
and small nano-colloids from the Middle Atlantic Bight, with an architecture like pearls on
a necklace.14 (c) A specimen collected by centrifugation from a freshwater lake, Paul Lake
(MI), imaged by TEM, showing fibrils rendered electron dense by the attachment of nanoscale
globules of natural iron oxide (scale bar: 500 nm)6; (d) natural hydrous iron oxide aggregates
found between 6.5 and 7.5 m in the water column of Paul Lake, where particulate Fe shows
a maximum, and below which [Fe2+] is increasing in concentration (scale bar = 1 µm).6

The TEM micrographs in (d) display intimate mixtures of organic fibrils naturally stained by
natural iron oxides. The EPS spectrum shown in (e) of these mixtures shown in (d) displays
some Fe–Pb elemental association. The Cu peak originates from the TEM grid.
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and atomic force microscopy techniques to document the various forms, shapes,
and architectures of marine and freshwater colloids from different environments.
For the first time, polysaccharide-rich fibrils of recent (determined by radiocarbon
analysis; ref. [14]) origin were documented to make up a significant fraction of all
colloidal sized nanoparticles (Figure 9.3). It is also important to realize that these
fibrillar extracellular polymeric substances (EPS) molecules are much more abundant
in the≤0.5 µm “dissolved” than in the≥0.5 µm particulate fraction. This is due to the
approximately two orders of magnitude higher concentration of DOC than POC in the
ocean, and the relative abundances of total and acid polysaccharides (APSs) that are
similar in the two size fractions of organic carbon.34 Being able to accurately detect
these nanoparticles is important because, although they are too small to settle out of
the water column at appreciable rates, they do aggregate and are capable of forming
the matrix for the formation of larger aggregates that can settle faster.35,36 However,
so far no quantitative estimate exists of their number concentration in marine systems.

Transparent exopolymer particles (TEP, Figure 9.2 and Figure 9.3) form an
important component of aggregates in natural waters.37–41 These particles are natural
exudates from marine algae and bacteria.42 They consist of surface active polysac-
charides rich in acidic functional groups43,44 and are formed from the aggregation
of nanoscale fibrils.45,46 Recent results, however, indicate that only a small fraction
of the total carbohydrate content of marine suspended and sinking matter consists
of surface-active acid polysaccharide compounds, with total uronic acids making up
about 7% (0.2% to 2% of POC), and total acid polysaccharides about 11% of the total
carbohydrate, or about 1% of the POC content.34,47,48 Thus, it appears that, much like
small amounts of glue needed to hold man-made materials together, surface-active
substances that provide the stickiness of the TEP do not have to be in high abundance
to be effective.

TEPs have a high stickiness and their presence has been shown to stimulate
aggregation amongst phytoplankton cells.43 As a matter of fact, times of highest
particulate organic carbon export from the ocean coincide with times of large phyto-
plankton blooms, diatoms in particular,49 which are strong TEP producers as well
as providers of “mineral ballast,” enhancing density and settling velocity of sink-
ing particle aggregates. This relationship was documented by a close relationship
between diatom pigments (fucoxanthin) and 234Th-derived POC flux from the sur-
face ocean,49,50 producing a higher efficiency of the “biological pump” (i.e., ratio
of POC flux to primary production). In addition to phytoplankton species, bacteria
also produce abundant acidic polysaccharide-rich compounds,31,42,51 especially when
attached to particles as a “micro-biofilm.” Indeed, significant relationships between
APS concentrations and heterotrophic bacterial production (BP), and 234Th/POC
ratios and BP were recently demonstrated by Santschi et al.,47 which strongly sug-
gest microbial involvement through production of Th(IV)-binding APS compounds,
while their enzymatic activities can produce smaller but more stable filter-passing
Th(IV)-binding fragments.

Macromolecular COM, a result of exopolymer formation by algae and bacteria,
makes up 30% to 40% of conventionally defined dissolved organic matter.27,52–54

The aggregation of fibrils and other biopolymers, with an architecture like pearls
on a necklace (Figure 9.3), into rapidly sinking marine snow provides an important
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pathway for the removal of DOM and associated metals and radionuclides55,56 from
surface waters (Figure 9.1).

This important transport system is not, however, well understood. A promising
research direction is suggested by potential gaps in conventional aggregation models.
These models predict lower coagulation rates than those observed in nature. It has
been suggested by Hill57 that one could reconcile the model results with observations
if there existed a background distribution of particles, and by Alldredge and others that
this background distribution can be accounted for by TEP (Figure 9.2 and Figure 9.3).
Therefore, it would be important to characterize the hitherto neglected nanoscale
components of heterogeneous aquatic aggregates and integrate these components
into aggregation models, so that the models will be able to account for observed
coagulation rates.

It is of great interest to aquatic scientists to better understand the processes by
which components of these aggregates scavenge metals and pollutants and thereby
endow the assembled aggregates with their pollutant-clearing properties. Suspended
particles can scavenge trace metals, providing an efficient mechanism for removing
chemicals from solution.5,6,58–61 Colloidal particles dominate the particulate surface
area distribution, making them excellent at scavenging chemicals from the bulk water.
In particular, metal oxides have been observed to coat fibrils (Figure 9.3c,d). So, to
understand the removal of trace metals from solution requires understanding the prop-
erties and dynamics of both the dissolved species and the properties of the particles
that scavenge them.

Extracellular polymeric substances (EPS) in specific marine or freshwater envir-
onments are known to initiate or modify precipitation of MnO2 and FeOOH,62 SiO2,63

CaCO3,64 and uptake of different trace metals.56 Thus, the organic template can be
important for mineral formation in the ocean. These exopolymers are part of the
marine DOC pool and have a modern radiocarbon age,14 as compared to the bulk
of the DOC. Microbially produced APS-rich compounds do not only have chelating
properties for trace metals,31 but also emulsifying properties through a protein trace
component, with the hydrophilic polysaccharide chains providing protective layers
that confer effective steric stabilization over time.65

In activated sludge flocs, EPS have been shown to be important for establishing
the floc pore structure,8 whereby their relative composition can govern floc surface
properties and bioflocculation.66,67 For example, the ratios of protein to total carbo-
hydrates, hydrophobicity and surface charge are a function of EPS composition at the
floc/water interface, and thus are important parameters for predicting the extent of
bioflocculation.66–68 Bacterial hydrophobicity appears to be a good overall parameter
for predicting the adhesion potential of their EPS to soil particles.69

9.2 THE STRUCTURE AND PROPERTIES OF FIBRILS

Aggregates in natural waters are composed of a disparate mixture of material: clay
particles, fulvics, fecal material, phytoplankton, extracellular polysaccharides, etc.1

The essential ingredient of floc structure is a matrix composed mainly from struc-
tural polysaccharides and peptidoglycans derived from cell exudates.31,70,71 These
molecules form nanoscale fibrillar structures, which can be identified in a variety of
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aquatic environments.8,14,31,33,72 These polysaccharide-rich fibrils form 30% of the
organic material in freshwaters9,70 and up to 60% in marine systems.14,73 Fibrils are
distinct from terrestrially derived humic substances which account for the largest frac-
tion (40% to 80%) of organic material in freshwater systems70 and which typically
behave as small nanoscale spherical particles.74–76

Early work on fibrils31 using transmission electron microscopy (TEM) showed
that, in the presence of phytoplankton and bacteria, a large fraction of autochthonous
organic material is composed of fibrillar particles rich in acid polysaccharides. These
fibrillar particles have been shown to stimulate aggregation (see ref. [31] for a review)
and to scavenge colloidal particles.10 These fibrils have been found linked with iron
particles (Figure 9.3c,d) in both freshwater systems and batch reactors, leading to the
suggestion that fibrils can act as nucleation centers during oxidation reactions.6

Properties of an aggregate, such as its settling speed, are dependent on its archi-
tecture. Aggregates typically possess a fractal structure.77–79 For example, Alldredge
and Gotschalk,80 demonstrated that marine snow aggregates settle with a velocity, v,
proportional to d0.26 rather than the Stokes relationship of d2, where d is the diameter
(Figure 9.4).

The relationship between mass (M) and size (L) of an aggregate is M = aLD,
where a is a constant and D is the fractal dimension of the aggregate. Aggregates which
preserve volume upon collision have D = 3; aggregates with D < 3 are more porous
and have a density which decreases as aggregate size increases.80 Fractal dimensions
have been measured for aggregates in aquatic systems; in marine systems, D ranges
between 1.3 and 2.3.19,81–84 In lacustrine systems, fractal dimensions range between
1.19 and 1.69,81,85,86 and in engineered systems from 1.4 to about 2.0 (see ref. [87],
and references therein). In general, for loose flocs, fractal dimensions are in the 1.7
to 1.8 range, and for more compact aggregates, they are of the order of 2.3 to 2.5.88,89

After addition of small amounts (1 wt%) of cationic polymers, fractal dimensions
of aggregates in dewatered sludges from a waste water treatment plant decreased
from 2.2 to 1.75, amounting to a 2.5-fold decrease in density and a large increase in
permeability.90
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FIGURE 9.4 Relationship between settling velocity (v) and diameter for marine snow
aggregates.80
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Both fractal dimension and aggregate composition affect sinking rate. Aggregates
with lower fractal dimensions are more porous and settle at slower rates than those
with higher values. Engel and Schartau91 have shown that aggregates with a greater
proportion of TEP have lower sinking velocities and a less pronounced size-versus
velocity relationship indicating that the amount of TEP affects the architecture of the
aggregate, possibly decreasing its fractal dimension. It would therefore be important
to investigate the role of TEP in determining aggregate architecture, through structural
and modeling studies.

9.3 MECHANISMS AND MODELS OF COLLOIDAL
AGGREGATION AND SCAVENGING

Scavenging of pollutants and trace metals depends upon the size spectrum of the
particulate material. Large particles (e.g., greater than 50 µm), although relatively
scarce, dominate the vertical flux because of their mass and large sinking velocity.
On the other hand, colloidal particles dominate the particle number concentration
and adsorption kinetics. Particle aggregation and disaggregation provide physical
mechanisms linking these two particle sizes — this is demonstrated in the Brownian
Pumping model92–96 where trace metals are absorbed onto colloidal particles, which
subsequently aggregate thereby incorporating the trace metals into larger particles.
Scavenging and transport of materials, therefore, depend upon both the kinetics of
aggregation and adsorption, resulting in a particle concentration dependence of kinetic
constants of metal transfer to particles with broken exponents.92,94,95

Two types of mechanism contribute to the formation of aggregates: particle colli-
sion and adhesion. The classical theory of particle collisions is well developed, at least
for particles of a simple shape.35,57,97,98 The physical processes that bring particles
together (Brownian motion, shear, differential sedimentation) are well described and
hydrodynamic forces that can alter collision efficiencies can be taken into account.57,97

Simple models assume that a single physical collision process operates in a given
particle size range, but observations and more sophisticated models suggest that
this is not the case.99–101 However, on the whole, size distributions calculated from
aggregation models agree favorably with observed particle size distributions.102

The probability that two particles will adhere once they have collided is less well
understood. Traditionally, the DLVO (Derjaguin, Landau, Verwey, and Overbeek)
theory has been used where the electrostatic and van der Waals forces between the
two particles (and their environment) are evaluated to determine if the overall force is
attractive or repulsive.103 A coupling of statistical-based particle aggregation models
with DLVO theory gives a good representation of the formation of aggregates com-
prised of inorganic particles.103,104 However, it has recently become apparent that such
a model cannot fully describe colloidal interactions between abiotic and biotic col-
loids in aquatic systems.105 This is particularly important since biologically produced
transparent exopolymer particles (TEP) are thought to form the matrix around which
larger aggregates form.43,45,71 Indeed, steric forces may determine exopolymer inter-
actions in seawater.106 In addition, hydrophobic interactions and Brownian movement
forces may also be important in particle adhesion involving bacterial exopolymers.107
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New experiments and models are needed to improve our understanding of exopolymer
interactions, and hence our ability to predict the stickiness of aquatic particles under
various environmental conditions.

In many aggregation models, particularly those used to model aggregation
between a broad range of heterogeneous particles, adhesion is usually described
using a single, constant stickiness coefficient, α. When α = 1, all collisions result
in attachment. This produces aggregates that have open, highly porous structures
because small particles will have a low probability of diffusing to the central regions
of a larger aggregate before colliding with, and adhering to, some part of it. Small
values of the stickiness coefficient result in more compact, less porous aggregates.
Because of these structural differences, the value of the stickiness coefficient should
affect the sinking velocity of the particle since this depends on the particle’s excess
density, and hence porosity. Indeed, Engel108 has shown that increased TEP con-
centrations enhance the stickiness coefficient during a diatom bloom. In addition,
Engel and Schartau91 have shown that particles with higher specific TEP content
have lower settling velocities and a less pronounced variation of settling velocity with
particle size. This indicates that the presence of biologically produced polymers can
affect the fundamental structure and physical properties of large-scale macroparticles,
specifically their porosity or fractal dimension and settling velocity.

Stickiness (α) is a function of many factors including pH, ionic strength, etc.
Using a combination of models and observational data, Mari and Burd41 estimated
the stickiness between TEP particles as being 0.6, and that between TEP and non-TEP
particles as being lower at 0.3. Using radio-labeled colloidal organic matter, which
was passed through silica columns, Quigley et al.55 determined a slightly higher
stickiness factor of 0.88 for the polysaccharide enriched fraction (containing mostly
fibrils) vs. 0.7 for the bulk fraction. These estimates indicate that TEP concentration is
important for determining the structure of aquatic particles; however, they are rarely
included explicitly in models.

Simulations of particle aggregation in aquatic systems have usually been restric-
ted to considering aggregates composed of homogeneous primary particles, usually
spheres. In these simulations, all aggregates are assumed to have the same fractal
dimension regardless of their size. Aggregation dynamics proceeds by the standard
Smoluchowsi model.97 These models have successfully incorporated particle sizes
ranging from 1 nm to 1µm and have been used to examine the scavenging of thorium
from surface oceanic waters.96 These models indicate the importance of particle size
in determining the adsorption rate of trace metals.

In reality, environmental aggregates are highly heterogeneous.1,11 The structure
and physical properties of aggregates formed from monomers of different sizes differ
from those formed from monomers of a single size.109 More sophisticated models that
can include different particle types (e.g., phytoplankton and fecal pellets) have been
developed110,111 and indicate the importance of particle aggregation for understanding
the vertical flux of material from the ocean surface.

A different modeling approach has used combinations of small spherical particles
and polymer chains — bridging flocculation,112–114 shown in Figure 9.5. The structure
of polymer chains varies with environmental conditions such as pH, and both aggrega-
tion kinetics and aggregate structure depend upon the concentration and conformation
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(a) (b)

FIGURE 9.5 The effect of the relative concentration of chains and particles on aggregate
structure: (a) 20 chains, (c) 40 chains. Aggregates have a structure similar to that arising from
cluster–cluster aggregation when the relative concentration of chains is low. For high chain
concentration, the aggregate has a network structure. (Taken from ref. [113].)

of these chains. Constant, prescribed stickiness coefficients were used, though dif-
ferent values were chosen for chain–chain interactions, particle–particle interactions,
and chain–particle interactions. The resulting simulations indicate that polymer chain
fractal dimension and the relative concentration of particles and chains are important
in determining the rate of aggregate formation. Interestingly, this work also indicates
that bridging flocculation can be described using simple scaling laws.

Looking into the future, full molecular dynamics simulations of large polysac-
charides in aqueous environments may soon be feasible. This is a computationally
difficult problem because polysaccharides contain a large number of flexible and polar
hydroxyl (neutral sugars) and carboxyl or sulfate (acidic sugars) groups. These can
form hydrogen bonds not only between molecules but also between groups in the
same molecule. Improved models of the force fields for carbohydrates115,116 bring
closer the possibility of molecular dynamics models of acid polysaccharides.

9.4 UNRESOLVED QUESTIONS

9.4.1 HOW DOES THE PRESENCE OF METALS AFFECT THE
PROPERTIES OF FIBRILS?

Metal oxide precipitates have been found coating fibrillar material in aquatic
systems5–7 and Ca ions are known to form “egg-box” structures with alginic acids.42

Whether metal ions are preferentially scavenged from the water column by fibrils, and
how metal binding influences fibril conformation and interaction both with inorganic
colloids and other fibrils is generally not known. It is likely that metal–fibril and fibril–
inorganic–colloids interactions will render the electrical and chemical properties of
the fibrils similar to those of the metal oxides. However, the association of metal
ions with fibrils is expected to alter their aggregation characteristics and stickiness
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factors. In addition, the presence of inorganic colloids would, in general, accelerate
floc formation.

Currently, there are no experimental values for stickiness between natural
inorganic colloids and organic chains, and no quantitative information about interac-
tions between metals and natural biopolymers. Reported values for stickiness factors
of inorganic colloids in freshwater are as low as 10−3 to 10−2.117 Fibrils will have dif-
ferent stickiness properties depending on their chemical composition and nanoscale
structure. Stickiness will also almost certainly vary according to the concentration of
metals such as Fe and Mn oxide colloidal particles as these will bind to the fibrils and
affect the surface charge distribution. Metals are likely to bind at specific sites on the
fibrils and can consequently alter the fibril conformation.

9.4.2 HOW DOES THE PRESENCE OR ABSENCE OF FIBRILS AFFECT
PARTICLE FORMATION AND PARTICLE AGGREGATION RATES?

Colloid formation and particle aggregation rates are determined by the rates at which
components are brought together (e.g., by Brownian diffusion, turbulent shear) and
the probability that they will adhere once they have collided. In almost all models
of aggregation in aquatic environments, interparticle adhesion is represented by a
single parameter, the stickiness coefficient. It is likely that interparticle interactions
depend significantly on the physical and chemical properties of fibrils and thus are
crucial for predicting rates of particle aggregation. One example is the presence of
covalently bound proteins in acid polysaccharidic hydrocolloids,65 or their general
hydrophobicity,69 which determine the degree of stickiness. Furthermore, the pres-
ence of metal nucleation sites on fibrils likely alters the dynamics of inorganic colloid
formation and, hence, the structure and function of the inorganic colloid fraction.

9.4.3 WHAT ROLE DO NANOSCALE FIBRILS PLAY IN DETERMINING
THE STRUCTURE OF LARGER SCALE AGGREGATES?

Typically, models of particle aggregation in aquatic systems use only a single
monomer, which is regarded as being a spherical particle. Recent simulations by
Stoll and Buffle112,113 have incorporated a mixture of polymer chains and spherical
monomer particles. Different proportions of polymer chains and spherical monomers
result in different fractal dimensions for the resulting aggregates. These simulations
used constant stickiness factors for different interactions, whereas, in reality, the
stickiness will change with the environment. A combination of computer simula-
tions and Small Angle X-ray Spectroscopy (SAXS) experiments would be needed to
examine how fibril properties influence the properties (such as the fractal nature of
the assemblage) of aggregates.

Theoretical models of fibrils need to be improved. While the heterogeneous com-
position of fibrils and their high molecular weight poses challenges for detailed
molecular modeling, techniques for simulating sections of polysaccharide models
are available118; models of solvated proteins have also been constructed.119 Fibrils
and their dynamics can be represented using relatively simple models, such as the
“pearls-on-a-necklace” (Figure 9.3 and Figure 9.4) construction112,113 or using the
optimized Rouse–Zimm theory.120 Simulations need to be performed using both
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rigid and flexible chains and charge distributions estimated through a combination of
experimental data and modeling — for example, using the Macro Model modeling
system.121 Similar approaches have been used elsewhere.120,122,123 These models
will make use of persistence-length measurements from AFM,75,76 the coordination
environment of metals attached to the fibrils from the x-ray Absorption Near Edge
Structure (XANES) measurements, as well as charge and structural characteristics
from scattering experiments.

Fibril properties (e.g., hydrodynamic radii, adhesion forces) change with the pH
and ionic strength of the bulk medium.124 In these simulations, the bulk medium
can be represented as a dielectric medium entering the model through its dielectric
permittivity.125 Changes in salinity, pH, and ionic strength could be modeled by
changes to the dielectric medium used in the simulation, and predictions of aggrega-
tion and scavenging will be made for freshwater, estuarine, and coastal environments.

What will be needed is to assess potential changes at the molecular scale of
metal oxide nanoparticles entrapped by the fibrils and also to probe the coordinative
environment of the metals that are interacting with the fibrils. It is likely that binding of
either Fe or Mn nanoparticles by fibrils affect their chemical identity. Nanoparticles of
MnOx when precipitated using various trace metals show different features in spectra
of XANES measurements (Figure 9.6). These differences in the XANES features
show that the Mn local environment is responsive to the type of metal sorbed. In the
case of the metals attaching to the fibrils, the average coordination environment of
the metal will hold the answer to this question. To follow the “aggregation” process
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FIGURE 9.6 Mn K-edge XANES spectroscopy of colloidal MnO2 particles prepared
according to the method of Perez-Benito et al.126 that were precipitated/aggregated by addition
of either protons or various metals. The sorption of the different metals leads to shifts in the
characteristic energy of the white line and changes in the pre-edge features illustrating that the
coordination of Mn in the nanoparticles is affected.127
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at a molecular scale, time resolved analyses to determine how various metals develop
chemical bonds with the fibrils, as well as the formation of metal clusters on the fibrils
as a function of time need to be studied.

A better understanding of fibril–metal interactions by theoretical methods is thus
necessary. The adsorption of metals onto the fibril affects the charge density and
hence the physico-chemical properties of the fibril. In particular, the aggregation
(e.g., stickiness) and chemical (e.g., scavenging) properties will change depending
on the form of interaction between the fibril and the metal ion. Different forms of
interaction can occur: interactions may involve the sharing of electrons (inner-sphere
bonds) or electrostatic interactions (outer-sphere bonds). Models need to utilize a
combination of standard particle simulation techniques128 and molecular dynamics
techniques.129–131 In particular, simulations to examine how fibril interactions change
with changing environmental conditions (e.g., changing pH) and metal content would
need to be carried out.

Finally, a better understanding of the role of natural organic matter, both humics
and fibrils, is required, as they support the self-cleansing capacity of fresh, estuarine,
and marine waters, and regulate the export of production of organic matter in open
water systems. Knowledge of the detailed mechanisms of trace metal removal, pollut-
ant transport, and formation of sedimentary deposits in aquatic environments hinges
on an improved knowledge of the nano-science of natural organic matter.
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10.1 INTRODUCTION

Estuarine Turbidity Maxima (ETMs) are zones of elevated suspended sediment
concentration and reduced light availability typically found near the limit of salt intru-
sion in the upper reaches of estuaries. ETMs often are characterized by sharp gradients
in physical, biological, geological, and chemical properties, as freshwater rivers with
their suspended sediments, plankton, and nutrients transform into brackish, tidal estu-
aries. Trapping of riverine sediment and detritus in ETMs is thought to contribute to
the maintenance of unique and important zooplankton and fish populations1–5 and
to promote rapid rates of sedimentation6 and reduced phytoplankton productivity.7
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Flocculation has long been recognized as an important contributing factor to ETM
particle trapping8–11 through associated increases in settling velocity. However, floc-
culation in early ETM studies was largely interpreted as a one-time transition between
small riverine particles and large estuarine flocs bound together by electrochemical
attractive forces,12 a view now recognized as incomplete.

The ETM of the Chesapeake Bay, USA was first studied in the late 1960s and
1970s. The most extensive work was carried out by Schubel and coworkers,13–16

followed by the work of Zabawa8 and Gibbs17 on the behavior of suspended particles
and agglomerates. The results of these studies indicated several consistent character-
istics of particles in the Chesapeake ETM. Particle populations were divided into two
groups: large flocs (or aggregates or agglomerates, depending on individual prefer-
ence) between 20 and 250 µm in size settling at rates between 0.1 and 1 mm sec−1,
and smaller background particles consisting of primary particles or very small flocs.
This distinction was operational with the large flocs making up the pool of tidally
resuspended and deposited bottom sediments and the background particles remaining
essentially unchanged over the tidal cycle. Zooplankton fecal pellets were identified
as an important component of the large agglomerate population. Note that these stud-
ies necessarily relied on a limited number of point samples obtained with sampling
techniques that may have disrupted weaker flocs.

Subsequent work carried out by some of the present authors in upper Chesapeake
Bay confirmed the apparent two-component nature of the particle population,6,18–21

though settling velocities measured with bottom withdrawal settling tubes were higher
than the 1 mm sec−1 upper limit observed previously. Recently, settling speeds of the
large flocs were observed to vary seasonally, with maxima at the end of the summer
and minima in winter. Models of tidal resuspension and deposition assuming that the
two particle populations were independent and that the settling speed of the large flocs
was constant over tidal cycles compared quite reasonably to observations. However,
these studies were focused on sediment transport patterns and parameterizations and
did not attempt to distinguish details of the size and settling velocity distributions of
the particles.

The research reported here was carried out during a large, interdisciplinary
investigation of the coupled physical and biological dynamics of the Chesapeake
Bay ETM (“BITMAX,” Bio-physical Interactions in the Turbidity MAXimum). This
research was carried out during seasonal cruises to the upper Bay in 2001 and 2002,
employing a new suite of instrumentation that for the first time allowed a detailed,
simultaneous examination of the changing sizes and settling speeds of particles in
this region, in relation to physical structure and dynamics. We concentrate here on
data collected during 2002, primarily because our methods were better developed in
the second year of the study.

Though obviously of interest for local, Chesapeake Bay research, this study
also explores environmental conditions that have not received a great deal of atten-
tion in the marine and estuarine flocculation literature. Eutrophic estuarine transition
zones with moderate physical energy, moderate turbidity, and moderate biological
activity are, in a sense, midway between the oceanic, oligotrophic environments
studied by Alldredge, Jackson, and coworkers,22–27 the coastal and continental shelf
environments studied by Hill, Milligan, and colleagues,28–30 and the highly energetic,
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turbid estuaries studied by Dyer, van Leussen, and colleagues.31–34 Interested readers
are referred to work in similar estuarine environments to this study by Kranck and
Milligan35 and Fugate and Friedrichs,36 among others.

10.2 SITE DESCRIPTION

The ETM zone of Chesapeake Bay is almost always found between latitudes 39◦ 10′ N
and 39◦ 28′ N, a range of approximately 40 km (Figure 10.1). This region of the
Bay has a mean volume of approximately 2.63 km3 and a mean depth of approxim-
ately 4.1 m,37 not counting the small tributaries. It is incised by a narrow shipping
channel maintained by dredging at a depth of approximately 12 m, which connects
the Chesapeake and Delaware Canal with the Port of Baltimore and serves as the
primary pathway for up-Bay salt intrusion. The average astronomical tidal range
increases northward from 0.36 to 0.5 m, with typical maximum tidal current speeds
of 0.5 m sec−1 in the channel and 0.3 m sec−1 over the broad shoals.38 Wind-forced
water level fluctuations can be much larger than the astronomical tide (up to 1 m
in range), with associated current fluctuations of up to 0.2 m sec−1.6,39,40 Net non-
tidal gravitational circulation varies strongly in response to fluctuations in river flow,
changing from a riverine, barotropic downstream flow above the limit of salt to

39.50

39.30

39.10

38.90
76.70 76.50 76.30 76.10 75.90

FIGURE 10.1 Map of Upper Chesapeake Bay with station locations. Gray shading indicates
depth intervals of 3, 7, 10, and 20 m. Xs indicate axial stations repeated during each axial
hydrographic survey. Os indicate locations of 12-h anchor stations.
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a well-developed estuarine circulation below the limit of salt. Almost all of the fresh
water flow enters from the Susquehanna River. At the average Susquehanna River
flow of 1100 m3 sec−1, the freshwater replacement time of the ETM region of the
Bay is approximately 1 month.

More than 80% of the sediment entering the upper Bay comes down the
Susquehanna, with almost all of the rest resulting from shoreline erosion.41,42 The
bottom sediments gradually fine southward from the broad, sandy delta known as
Susquehanna Flats, through short transition zones of silty sands and sandy silts,
through the clayey silts that dominate the ETM region, to the silty clays that dominate
the broad lower reach of the upper Bay. The deep channels of the upper Bay sediment
rapidly6,43 and require constant dredging to maintain navigable depths. Suspended
sediments comprise silts, clays, and aggregates thereof, with a low organic matter
fraction.13,16,41 Total suspended sediment (TSS) concentrations in the entire upper
Bay are elevated relative to the rest of the estuary, with typical background concen-
trations of very slowly settling particles between 5 and 25 mg l−1.6,13,19,44 The ETM
itself typically has TSS concentrations 20 to 100 mg l−1 higher than background, with
the largest concentrations resulting from tidal resuspension in near-bottom waters.6,13

Freshwater flow and sediment load data from the Susquehanna River were
obtained from the United States Geological Survey (USGS). The sediment load data
were calculated from flow using a calibrated USGS estimation procedure.45 Monthly
averaged data for 2002 are presented in Figure 10.2 for comparison to the 23-year
mean monthly averages between 1979 and 2002. It is apparent from this figure that
2002 was a low to average flow year for the Susquehanna, except for May and June.
Sediment loads were even lower relative to the long-term mean, except for May.
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FIGURE 10.2 Freshwater discharge and sediment load from the Susquehanna River at
Conowingo Dam. Bars depict monthly averages for calendar year 2002 and lines represent
long term monthly averages from 1979 to 2002. Data from USGS internet sites.
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The year 2001 was also quite dry with low sediment delivery. This is in marked
contrast to the 1996 data presented by Sanford et al.,6 which were collected during
one of the wettest years of the 1990s.

10.3 METHODS

A total of six seasonal, interdisciplinary cruises, each of 9 days duration, were carried
out in the ETM region of the upper Chesapeake Bay during May, July, and October of
2001 and 2002. Daylong axial surveys were carried out before, between, and after the
seasonal cruises at approximately 6-week intervals. In this chapter, we concentrate
on the seasonal cruises carried out during 2002, since these cruises yielded the most
complete and reliable data sets on particle characteristics. During each of the seasonal
cruises, an initial rapid axial survey was run from the R/V Cape Henlopen to locate
the ETM, after which reference moorings were deployed and fisheries surveys were
carried out. A full axial survey with suspended sample collections and coordinated
lateral sampling followed. Lateral sampling was carried out using the R/V Coot,
a small, shallow draft vessel outfitted with a similar set of instrumentation to that
used on the Henlopen. The remainder of each cruise was taken up by additional full
axial/lateral sampling, 6-h repeated surveys in the vicinity of the ETM, 12-h tidal cycle
surveys concentrating on interactions between turbulence and particle characteristics,
bottom sediment sampling and erodibility testing, and zooplankton/fish sampling.

Three full axial surveys were conducted during the May 2002 cruise, and four axial
surveys during both the July and October 2002 cruises. Each survey consisted of 12 to
14 stations up the shipping channel, spaced approximately 6 km apart (Figure 10.1).
They began near the Chesapeake Bay Bridge before maximum tidal current and ended
near Turkey Point shortly after maximum tidal current. Both flood and ebb tides were
surveyed. Profiles were taken at each station with a SBE 9/11 CTD equipped with
a Downing and Associates OBS-3a backscatterance sensor and a Sea Tech 5 cm
pathlength transmissometer. A Sequoia Scientific LISST-100C (Laser in situ Scat-
tering and Transmissometry) and well pump were mounted at the same elevation
and in close proximity to the OBS, transmissometer, and CTD sampling pump. The
sample volumes of the LISST-100C and transmissometer were oriented horizontally
and centered over a large open space in the CTD frame to ensure sampling of an
undisturbed water column during profiling. Only data collected on the downcast were
analyzed. Pump samples collected with the well pump were used for TSS calibrations
for the OBS, transmissometer, and LISST-100C. Data were interpolated onto a uni-
form grid at 0.5 m vertical resolution and 3 km horizontal resolution using the kriging
algorithm in Surfer (Golden Software), and contoured using the same software.

The LISST-100C measured optical transmission and multi-angle forward
scattering of a 670 nm laser. The LISST sampled at a rate of 5 Hz. Five samples
were averaged and recorded to an internal datalogger at a rate of 1 Hz. An optic-
ally transparent path reduction module was added to the LISST, reducing the optical
path length from 5 to 2.5 cm and effectively doubling the maximum concentration
in which the instrument could operate from ≈80 to ≈160 mg l−1. Optical percent
transmission data were converted to total suspended solids (TSS, mg l−1) using
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FIGURE 10.3 (a) Linear regressions correlating TSS from pump samples to optical
transmission measured with LISST-100C. (b) comparisons between D50 as measured by the
LISST-100C and D50 as measured by the VISTA. The LISST data are adjusted to remove
particles that are too small to resolve with the VISTA and to remove large, rare particles that
are extremely improbable to have been observed with the VISTA.

a linear calibration derived from pump samples (Figure 10.3). Laser scattering data
were inverted to produce particle size distributions as described by Agrawal and
Pottsmith.46 The inversion process was applied with a modified version of a Matlab
routine provided by Sequoia Scientific. Data quality was ensured by eliminating data
with an optical transmission of less than 15% as advised by Sequoia Scientific. The
inversion produced a size distribution reported as volume concentration (µl l−1) in 32
logarithmically spaced size classes including particles from 2.5 to 500 µm in diameter.
Size classes for the LISST are fixed by the physical configuration of the scattering
sensors. The cumulative volume concentration from all size classes was reported as
total volume concentration (µl l−1) and was used to calculate median particle dia-
meter by volume (D50). Data from the 20 smallest classes were combined to calculate
volume concentration<66.5 µm. The remaining 12 large size classes were combined
to calculate volume concentration>66.5 µm. Bulk density (ρb) was estimated as fol-
lows: The density of water (ρwater) was calculated using temperature and salinity
data from the CTD. Mineral solids density (ρsolid) was assumed to be 2.65 g cm−3.
Solids fraction (φs) was calculated as TSS/Total Volume Concentration/ρsolid, and
ρb = (ρsolid ∗ φs)+ ρwater ∗ (1− φs).
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(a) (b)

FIGURE 10.4 (a) Photograph of M. Yates recovering the profiling rig during a tidal cycle
anchor station. The VISTA settling tube is clearly visible, with the ADV to its left and the CTD
immediately to its right in the image. (b) Captured image from VISTA from 10:10 am (EDT)
on October 10, 2002 in ETM region. Sample depth is approximately 9.5 m. Field of view is
11.5 mm wide by 8.5 mm high.

Tidal cycle anchor stations were conducted as two vessel efforts over 12 daylight
hours on one day of each seasonal cruise. A water column profiling rig with a trans-
missometer, a LISST-100C, a CTD, an Acoustic Doppler Velocimeter (ADV), and a
video settling tube was lowered repeatedly to 3, 7, and 10 m depths at 0.5 h per cycle
from the Cape Henlopen (Figure 10.4). A modified Valeport settling tube (based on the
Owen tube design47) was used to estimate settling velocities of relatively undisturbed
particles collected just above the bottom at several times during the tidal cycle. A
LISST-100C and a Precision Measurement Engineering Self-Contained Autonom-
ous MicroProfiler (SCAMP) temperature microstructure profiler were deployed
repeatedly from the Coot, with LISST-100C casts between each set of SCAMP pro-
files. Only the Coot LISST and SCAMP CTD data are presented here; analysis of
the thermal dissipation rate data has been problematic. The different data types were
analyzed individually and combined into depth–time contour plots using Surfer.

During the tidal cycle anchor stations, disaggregated size distributions of
suspended sediment were evaluated by high volume pumping and filtering. Samples
were collected at 1 m above the bottom, over both flood and ebb tides, using a submers-
ible pump. The output of the pump was connected to three separate onboard filtration
housings in parallel to enhance the speed of filtration, and immediately filtered through
Millipore Durapore 0.65 µm membrane filters. Filters were wrapped in aluminum
foil and stored on ice until returned to the laboratory. Sediment was removed from
the filters via sonication. Fractional pipette grain size analysis48 was performed on
the combined material from all filters collected during each flood or ebb sampling
period.
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The Valeport settling tube, approximately 5 cm in diameter by 1 m long, was
modified by constructing a flow-through water jacket around it. It was deployed
horizontally in the water column at the desired depth and oriented into the flow by
a vane. A messenger was sent to close the ends of the tube, which was then raised
back to the surface, still in the horizontal. On deck, the tube was wrapped with
reflective bubble wrap insulation and placed vertically into its stand, after which a
hose running from a pump lowered to the sampling depth was connected to the water
jacket. The combination of reflective insulation and flowing water jacket effectively
eliminated internal circulations in the tube, one source of uncertainty in previous
settling tube studies.49 Samples were withdrawn from the bottom for TSS analysis at
specified, geometrically increasing time intervals starting 2 min and ending 80 min
after inversion. The sequence of bottom-withdrawal TSS values was analyzed using
a spreadsheet implementation of the procedure of Owen,47 similar to that described
by Jones and Jago.50 This procedure yielded the distribution of settling particle mass
in specific settling velocity intervals. Settling speed data from ETM surveys in 1996
and 2001 were collected and analyzed using the same methods.

Questions have been raised about data from both bottom withdrawal settling
tubes and LISSTs in the literature,32,49,51–53 especially when used to characterize
fine, flocculated sediment particles. For these reasons, and also because we hoped
to be able to directly relate particle size and settling velocity, we developed a Video
In situ Settling Tube Apparatus (VISTA) for use on the profiling rig (Figure 10.4). The
VISTA used an on-deck pump to pull water through a tube attached to the profiling
rig. The opening of the tube was directed into the flow by a fin. The pump pulled
water into the mouth of the tube, through a 90◦ turn and up a vertical section of clear
tubing at a flow rate approximating isokinetic sampling. The pump was run for 1 to
2 min at each depth to flush the settling tube, then valves at the top and bottom of the
vertical section were triggered to trap a water sample and create a settling chamber.
A PULNiX CCD underwater video camera was used to record images of the settling
particles. The camera was mounted on the side of the settling tube with its faceplate
about 5 mm from the side of the tube. The in-focus field of view in the center of
the sampling tube was 8.3 mm high by 11.2 mm wide. Lighting was provided by a
collimated underwater video light, shown in a sheet through the side of the tube that
overlapped the focal plane of the camera. The camera output an analog signal that
was recorded on Hi-8 tapes. An example of the image is shown in Figure 10.4.

For particle sizing, images were digitized and captured using the frame grabber
software DVStill at a resolution of approximately 640× 480 pixels. Selected frames
were saved as bitmap files and analyzed using the Image Toolbox in MATLAB. The
image processing technique converted the image to a 256 shade grayscale, sharpened
it to enhance the edges of the particles, removed the background by use of a threshold
filter, and then linearly enhanced the contrast to cover the range of the grayscale.
Levels of sharpening and thresholding were adjusted depending on lighting condi-
tions. The particles were identified using a Prewitt edge detector, and the final size
and shape were determined using dilation and erosion functions. Equivalent particle
diameters were calculated by taking the average of the minor and major axis lengths,
and particle volumes were calculated using the equivalent diameters. Particles under
the size of three pixels (approximately 30 µm) were not considered. Approximately
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ten frames from each video clip were processed. All analyzed particle diameters and
volumes were used to calculate the overall size distribution and D50 for comparison
with simultaneously collected LISST-100C data, while individual particle diameters
were used for comparisons to estimated floc settling speed.

Particle settling speeds were estimated using an ExpertVision (EV) Motion
Analysis system. The EV Video Processor captured analog video data directly from
the Hi-8 tapes, then created digitized outlines to facilitate particle tracking. The sub-
sampled field of view was represented as a grid 256 pixels wide by 240 pixels tall.
A distance scaling of 0.035 mm/pixel was used. The EV Motion Analysis software
was used to calculate the vertical motion of particles. Due to the 90◦ turn at the tube’s
intake and rapid closure of the valves, some turbulence was created in the settling
chamber. Small fluctuations due to ship motion were also present. Thus, it was neces-
sary to estimate a background velocity by calculating the speeds of small particles that
moved with the flow. Floc settling speeds were calculated by subtracting interpolated
background vertical velocity from the vertical velocity of each large particle.

Relationships between particle size and particle settling speed were assessed by
comparison with the floc fractal relationship defined by Hill54 as

wsf

wsr
=
(

df

dr

)D3−1

(10.1)

where wsf , df and wsr, dr are the settling speed and diameter of a floc and the
smallest particle in the floc (the reference particle), respectively, and D3 is the fractal
dimension. The settling speed of the reference particle is given by Stoke’s equation:

wsr = 1

18

g

ν
(sr − 1)dr

2 (10.2)

where g is the acceleration due to gravity, ν is the kinematic viscosity of the water,
and sr is the specific gravity of the reference particle. Defining β = g(sr − 1)/(18ν),
assuming sr = 2.65 g cm−3 and ν = 0.012 cm2 sec−1 and substituting (10.2) into
(10.1), we obtain

wsf = βdr
3−D3df

D3−1 (10.3)

which was fit to the data in a least squares sense to obtain estimates of D3 and dr.
Estimates of turbulent shear were made using data collected with a 10 MHz Sontek

Acoustic Doppler Velocimeter (ADV) deployed on the profiling rig during the tidal
cycle anchor station studies. The ADV on the profiling rig measured velocity in three
dimensions in a single sampling volume (0.25 cm3), burst sampling 4096 samples at
10 Hz every 10 min. This allowed time for the profiling rig to be repositioned at the
next depth between bursts. The ADV was mounted such that the sampling volume was
at the same elevation as the LISST sampling volume and the intake for the VISTA.
Vertical velocity spectra were used to estimate turbulent dissipation rate (ε) by the
inertial subrange technique,55,56 removing the (minimal) effects of ship motion with
the technique developed by Gross et al.57 for estimating dissipation in the presence of
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wave motions. Small scale shear, γ , was calculated as γ = (ε/ν)1/2[sec−1], where
ν is the kinematic viscosity.

Time series current velocity profiles were collected for the duration of each
seasonal cruise using a 1,200 kHz Broadband Acoustic Doppler Current Profiler
(ADCP) mounted in the hull of a surface buoy in a downward looking configuration.
The ADCP buoy was deployed at 39◦ 22.098′ N, 76◦ 07.523′W in approximately
11 m of water. The ADCP collected data at 5-min intervals, sampling 0.5-m bins
through the water column starting at 1.56 m below the surface and extending to
approximately 1 m above the seabed. For each sample, 120 water column pings
were averaged, which gives an estimated standard deviation of the measured velocity
of about 0.5 cm sec−1. ADCP data was post-processed using MATLAB software,
where all bad data points (including all data below 0.75 m above the seabed) were
removed. North and east velocities were translated into along and cross-channel
components, using a projected angle for the along channel direction of 230◦ T
(ebb positive).

A microcosm erosion testing system was used to test the erodibility of bottom
sediments collected using the Cape Henlopen Ocean Instruments multicorer. The
erosion system consisted of two 10 cm Gust Microcosms,58 which use a spinning
disk with central suction to generate a controllable, nearly uniform shear stress. A
Campbell Datalogger controlled the system and stored data. During erosion exper-
iments, a sequence of increasing levels of shear stress was applied to undisturbed
cores. The effluent from each Microcosm was passed through a turbidimeter and time
series of turbidity were measured. The effluent was collected, filtered, and weighed
to determine the actual mass eroded during each step, which was used to calibrate
the turbidimeter. Erosion rate was subsequently calculated as the product of pumping
rate and suspended sediment concentration, and the data were analyzed according to
the formulation of Sanford and Maa.59

10.4 RESULTS

Disaggregated particle sizes of suspended sediment in upper Chesapeake Bay were
very fine, consisting of either clays or fine silts (Table 10.1). The four pumped samples
listed in Table 10.1 were all collected from just above the bottom at anchor during
two of the seasonal cruises in 2002. No data are available from the October cruise
because insufficient material was collected to run a standard gravimetric analysis.
Slightly more coarse material (d75 = 16 µm) appears to have been resuspended
under strong tidal forcing, but over the weakest flood tide sampled, only clay particles
smaller than 1 µm were in suspension. There were few apparent seasonal differences
in disaggregated suspended particle size, with greater differences between sequential
flood and ebb tides than between May and July.

In contrast to these very fine disaggregated particle size distributions, much of
the material in suspension was packaged in large flocs. These particles were often
visible to the naked eye in the settling tubes and erosion microcosm, and were even
more apparent in the magnified video images from the VISTA (Figure 10.4). The
flocs visible in Figure 10.4b, collected approximately 1.5 m above bottom during
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TABLE 10.1
Disaggregated Particle Size Distributions from High-Volume
Filtering 1 m Above Bottom During May and July 2002 Tidal
Cycle Anchor Stations

Sampling Total Mass d25 d50 d75
Sample Duration (h) (g) (µm) (µm) (µm)

May Flood (25 cm sec−1) 2.5 7.05 <1 <1 <1
May Ebb (45 cm sec−1) 6 35.78 <1 3 9
July Flood (75 cm sec−1) 2.5 28.32 <2 3 16
July Ebb (40 cm sec−1) 9 13.37 <2 <2 2

maximum flood resuspension on October 10, 2002, range in size from the limit of
resolution of the video system (approximately 30 µm) to approximately 400 µm.
Large flocs also dominated the LISST data (see below).

Encouragingly, the floc size estimates from the VISTA and LISST were reason-
ably similar. Figure 10.3b shows a comparison between the D50 estimates from the
LISST and VISTA deployed on the profiling rig during the October 10, 2002 anchor
station. The LISST size distributions have been adjusted by excluding particles below
the resolution of the VISTA and too rare (large) to have at least a 1% probability of
being observed by the VISTA, before calculation of D50. LISST D50 estimates are
generally between 80% and 200% of the VISTA D50 estimates. The LISST and
VISTA D50 estimates are significantly correlated (r2 = 0.37) and the mean of the
LISST estimates is significantly larger than the mean of the VISTA estimates (paired
t-test, p < 0.05). Although it is possible that the LISST slightly overestimated D50, a
more likely explanation is that the VISTA sampling procedure disrupted the largest,
weakest flocs, and therefore resulted in a slight underestimation of D50 relative to
the LISST. In either case, Figure 10.3b does not establish the absolute accuracy of
either technique but lends considerable confidence to the use of both as reasonable
estimators of in situ particle size.

Calibration of the transmissometer on the LISST to TSS sampled in situ was
quite reasonable (Figure 10.3a), with r2 values for the three linear fits shown ranging
between 0.82 and 0.85. The scatter in the data are due to the facts that the suspended
sediment samples were taken over a 70 km reach of the upper Chesapeake Bay over
all depths and over a 1-week period, and that there is a certain amount of unavoid-
able error associated with collection and analysis of suspended sediment samples
themselves. Differences in, or departures from, a linear relationship between optical
transmission and TSS are most often attributed to changes in particle size,60 with
coarser particle sizes (and higher settling velocities) corresponding to a higher calib-
ration slope (lower sensitivity). This was shown previously for the upper Chesapeake
Bay by Sanford et al.,6 who pointed out corresponding seasonal and interannual
variabilities in transmissometer calibrations. In 2002, these calibration differences
were less apparent. In particular, the calibrations for the May and October 2002
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FIGURE 10.5 (Color Figure 10.5 appears following page 236.) Contour plots from LISST-
100C data collected during an axial hydrographic survey on May 11, 2002 beginning at 9:45
and ending at 15:30 EDT. The survey was performed coincident with an ebb tide with currents
of 60 cm sec−1 at the surface and 45 cm sec−1 near bottom. Diamonds indicate the location
of 12 h anchor station occupied on May 10, 2002.

cruises were essentially identical, with the July calibration exhibiting a slightly higher
slope.

Axial distributions of particle characteristics measured with the LISST on May
11, 2002 during a moderate ebb tide are shown in Figure 10.5. The salinity contours
overlaid on each of the panels of Figure 10.5 provide a common reference frame,
and illustrate several features of the particle distributions. May 2002 was wetter and
delivered more sediment to the upper Bay than normal (Figure 10.2), in contrast to
most of the rest of 2002, though this particular survey occurred before the largest
pulse of fresh water inflow. As a result, the limit of salt intrusion was located at
approximately km 25 and the water column was highly salt (hence density) stratified.
A pronounced turbidity maximum was located near the limit of salt, with near-bottom
TSS levels approximately 50 mg l−1 higher than background. Slightly elevated TSS
levels were also apparent in the pycnocline stretching downstream from the limit of
salt. Interestingly, this latter feature was not apparent in the data from the Sea Tech
5 cm pathlength transmissometer also located on the CTD frame (not used here).
One of the most striking features of the LISST particle data was the high particle
volume concentrations also concentrated in the pycnocline stretching downstream
from the limit of salt. The only way that high volume concentrations can coincide
with relatively lower TSS is if the particles are large, relatively watery flocs. This is
confirmed in the D50 and ρb distributions, where it is apparent that a large population
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FIGURE 10.6 (Color Figure 10.6 appears following page 236.) Contour plots from LISST-
100C data collected during an axial hydrographic survey on October 11, 2002 beginning at
8:30 and ending at 15:10 EDT. The survey was performed coincident with a flood tide of
30 cm sec−1. Diamonds indicate the location of 12-h anchor station occupied on October
10, 2002.

of>200 µm, low bulk density particles made up this pycnocline feature. The turbidity
maximum itself consisted of high concentrations of both large and small particles,
though the median particle size at the center of the feature was >200 µm.

Axial distributions of particle characteristics measured with the LISST on October
11, 2002 during a weak flood tide are shown in Figure 10.6. October 2002 was an aver-
age month for flow, though sediment delivery was lower than average (Figure 10.2).
However, this survey occurred just as the pulse of flow that made October an average
month was beginning, after a long, very dry summer. Some possible indications of this
pulse are the crowding of the isohalines and elevated TSS at approximately km 12. No
completely fresh water was observed during this survey, and stratification was much
weaker than during the May surveys. A weak turbidity maximum coincided with
a near-bottom convergence in the axial salinity near km 35, with near-bottom TSS
levels approximately 30 mg l−1 higher than background. TSS concentrations were in
general very low in upper Chesapeake Bay. A patch of relatively high particle volume
concentration was concentrated in the pycnocline just downstream of this turbidity
maximum, again coincident with large, low bulk density particles. Average particle
bulk densities were generally higher than during the May survey (Figure 10.5), but
remained far below the densities of solid, unflocculated particles.

Time-depth distributions of various physical data from an anchor station the day
before the axial survey of Figure 10.6 are presented in Figure 10.7. The anchor
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FIGURE 10.7 Contour plots of LISST-100C data collected at 12 h anchor station on October
10, 2002. The black plus symbols represent time and depth of video clips used to calculate
particle size and settling velocity. In (a), the ADCP velocity is contoured and turbulent shear
is shaded. In (b), TSS is contoured and Total Volume Concentration is shaded. In (c), salinity
is contoured and D50 is shaded.

station was carried out in approximately 11 m of water just to the west of the shipping
channel at approximately km 30 (Figure 10.1 and Figure 10.6). The observational
period spanned moderately strong flood and ebb tides. The contours are based on
a mix of underlying data resolution, ranging from 3 depth intervals at 0.5 to 1 h
resolution for the turbulent shear and TSS data through 0.25 m by 0.5 h resolution for
the volume concentration, D50, and salinity data to 0.25 m by 5 min resolution for the
ADCP velocity contours. Many of the observed changes in the mid- and upper water
column appear to be dominated by advection, as indicated most strongly by salinity.
Comparing Figure 10.7 to Figure 10.6, it is apparent that the anchor station was located
just upstream of a strong axial salinity convergence. This convergence was advected
through the anchor station site during the flood tide and advected back out during the
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ebb tide of the anchor station. The patch of large, high volume concentration particles
in the pycnocline noted in Figure 10.6 advected with the salinity structure, with little
apparent dynamical relationship to physical energy. More interesting was the change
in near-bottom concentrations and particle sizes, especially during the flood tide. Both
TSS and volume concentration maxima corresponded to maximal tidal velocities
and turbulent shears, indicating local resuspension. Higher D50 values during the
resuspension period indicate that much of the resuspended material consisted of large,
robust flocs, in spite of the high turbulent shears (up to 3.5 sec−1). However, maximum
near-bottom D50 values occurred as the flood tide was decelerating and turbulent shear
was decreasing, likely indicating the importance of local flocculation (or decreasing
disaggregation).

Estimates of the space- and time-varying distributions of settling velocity derived
from the LISST data of Figure 10.6 and Figure 10.7 are presented in Figure 10.8.
These estimates were calculated using D50 and ρb estimated from the LISST and
Stokes law (Equation 10.2). As such, they use an unusual mix of mass and volume
weighted bulk parameters, such that their absolute validity is not clear. However,
they are useful as an indication of potential variability in ws, and also for comparison
to other estimates of settling velocity below. Three results are apparent from these
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FIGURE 10.8 Contour plots of settling velocity (mm sec−1) estimated from the LISST data
presented in Figure 10.6 and Figure 10.7, using estimated D50 and bulk density and assuming
Stokes settling. (a) Axial distribution of settling velocity on October 11, 2003 with salinity
contours overlaid for reference. The inverted triangle shows the location of the anchor station
on October 10, 2003. (b) Time series distribution of settling velocity during anchor station on
October 10, 2003, with salinity contours overlaid for reference.
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calculations. First, settling speeds in the vicinity of the turbidity maximum varied by
an order of magnitude, in these plots between approximately 0.25 to 2.5 mm sec−1,
and the upper Bay appeared to be a very efficient trap for particles that settle in
this range. Second, settling velocity was most clearly correlated with distributions
of D50, though not perfectly because of its dependence on bulk density. Third, the
highest settling speeds tended to occur at mid-depth or near-bottom and as the tide
was decelerating toward slack.

Figure 10.9 summarizes the relationships between settling velocity and floc dia-
meter derived from the VISTA, using data collected at the times and depths indicated
by the + symbols in Figure 10.7 and Figure 10.8b. The regression equations noted
in each panel are of the form of Equation (10.3), and are indicated by the heavy
solid lines on each plot. Table 10.2 summarizes the VISTA data presented in this
figure, and presents the fractal parameters derived from the regressions. Both mean
settling velocity and floc size tended to increase with depth, significantly so for set-
tling velocity (from 0.66 to 2.26 mm sec−1) and marginally so for floc size (from
170 to 294 µm). Average bulk density derived from each pair of settling velocities
and sizes remained nearly constant with depth at 1.05 to 1.06, similar to the LISST
estimates in Figure 10.6. The fractal dimensions of the surface, middle, and bottom
distributions were not significantly different, averaging 2.02. However, the reference
particle size of the bottom regression (16 µm) was much greater than those of the
middle (3.2 µm) and top (3.9 µm) regressions. Clearly, though there is significant
scatter, a fractal description of the relationship between particle size and settling
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FIGURE 10.9 Plots of floc diameter vs settling speed as determined from image analysis of
VISTA samples collected during the first 2 h of the tidal cycle anchor station on October 10,
2002: From (a) approximately 3 m depth, (b) approximately 7 m depth, (c) approximately 9.5 m
depth, and (d) all depths together. Open squares represent simultaneous LISST estimates, Owen
tube line represents Valeport settling tube sample, Winterwerp indicates fractal relationship for
Ems estuary (see text), and Gibbs represents data collected in upper Chesapeake Bay in the
early 1980s.17
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TABLE 10.2
Depth-Stratified Summary of Particle Characteristics Determ-
ined from Analysis of VISTA Data Presented in Figure 10.9

Depth ws_ave ws_std d_ave d_std ρbulk dr
(m) (mmsec−1) (mmsec−1) (µm) (µm) (g cm−3) D3 (µm)

3 0.66a ±0.42 170b ±71 1.05 2.05 3.85
7 1.41a ±0.67 243 ±86 1.05 2.19 3.15
9.5 2.26a ±0.91 294 ±105 1.06 1.83 16.07
All 1.54 ±0.99 243 ±104 1.06 2.39 0.79

a
Settling speeds at each depth are significantly different from settling speeds at the
other depths (p < 0.05).

b
Diameter at surface is significantly different from diameters at middle and bottom,
which are not significantly different from each other (p < 0.05).

velocity explains much of their co-variability. It is notable that combining the data
from all three depths resulted in an artificially high estimate of the fractal dimension
and an artificially low estimate of the reference particle size, reinforcing the idea that
these (especially the bottom) represented distinct particle pools.

Other data are included in Figure 10.9 for comparison. The LISST estimates are
from the same locations and times as the VISTA data, calculated in the same way as
the data presented in Figure 10.8b. While they are consistent with the fractal relation-
ships, the LISST estimates were at the low end of the scale for both particle size and
settling velocity. This is most likely due to the fact that the VISTA estimates were
for large, visible settling flocs, while the LISST estimates incorporated the entire
spectrum of particles and thus are strongly affected by the fine, slow settling fraction.
The Valeport tube estimate of ws50 indicated in Figure 10.9c (1.9 mm sec−1) is from
a sample mid-way between the second and third VISTA bottom samples, as indicated
in Figure 10.8. It is quite encouraging that it is in the center of the cluster of VISTA
estimates. The second and third Valeport tube estimates were very similar, but the
last sample of the anchor station contained significantly more material settling at very
high speeds (>7 mm sec−1). The long-dash line in the “all depths” panel corresponds
to the reference particle size and fractal dimension quoted for the Ems estuary flocs
by Winterwerp61; it is reproduced here because of its striking similarity to our surface
layer data. Finally, the short-dash line in the “all depths” panel corresponds to the
Chesapeake ETM data collected by Gibbs.17 Clearly, though the basic trends are sim-
ilar to our data (with a slightly lower fractal dimension), the ranges of settling speeds
and particle sizes are considerably lower in Gibbs’ data. This is likely because the
sampling techniques available at the time disrupted the largest, fastest settling flocs.

A summary of all of the Valeport tube data we collected in upper Chesapeake Bay
during 1996, 2001, and 2002 is presented in Figure 10.10. Some arguments against
the use of static bottom withdrawal settling tubes51 have focused on the possibility
of biases induced by flocculation in the tube itself due to differential settling, which
would result in the previously reported strong correlation between settling velocity
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FIGURE 10.10 Valeport settling tube results from 1996 (�), 2001 (�), and 2002 (�). In (a)
the median settling speed of the settling particles is plotted vs TSS, and in (b) concentration of
nonsettling and settling fractions are compared.

FIGURE 10.11 Large flocs remained intact during erosion of this core collected in the Upper
Chesapeake Bay in May 2001. This photo was taken during an intermediate shear stress step
of an erosion experiment, at an applied stress of approximately 0.15 Pa. The core tube is 10 cm
in diameter.

and TSS.62 However, there is no apparent relationship between settling velocity and
particle concentration in Figure 10.10a; very high settling speeds occurred at relatively
low concentrations, and relatively low speeds occurred at high concentrations. There
is, however, a reasonable correlation between settling concentration (defined as all
material collected before the last bottom withdrawal sample) and nonsettling concen-
tration. In particular, the maximum settling concentration seems to be approximately
five times the nonsettling concentration. This is consistent with either flocculation of
the nonsettling population to form the settling population, or resuspension of large
flocs and their consequent disaggregation into the nonsettling population, or both.

Figure 10.11 is a photograph taken during an erosion experiment on a core collec-
ted in upper Chesapeake Bay in May 2001, at an intermediate applied shear stress. This
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photograph confirms that direct resuspension of large flocs occurs from the surface of
the sediment bed. The diameter of the core tube is 10 cm, such that the visible flocs
collecting near the center of the core and resuspending upward are at least several
hundred micrometers in size. Visual observations of this and many similar erosion
experiments have indicated that these flocs move initially as bedload, followed by
resuspension at slightly higher stresses.

10.5 DISCUSSION

The data presented here represent only a preliminary look at the data set generated
during our study of the dynamics of the Chesapeake Bay ETM, but they suggest a
scenario in which dynamically variable flocculation and disaggregation are integral
aspects of particle dynamics, particle trapping, and ecosystem function in this region.
Based on this data and on additional analysis of the larger data set, we have formulated
a conceptual model of ETM particle dynamics, presented in Figure 10.12. This model
serves both to organize the data presented here and as a hypothesis to be tested through
future data collection and analysis.

According to this model, an assemblage of inorganic and organic particles enters
the estuary as smaller flocs and primary particles with the inflowing freshwater,
approaches the ETM, and is swept up and over the leading edge of the salt front.
Salinity increases due to mixing, enhancing particle stickiness and aggregation due
to electrochemical flocculation, phytoplankton cell lysis, sloppy feeding by zooplank-
ton, and bacterial production. In surface waters, floc size is limited by sinking losses
and turbulent disaggregation. Large flocs that sink into the low energy pycnocline

FIGURE 10.12 Conceptual model of particle dynamics in the Chesapeake Bay ETM. See
text for discussion. Wide arrows indicate residual current velocities, averaged over tidal cycles.
Narrow arrows indicate direction of particle transport. Key: relatively unflocculated inorganic

( ) and organic particles ( ); ETM (gray dome-shaped area); salt front (black contour lines);

particle stickiness (shading); flocculated particles ( ); robust resuspended aggregates

( ); zooplankton ( ); fecal pellets ( ).
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are preserved by the lack of turbulent shear and accumulate due to reduced settling
speeds as they encounter denser water; they may also continue to grow through floc-
culation due to differential settling. Flocs that sink below the pycnocline are partially
disaggregated and transported toward the ETM convergence by the estuarine cir-
culation. Within the ETM convergence, more robust resuspended flocs/aggregates
interact with fresher particles, carrying some of them to the bottom. Zooplank-
ton also feed on organic material and bacteria in the flocs and produce relatively
robust fecal pellets with high settling speeds. An unknown number of relatively fine
particles is recycled from the ETM zone into surface or pycnocline waters. Although
some finer particles wash through the ETM under high flow or unfavorable floccu-
lation conditions, most flocculated particles are trapped. In the Chesapeake ETM,
these trapped particles are eventually buried due to high sedimentation rates, though
they may be removed later by dredging. The schematic in Figure 10.12 is presen-
ted in the context of an ETM at the limit of salt intrusion (Figure 10.5), but it
is also applicable with small modification to an ETM at a local axial convergence
(Figure 10.6). The modification is primarily that changes in particle stickiness might
not play as strong a role, but changes in turbulence, particle size, and particle con-
centration associated with the frontal zone should be just as important as at the limit
of salt.

There are several differences between this model and the traditional idea that
flocculation occurs once through an increase in electrochemical attraction when fresh-
water particles first encounter salt. One-time flocculation cannot explain the existence
of the observed large flocs in the pycnocline, with finer particles both above and below,
nor can it explain the concentration of both large and small particles near bottom in
the center of the ETM. These phenomena imply active exchange between large and
small floc populations, at least at certain times and places. The precise mechanisms
that control flocculation and disaggregation in the Chesapeake Bay ETM cannot be
distinguished at this time, but it is quite likely that they vary in time and space. It
is also quite likely that an equilibrium flocculation state is seldom reached in this
dynamic environment, especially near the bottom within the ETM. This is because
the time scales of flocculation and disaggregation are most likely equivalent to or
longer than the time scales of tidal variability in near-bottom turbulence, particle
concentration, and large aggregate resuspension/deposition.30,61 Finally, traditional
thinking does not adequately allow for the influences of biogenic stickiness and fecal
pellet production, which are likely to be significant factors in ETM particle dynamics.
For example, Sanford et al.6 reported a seasonal variability in settling velocity that
was repeated, albeit without exactly the same timing, in the settling tube data collec-
ted in 2001 and 2002. This is in spite of the lack of seasonal variability in primary
particle size (Table 10.1).

Fractal scaling of the relationship between floc size and settling velocity
(Equation 10.1) has been applied to particles from many different aquatic environ-
ments in recent years,26,34,54,63,64 but this was the first attempt that the authors have
made to apply it to Chesapeake Bay particles. The novelty of the analysis for us was
because of technology limitation; development of the VISTA eliminated that barrier,
and we hope to pursue improvements to the video technique and accompanying ana-
lyses in the future. While the fractal representations presented here only accounted for
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approximately half of the observed variability, fractal scaling nevertheless presents
itself as a powerful tool for summarizing the characteristics of estuarine particles in
two parameters, facilitating intercomparison and modeling. For example, the agree-
ment between the Ems fractal relationship quoted by Winterwerp61 and the fractal
relationship of our surface water samples shown in Figure 10.9 suggests a similarity
that is currently leading us to apply Winterwerp’s flocculation model and parameteriz-
ations to the Chesapeake Bay ETM. Another candidate model is that of Jackson,27,65

who also bases his formulation explicitly on fractal scaling. Thus, it behooves estuar-
ine particle researchers to identify the fractal scales that describe their systems, along
with sources of variability in those scales. Dyer and Manning,34 for example, have
characterized the influences of different mechanisms of floc formation and destruc-
tion on fractal properties of the resulting particle populations. This approach may help
to diagnose sources and mechanisms of flocculation in other environments through
comparison of fractal scales.

In this chapter, we have shown that both the fractal scales and the dynamic vari-
ability of near bottom, resuspended particles in the Chesapeake ETM separate them
from particles further up in the water column. In particular, it appears that direct
resuspension of relatively robust large flocs is the rule rather than the exception, but
that a combination of simple settling of these same flocs along with interactions with
other particles controls deposition. This same phenomena of direct resuspension of
large flocs has also been observed on the continental margin by Thomsen and Gust66

and in lower Chesapeake Bay by Fugate and Friedrichs,36 both observations from
low to moderate energy environments with active benthos. It is in direct opposition
to the expectation that high levels of shear stress should erode primary particles only,
and/or that high turbulent shears in the bottom boundary layer should immediately
destroy large flocs. In fact, Fugate and Friedrichs found that resuspended floc sizes in
the bottom boundary layer of a more energetic and turbid, but less biologically active
estuary were governed by the expected inverse relationship between local turbulent
shear and floc size. Thus, the presence of directly resuspended large flocs/aggregates
may indicate the dominance of biogenic particle packaging. Alternately, it may rep-
resent a threshold of turbulent energy below which resuspended flocs survive and
above which disaggregation occurs30; this threshold is likely specific to the strength
of the flocs in question. The distinction may not be important, since biological dom-
ination of the sediment–water interface may be inversely correlated with the level of
physical energy and sediment mixing.67

Ultimately, of course, fine sediment transport is much more influenced by settling
velocity than it is by particle size, such that knowing particle size alone is of limited
utility. New techniques such as the LISST and in situ macro-photography have made
it much easier to determine distributions of particle size, but measurement of settling
velocity and its variability is still difficult. Readily available techniques such as the
Valeport settling tube have been legitimately questioned, while specialized, more
accurate video settling techniques are limited in availability and require painstaking
analysis. That is why defining relationships between settling speed and particle size
and understanding how these relationships respond to environmental variability are
so important. It is also why intercomparison and standardization of particle size and
settling speed measurement techniques32,33 are critical.
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We have presented and compared two methods for estimating particle size, and
three methods for estimating settling speed, with generally encouraging results. The
VISTA video technique is as close to a standard as we could achieve, though it
needs refinement. In particular, we need to increase resolution and further reduce the
potential for floc breakup during sampling and the presence of background motion
inside the closed tube. The reasonable agreement between the Valeport settling tube
and VISTA settling speed estimates is quite encouraging, given the history of problems
with other bottom withdrawal settling tube measurements noted above. This may be
due to several factors specific to our implementation of the technique, including
almost always sampling the pool of tidally resuspended flocs (i.e., break-up resistant)
very near the bottom, sampling low enough TSS concentrations that interactions
between particles were negligible, and carefully insulating the tube from external
temperature fluctuations. This echos the findings of Dyer et al.,32 who concluded
that adopting well-controlled protocols for settling tubes improved the consistency
of results. An attractive feature of bottom-withdrawal settling tubes in general is
that they also allow investigation of the biogeochemical characteristics of particles
segregated by settling speed. Finally, we have explored a simple technique using
calibrated LISST transmissometer and volume concentration data to estimate the
variability of settling speed. The results are encouraging, though slightly slower than
other measurements. They should be regarded as tentative but deserving of further
study.
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11.1 INTRODUCTION

The biogeochemical significance of organic rich aggregates (marine snow) in the
vertical flux of organic matter into the oceans’ interior and sea floor is widely
acknowledged.1,2 The aggregates, which form during phytoplankton blooms and, to
a lesser extent, by the resuspension of benthic biofilms, are a primary source of mar-
ine snow.3 A considerable part of the aquatic primary production is removed from
the surface through processes of particle aggregation and sedimentation.4–6 These
aggregates are the most important components of the organic matter flux to the deep
sea7 and appear to be hotspots of heterotrophic activity in the water column, being
an important carbon source for free-living bacteria throughout their descent.8 After
sedimentation and during an extended period of resuspension loops, almost all of the
remaining carbon is then remineralized. Nevertheless, a part of this organic matter is
too refractory to be recycled, thus becoming buried in ocean sediments, sequester-
ing carbon and so influencing atmospheric carbon dioxide concentrations.9,10 This
chapter will concentrate on the fate of organic aggregates in the size range of tens to
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thousands of micrometers, their production and descent through the water column as
well as their residence and further modification within the benthic boundary layer. The
term “benthic boundary layer” (BBL) is used for the water layers above the sediments
although in sedimentological/physical-oceanography terminology “bottom boundary
layer” would be the right phrase to use. Most examples will be given from continental
margin studies. Continental margins can be defined as the region between the upper
limit of the tidal range and the base of the continental slope. The burial of aggregate-
associated organic matter in continental margin sediments is directly linked to the
global cycles of carbon over geologic time.11 Although continental margins account
only for≈15% of total ocean area and 25% of total ocean primary production, today
more than 90% of all organic carbon burial occurs in sediments built up by particle
deposition on continental shelves, slopes, and in deltas.12 In this whole chapter, useful
new references are predominantly cited which lead the interested reader to important
previous work on the topic.

11.2 FORMATION OF ORGANIC RICH AGGREGATES

In their review of the microbial ecology of organic aggregates, Simon et al. gave an
overview of the present knowledge of macroscopic organic aggregates (>500 µm).5

These macroaggregates are heavily colonized by bacteria and other heterotrophic
microbes and greatly enriched in organic and inorganic nutrients as compared to the
surrounding water. The authors point out that during the last 15 years, many studies
have been carried out to examine the various aspects of the formation of aggregates,
their microbial colonization and decomposition, nutrient recycling, and their signific-
ance for the sinking flux. The significance of aggregate-associated microbial processes
as key processes and also for the overall decomposition and flux of organic matter var-
ies greatly among limnetic and oceanic systems, and is affected by the total amount of
suspended particulate matter. A conclusion from these studies is that the significance
of bacteria for the formation and decomposition of aggregates appears to be much
greater than previously estimated. For a better understanding of the functioning of
aquatic ecosystems it is of great importance to include aggregate-associated processes
in ecosystem modeling approaches. Knoll et al. studied the early formation and bac-
terial colonization of diatom microaggregates (<150 µm) during the phytoplankton
spring bloom and showed that these are colonized by bacterial populations that differ
from those in the surrounding water.13 They conclude that the bacterial community
on aggregates develops largely from seeds on their precursor microaggregates.

Theoretical analyses of particle coagulation processes predict that aggregate
formation depends on the probability of particle collision and on the efficiency with
which two particles that collide stick together afterwards (stickiness).14,15 The former
is a function of particle concentration, size, and the mechanism by which particles
are brought into contact, for example, Brownian motion, shear or the differential
settlement of particles. The latter depends mainly on the physicochemical properties
of the particle surface and may vary with the particle type. Particle collision does not
necessarily result in aggregation, as the stickiness or sticking efficiency is often only
10% or less but can increase up to 60% depending on the particle type involved.4

Copyright 2005 by CRC Press



“L1615_C011” — 2004/11/20 — 14:11 — page 239 — #3

Organic Rich Aggregates in the Ocean 239

Depending on its intensity, shear can either increase particle collision or increase
particle destruction. This is particularly the case at the base of the surface mixed layer,
where internal waves, wind driven shear and tidal shear are pronounced; and within
the benthic boundary layer where turbulence is increased again.

In surface waters, changes in particle coagulation efficiency have been attributed
to the abundance of single species or as part of the life cycle strategy of cells.16,17

The occurrence of aggregates does not, for example, always coincide with the peak
of phytoplankton abundance. Rather, it is often postponed toward the decline of the
bloom.18 This has been hypothesized to be due to an increase in particle stickiness.19

A decade ago, a special class of particles was found to be readily abundant during
phytoplankton blooms in water and in aggregates as well. These gels, called trans-
parent exopolymer particles (TEP),20 are thought to play a central role in coagulation
processes. Laboratory experiments have demonstrated that diatoms produce more gels
under nutrient limitation, although little is known about how limitation by different
nutrients affects the quantity and composition of the gels and subsequent stickiness.
Because of the great abundance in shelf seas and in the open ocean and because
of the stickiness of TEP, the probability of particle collisions is enhanced.21 Logan
et al. proposed two hypotheses22 to account for the precipitous formation of large,
rapidly settling aggregates at the termination of phytoplankton blooms in nature:
aggregation due primarily to cell–cell collisions, and aggregation resulting from the
presence of TEP. By comparing TEP and phytoplankton half-lives in these systems,
it is concluded that the formation of rapidly sinking aggregates following blooms
of mucous-producing diatoms is primarily controlled by concentrations of TEP, not
phytoplankton.22

Engel conducted measurements of diatom species composition, TEP, bulk particle
abundance, as well as chemical and biological variables in order to reveal the determ-
inants of coagulation efficiency.19 The investigation showed that an increase in TEP
concentration relative to conventional particles at the decline of the bloom signi-
ficantly enhanced apparent coagulation efficiencies. High proportions of TEP led
to apparent values of stickiness of 1, which indicates that collision rates can be
substantially underestimated when the stickiness parameter alpha is calculated on
the basis of conventional particle counting only, for example, with the Coulter
Counter.

11.3 THE DESCENT THROUGH THE WATER COLUMN

The physical and biological properties of the aggregates determine their transport
behavior in the water column. The excess density over that of the surrounding water
controls the speed with which aggregates descend to the sea floor. For particles
with Reynolds numbers <1, Stokes’ law can be applied to determine the settling
velocity:

WS = d2(�ρ)g

18ν
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where d is the particle diameter,�ρ is the excess density of the particle over seawater,
g is the gravitational constant and ν is the kinematic viscosity of the fluid. The
kinematic viscosity is strongly temperature dependent and has an enormous influence
on the behavior of particles of low Reynolds numbers. ν nearly doubles from warm
surface waters (0.01 cm2 sec−1 at 20◦C) to cold bottom waters (0.018 cm2 sec−1 at
1◦C). As Stokes law was originally applied to rigid, impermeable spherical particles
of known density, it is difficult to apply to nonspherical aggregated particles which
virtually represent most particulate material in the ocean. However, Stokes can then be
used to back-calculate the particle density of the aggregates as discussed by.14 During
the last two decades empirical particle-size/settling-velocity relationships have been
developed for different oceanic regimes (Figure 11.1). The data reveal that organic
rich aggregates from surface waters at continental margins show much lower settling
velocities than those of similar size but enriched in ballast. This lithogenic ballast is
added to the organic aggregates during resuspension events.

The surface mixed layer at the top of the ocean varies in thickness from tens
to hundreds of meters and aggregate concentrations inside this layer are related to
the processes of production, destruction, and sinking. Peak concentrations are often
located at the base of the surface mixed layer, which can extend up to a few hundred
meters during winter. This layer is subject to rapid changes in heat, turbulence, nutri-
ents, and depth of mixing. The peak concentrations at the base of the surface mixed
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FIGURE 11.1 Particle settling velocities/particle diameter relationships of aggregates from
ocean surface waters (A), intermediate and bottom nepheloid layers (B), and from the benthic
boundary layer (C, D, E) determined by Alldredge and Gottschalk4 for A, McCave14 for B,
Thomsen et al.23 for C (Celtic margin), Thomsen et al.24 for D (Iberian margin), and Sternberg
et al.25 for E (North East Pacific margin).
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layer mainly coincide with the occurrence of pycnoclines, where rapid changes in
seawater-density (and thus excess-density of aggregates) can reduce or even stop the
vertical flux of the aggregates. The physical forcing in the mixed layer creates changes
in the biological processes, which depend on them. Here, organic rich aggregates are
formed which are derived from gelatinous housing of zooplankton species, mucous
feeding webs used by others, faecal material, and from phytoplankton cells and their
component particles.26 The proportion of free water within the aggregates, its porosity,
determines how fast the internal environment changes in response to varying external
conditions; the porosity also influences the rate at which small particles accumulate
on the aggregates. After their slow descend through the pycnocline, differential set-
tling is mainly responsible for additional aggregate formation as well as the migrating
zooplankton, which consume the aggregates to depth of up to 1000 m.

11.4 TRANSPORT WITHIN THE BENTHIC BOUNDARY
LAYER: THE RESUSPENSION LOOP

Once on the sea floor, the aggregates are more easily remobilized into the benthic
boundary layer than the bulk sediments beneath,23 and are resuspended back into the
water column, being again subjected to aggregation and disaggregation processes.27

Long-term studies at different continental margins revealed that the bottom sedi-
ments consist of a thin surface layer of organic rich aggregates (mean diameter 100 to
2500µm). These resuspend under critical shear velocities [u∗c ] of 0.4 to 1.2 cm sec−1

(mean u∗c of 0.8± 0.1 cm sec−1) and have median diameters of 140 to 450 µm and
settling velocities of 0.05 to 0.35 cm sec−1 (Figure 11.1). The aggregates consist of
up to 75% of organic matter, which is mostly refractory with a carbon/nitrogen ratio
exceeding 10, and the lithogenic material is embedded in the amorphous matrix of the
organic matter. The BBL aggregates contain remnants of faecal pellets, meiofauna
organisms, and shell debris of foraminifera. Approximately 35 to 65% of the bacteria
of the BBL are particle attached and live within the organic matrix of the aggregates
and approximately 1% of the organic fraction is labile bacterial organic carbon.23,24

The BBL aggregates in >100 µm size range are resuspended under similar flow
conditions as particles of similar size but higher density (sand). However, they are
transported over much greater distances due to their lower density and porous struc-
ture, which reduces their settling velocity (Figure 11.2, compare Figure 11.1). These
aggregates can subsequently be transported in tide-related resuspension–deposition
loops over long distances. Table 11.1 summarizes typical particle characteristics from
continental margin BBLs. A cohesion effect for the aggregates is visible at about
30 µm (Figure 11.2). Thus, organomineral aggregates with average sizes <30 µm
behave in the same way as clay (<2 µm), and particles coarser than 30 µm should
display size sorting behaviour. The last result is different from the calculations of
McCave et al., who propose 10 µm as threshold between noncohesive and cohesive
sediment behavior.31 This difference seems due to particle stabilization from micro-
bial exudates.32 The erosion threshold data were mainly obtained in summer, when
biological activity in surface sediments at the study site is high.33 Evidence for the
importance of biological adhesion on critical stress for incipient transport has been
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TABLE 11.1
Typical Flow and Particle Characteristics from
Continental Margin BBLs

u (cm sec−1) 2–50
u∗c (cm sec−1) 0.1–2
τc (N m−2) 0.01–0.4
Total particulate matter (g m−3) 0.1–8
Particulate organic carbon (mg m−3) 10–150
Chlorophyll equivalents (mg m−3) 0.01–0.3
BBL aggregate number (n m−3) (10–1500)× 103

BBL aggregate diameter d50 140–2400

Note: u=mean velocity, u∗c = critical shear velocity,
τc = critical bed shear stress, d50 =median aggregate diameter
(µm).

demonstrated by various authors (e.g., ref. [32]) who showed that microbial exudates
could increase the critical bed stress by a factor up to 5.

During times of enhanced flow conditions, aggregates are formed and compacted
by shear, which accounts for the fact that they do not disaggregate when they enter
the viscous sublayer at mid- and lower slope sediments. The formation of these
BBL aggregates and the minerals incorporated into the particles might be responsible
for the organic matter preservation on continental slopes. Statistical analyses of
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TABLE 11.2
Model Particle Parameters

d (µm) �ρ (g cm−3) Ws (cm sec−1) u∗c (cm s−1) τ0 (Nm−2) ≈u100 u∗li τ0 (N m−2) ≈u100
r2 = 0.8;n = 191 r2 = 0.7; r2 = 0.9;
r2 = 0.8;n = 31 n = 15∗ n = 6

50 0.139 0.013 0.98 0.10 16 0.7 0.050 11

100 0.137 0.050 0.90 0.084 14 0.9 0.083 15

185 0.091 0.114 0.89 0.082 14 0.8 0.066 14

200 0.086 0.125 0.89 0.081 14 0.8 0.066 14

400 0.047 0.275 0.86 0.076 13 0.6 0.038 10

500 0.038 0.350 0.84 0.073 12 0.5 0.026 8

1000 5.90×10−3 0.215 0.76 0.060 11

2000 2.07×10−3 0.303 0.61 0.038 10 0.5 0.026 8

4000 8.17×10−4 0.477 0.50 0.026 8

Note: d= aggregate diameter, ∗ρ= excess density with fluid density taken as 1.028g cm−3 5◦C,
salinity= 36, ws= settling velocity, u∗c = critical shear velocity, τ0 = bed shear stress, u100 =flow
velocity at 100 cm a.b. calculated after Middleton and Southard (1984) with z0 taken as 0.1 cm,
u∗li= critical deposition velocity, n= 15∗ = d50 data from 15 stations with 50 to 200 single datapoints.

the available BBL flow and particle and biogeochemical data of the Iberian margin (15
stations with u∗c data, 3 stations with u∗li data, 191 experimental ws measurements,
31 in situ ws measurements, ≈1200 aggregates analyzed), were used to determ-
ine the basic parameters for a simple particle transport model (Table 11.2). For a
particle size spectrum from 50 to 4000 µm in diameter, estimated excess densities,
critical shear velocities, and critical deposition velocities decreased with increas-
ing particle size, while the settling velocity increased over the same particle size
spectrum.24

11.5 DEGRADATION AND DECOMPOSITION OF THE
AGGREGATES

11.5.1 BACTERIA

The breakdown of the generally strongly degraded organic matter deposited on deep-
sea sediments is mainly accomplished by bacteria. The rates of degradation depend
largely on the proportion of biologically labile material which decreases with advan-
cing decay.7 Despite the possible protection mechanisms, like bacterial community
pressure inhibition and sorption to mineral surfaces,11 if the net vertical and downslope
transport is too slow, it is likely that mainly refractory organic matter will reach the
deep ocean floor. Once the aggregates enter the benthic boundary layer, their fate is
to a large extent controlled by the benthic flora and fauna which play a major role in
determining their geochemical behavior. The reworking of the aggregates may further
inhibit the degradation of organic matter, since the sorption of organic matter to the
larger amount of lithogenic material in these aggregates may provide some degree
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of protection against microbial activity.11 However, the resuspension of the particles
can also enhance their remineralization. Ritzrau showed that microbial activities and
concentrations of various parameters (particulate organic carbon, Chlorophyll a, util-
ization of 14C-amino acids) displayed distinct distribution patterns in the BBL and
were up to a factor of 7.5 higher than in the adjacent water column and concluded
that turbulence increases the microbial activity in the benthic boundary layer.35 For
BBL aggregates, Lind et al. presented a comparison between phytoplankton and bac-
terioplankton production36 with each modified by high concentrations of suspended
clays. High clay turbidity caused light-limitation of water column phytoplankton pro-
duction. However, the clay combined with DOC to form aggregates which supported
bacterioplankton production. Leipe et al. collected particles from the water column,
the bottom nepheloid layer, and the “fluffy layer” in the Baltic Sea and revealed
that suspended particulate matter (SPM) in the bottom nepheloid layer and the “fluffy
layer” overlying sediments was enriched in organic carbon and clay minerals, whereas
the nonaggregated SPM was dominated by quartz and biogenic opal.37 It appeared
that separation effects operate during aggregation of mineral particles and organic
matter in repeated cycles of resuspension and settling. No clear seasonal variations
in the composition of the SPM were found, in spite of high spatial and temporal
variability of biological and physical variables. Their results suggest that preferential
incorporation, possibly aided by microbiological colonization, of silicates into the
organic flocs is a process that occurs under a wide range of conditions.

11.5.2 FAUNA

In their classic study on the effects of benthos on sediment transport, Jumars and
Nowell summarize that no consistent functional grouping of organisms as stabil-
izers vs. destabilizers, respectively decreasing or enhancing erodibility, is possible.38

Benthic organisms can affect erodibility in particular — and sediment transport in
general — via alternation of (1) fluid momentum impinging on the bed, (2) particle
exposure to the flow, (3) adhesion between particles, and (4) particle momentum.
The net effects of a species or individual on erosion and deposition thresholds or
on transport rates are not generally predictable from extant data. Furthermore, they
depend upon the context of flow conditions, bed configuration, and community com-
position into which the organism is set. Suspension-feeding fauna actively remove
the aggregates from the water column and deposit it as faeces either within or on top
of the sediment, a process called biodeposition.39 Feeding pits, faecal pellet mounds,
and tube-structures of the benthos locally can change the current regime and cause
resuspension and passive biodeposition of particles.38,40 Bioturbation due to moving
animals or due to bulk feeding by deposit feeders substantially modifies the phys-
ical and geochemical properties of the aggregates.41,42 Muschenheim and Milligan
studied BBL characteristics in the Bay of Fundy and summarized that seston con-
centration and composition were found to vary greatly throughout the course of a
tidal cycle, with periodic dilution of the organic content due to resuspended sand.43

Examination of the particle size distributions suggests that flocculation plays a major
role in packaging the material ingested by these benthic communities.
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Heip et al. summarize that at continental margins the overall metabolism in shelf
and upper slope sediments is dominated by the macrofauna, which are responsible for
50% of the organic aggregate mineralization.44 At the lower slope and abyssal depth
microbiota dominate in terms of total biomass (>90%) and organic matter respiration
(about 80%). Because large animals have a lower share in total metabolism, mixing
of the aggregates within the sediments is reduced by a factor of 5, whereas mixing
of bulk sediment is one to two orders of magnitude lower than on the shelf. The
lability of the organic aggregates in the sediments at the upper slope and shelf is
significantly higher than in sediments in the deeper parts. The residence time of
mineralizable carbon which is mainly transported in form of organic rich aggregates
is about 120 d on the shelf and more than 3000 d at the lower slope. These conclusions
for the lower slope and deep sea are supported by studies of Smith et al.45 They
carried out an important experiment on the biological reaction of incoming seasonal
pulses of particulate matter in the open Pacific (4100 m depth, 220 km west of the
central California coast) and hypothesized that the incoming aggregates would create
localized regions of intense biological activity on the sea floor. However oxygen
consumption of organic aggregates was similar to that of the background sediment and
had no measurable influence on the chemical composition of the underlying sediment
on time scales from 23 to 223 d or on sediment oxygen consumption after 222 d.
The aggregates produced a minimal impact on sediment mineralization rates. The
results are supporting the ideas of a fast benthic pelagic coupling, where the labile
organic aggregates are rapidly consumed and elevated values of benthic activities
are reduced to background values after a period of 2–3 weeks. There are, however,
some areas in the oceans where the transport of aggregates can be enhanced: the
submarine canyons.

Submarine canyons are areas where potentially the residence time can be short
and net transport fast enough to supply the lower slope with labile material.24 Recent
studies point to the existence of a fast and continuous downward sediment trans-
port along the axis of the canyon, independently of the current regime operating
on the shelf. Aggregates being transported down a canyon would be subjected to
aggregation and disaggregation cycles in the benthic boundary layer, but also to
a continuous variation of the pressure to which they are subjected. So, it is possible
that the organic matter, present in aggregates transported down a canyon, might be
partially preserved due to both mineral particle sorption and increasing hydrostatic
pressure.

11.6 CONCLUSIONS

In conclusion there is now an increasing amount of information on the formation
and transport behavior of organic rich aggregates but lack of knowledge on the com-
positional changes over long time periods. The organic rich aggregates within the
resuspension loop can still show a greenish color after several weeks or months but
seem highly refractory and are thus exposed to low bacterial decomposition. Further
studies are needed to investigate this effect of possible carbon protection within the
BBL and the implication for long-term carbon storage in the ocean.
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12.1 INTRODUCTION

Cohesive sediment is a mixture of clay, silt, sand, organic material, water, and,
sometimes, gas. The clay, silt, and organic particles can form flocs, sometimes
also incorporating some larger sand particles. These flocs contain large amounts of
water (70% to 95% by volume) and are much larger than the individual floc-building
particles. As a result, the settling velocity of flocs is much higher than that of the
individual clay, silt, and organic particles. Moreover, the flocculation process affects
the density of fluid mud or slurries formed by these cohesive sediment flocs.

One of the first researchers who studied flocculation processes in the natural
environment was Krone.1,2 He suggested that flocs are built up in a hierarchical
way: large third-order flocs would be formed by a number of smaller second-
order flocs, which themselves would consist of a number of even smaller first-order
flocs, etc.

In sanitary engineering, Argaman and Kaufman3 and Parker et al.4 studied the
flocculation process in wastewater. They found that floc sizes first increase with
increasing turbulence shear, and then decrease in size. This would imply a variation
in floc size over the tidal cycle in natural systems. Indeed, Van Leussen5 measured floc
sizes 2.8 m below the water surface in the Ems estuary, The Netherlands, and found
large variations in settling velocity, as shown in Figure 12.1. Further to these ideas,
Dyer6 proposed the conceptual diagram of Figure 12.2, indicating floc size increase
with increasing suspended sediment concentration and an increasing–decreasing trend
in floc size with increasing turbulence intensity.

1-56670-615-7/05/$0.00+$1.50
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FIGURE 12.1 Variation in settling velocity in the Ems estuary, The Netherlands, measured
2.8 m below the water surface. (After Van Leussen, PhD thesis, University of Utrecht, The
Netherlands, 1994.)
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FIGURE 12.2 Conceptual flocculation diagram of Dyer.6

Based on this diagram, Van Leussen5 further suggested that large flocs, formed
in the upper part of the water column are broken down near the bed, as sketched in
Figure 12.3. This diagram would also explain the sedimentation formula found by
Krone,1 which predicts that cohesive sediment particles can only settle if the bed shear
stress is smaller than a threshold value. This threshold value would be determined by
the strength of the flocs.

In this chapter, we analyze the data and concepts in Figures 12.1 through 12.3
further. To a large extent it is based on the work presented in Winterwerp.8,9 However,
here we focus on the role of the flocculation time, that is, the time necessary for flocs
to achieve their equilibrium size at given hydro-sedimentological conditions, and the
consequences on the time evolution of floc size. Our main presumption herein is
that flocculation takes time, as shown in Figure 12.4. This figure presents the time
evolution of flocs, as measured by Hogg et al.10 on a suspension of kaolinite clay,
peptized with a polymeric flocculant. The clay concentration was about 80 g/l, and
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FIGURE 12.3 Schematic picture of flocculation processes in the water column. (After Van
Leussen, Physical Processes in Estuaries, ed. J. Dronkess and W. Van Leussen, Springer-
Verlag, Heidlelberg, 1988.)
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FIGURE 12.4 Floc growth measured by Hogg et al.10 — the various symbols refer to various
test conditions.

flocculation conditions were made extremely favorable through the addition of the
flocculant. Yet, the flocculation time was still about 1 h. Also McAnally and Mehta11

found flocculation times of many hours, depending on the turbulence intensity and
sediment concentration.

The evolution of flocs in the natural environment is governed by a large number of
physical, and often also chemical and biological processes. At present it is impossible
to quantify all these processes, as many basic questions have not yet been answered.
An analysis of these processes is, therefore, only possible when making severe sim-
plifications. Here we schematize the floc size distribution with one mean floc size
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only. We first treat a number of processes in isolation to establish their relevance and
scaling rules, upon which these processes are integrated to understand the effect of
nonlinear interactions as occurring in the real world. It is emphasized that this chapter
yields qualitative conclusions only, as model schematizations are crude and the data
scarce.

In Section 12.2, we present a simple relation between floc size and settling
velocity and a Lagrangian model for flocculation of cohesive sediment under tur-
bulent conditions; here we also present our formal definition of the flocculation time.
Note that from studies by McCave,12 Wacholder and Sather,13 and Stolzenbach and
Elimelech,14 it can be concluded that Brownian motion and differential settling play
a small role in the high-dynamic coastal and estuarine environments. In Section 12.3,
we elaborate on the vertical floc size distribution, discussing the role of residence
times on maximal floc size. In Section 12.4, we integrate the various physical pro-
cesses and study the evolution of floc size over the tidal cycle, elaborating on the
processes behind rapid settling and sediment-induced stratification. Whereas Sec-
tions 12.3 and 12.4 deal with low concentrated suspensions, Section 12.5 treats the
effects of flocculation on the sediment concentration in fluid mud layers. In Sec-
tion 12.6, we present some conclusions, and contemplate on the role of flocculation
time on floc size and settling velocity, and how to measure these.

12.2 A LAGRANGIAN FLOCCULATION MODEL

This section summarizes the flocculation model developed by Winterwerp.8,9 We
assume that the bulk properties of the suspended sediment, relevant for the present
study, can be captured with one floc size only (denoted by Df in this chapter), which
may vary with time and over space, however. We treat flocs of cohesive sediment as
self-similar fractal entities, as proposed by Kranenburg15 and in line with Krone’s1

hierarchical floc structure. The fractal dimension nf is obtained from the description
of a growing object with linear size La, consisting of L seeds of linear size a, and
volume V (La) (e.g. Vicsek16). Assuming that the linear size of the primary objects has
unit dimension, V(La) ∝ N(La), where N is the number of primary objects (seeds),
the fractal dimension nf is defined as

nf = lim
L↑∞

ln(N(L))

ln(L)
(12.1)

From this approach, it follows that the differential (or excess) density �ρf of mud
flocs is given by (Kranenburg15):

�ρf = ρf − ρw = (ρs − ρw)

[
Dp

Df

]3−nf

(12.2)

where ρf , ρw, and ρs are the densities of the mud flocs, the (interstitial) water, and
the sediment (primary particles), and Df is a characteristic (mean) diameter of the
flocs, and Dp is the diameter of the primary particles. From (12.2), it follows that
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the relation between mass (c) and volumetric concentration (φf ) reads:

φf =
(
ρs − ρw

ρf − ρw

)
c

ρs
= c

ρs

[
Df

Dp

]3−nf

(12.3)

At the gelling point, defined as the condition that flocs form a space-filling network,
the volumetric concentration of the flocs φf becomes unity by definition. Hence, the
gelling concentration cgel can be obtained from (12.3):

cgel = ρs

[
Dp

Df

]3−nf

(12.4)

Such gelling conditions are found in fluid mud layers (e.g. Section 12.5); the gelling
concentration is also known as the structural density in soil mechanics, as a measurable
strength builds up in the network.

Measurements of the fractal dimension of flocs of cohesive sediment in the water
column reveal values from about nf ≈ 1.4 for very fragile flocs, like some marine
snow to nf ≈ 2.2 for strong estuarine flocs. Typical values within estuaries and
coastal waters range from nf ≈ 1.7 to 2.2, with an average value of nf ≈ 2.0 (e.g.
Kranenburg15).

This fractal approach implies that the relation between settling velocity ws of a
single mud floc in still water, and floc size Df , which is based on a balance between
gravitational and drag forces, does not follow Stokes’ law, but (e.g. Winterwerp8)

ws = α

18β

(ρs − ρw)g

µ
D3−nf

p
Dnf−1

f

1+ 0.15Re0.687
p

[
≈ α′gDDp

ν
D, for nf = 2

]
(12.5)

in which µ(ν) is the dynamic (kinematic) viscosity of the fluid, and Rep = wsDf/ν

is the particle Reynolds number. For spherical (α = β = 1), Euclidean (nf = 3)
particles in the Stokes’ regime, for which Rep 	 1, the well-known Stokes’ formula
for a stationary settling particle is retrieved:

ws = (ρs − ρw)gD2
f

18µ
(12.6)

Figure 12.5 presents the settling velocity as established with Equation (12.5) with
α = β = 1, Dp = 4 µm (which is a typical value found by Van Leussen5 for Ems
mud), ρs = 2650 kg/m3, ρw = 1020 kg/m3, andµ = 10−3 Pasec, for three values of
nf , that is, nf = 1.7, 2, and 2.3, together with observations. These observations
comprise of data on settling velocity and floc size measured in the Delft Hydraulics
settling column, in the Ems estuary and in the North Sea (Van Leussen5; VIS in
Figure 12.5 means size and settling velocity measurements with a Video In Situ camera
system), in Chesapeake Bay (Gibbs17), and in the Tamar estuary (Fennessy et al.18).
It is observed that Equation (12.5) matches the data adequately. This is also the case
for data presented by Hawley,19 who summarizes the work of Japanese researchers

Copyright 2005 by CRC Press



“L1615_C012” — 2004/11/20 — 10:43 — page 254 — #6

254 Flocculation in Natural and Engineered Environmental Systems

0.01

0.1

1

10

10 100 1,000 10,000

Floc diameter, Df (�m)

S
et

tli
ng

 v
el

oc
ity

 w
s 

(m
m

/s
ec

)

Ems — mud,
column
VIS, Ems '89
VIS, North Sea
VIS, Ems '90

nf = 2.0

nf = 1.7

nf = 2.3

FIGURE 12.5 Relation between settling velocity and floc size (Equation (12.5)) for
self-similar flocs.

in the ocean (not shown here). The overall trend of the data points seems slightly
steeper than the fit with nf = 2, because no data are available in the lower right corner
of the graph, that is, small ws and large Df . However, when the individual data sets
are studied, the slopes agree better with nf = 2.

Figure 12.5 shows that for particles with a diameter up to a few 100 µm, the
data can be properly represented with the fit ws ∝ Df , that is, with an average fractal
dimension, nf = 2. At floc diameters beyond Df = 1 mm, Equation (12.5) predicts
a rapid deviation from a simple power law behavior because of the increasing role
of the particle Reynolds number. We can expect that the validity of (12.5) becomes
limited at floc sizes beyond a few millimetres.

Winterwerp9 has developed a Eulerian flocculation model, which is identical
to a Lagrangian model (Winterwerp8) in case of no advection and constant sediment
concentration. This flocculation model is used in Sections 12.2 and 12.3 of this chapter
to analyze the effects of the flocculation time, and reads:

dDf

dt
= kAcGD2

f − kBG3/2(Df − Dp)D
2
f (12.7)

where c is the suspended sediment concentration by mass, G is a measure for the shear
rate at the smallest turbulence length scale (G ≡ √ε/ν), kA (m2/kg) is a dimensional
aggregation parameter and kB(sec1/2/m2) is a floc break-up parameter. Here we have
assumed that the fractal dimension nf attains its mean value of nf = 2.

For small values of Df , the first term on the right-hand side of (12.7), that is,
the aggregation term dominates, whereas for large Df , the second term, that is, the
break-up term dominates. From this flocculation equation, an equilibrium floc size
Df,e is obtained for dDf/dt = 0. A mathematically trivial but physically unsound and
unstable solution is Df,e = 0. In this case, small particles always grow. The other
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equilibrium solution for the Lagrangian model reads:

Df,e = Dp + kAc

kB
√

G
(12.8)

which is a stable equilibrium, as for Df < Df,e, the flocs grow and for Df > Df,e,
the flocs break up. For the chosen fractal dimension, nf = 2, the differential equa-
tion (12.7) can be easily solved analytically, if the sediment concentration by mass c
is constant. First, a time scale parameter T ′ is defined:

T ′ =
(

kBG3/2D2
f,e

)−1
(12.9)

The solution of Equation (12.7) then has the implicit form:

t = T ′
[

ln

(
Df,e − D0Df

Df,e − Df D0

)
+ Df,e

D0
− Df,e

Df

]
(12.10)

in which D0 is the floc size at t = 0. This solution describes the aggregation/floc-
break-up process for flocs initially either smaller or larger than the flocs at
equilibrium size.

From (12.10), a time constant for flocculation Tf can be defined in the case that
the initial floc size D0 is much smaller or much larger than the equilibrium value,
yielding the maximum time scales of the aggregation and floc break-up processes:

for Df,e � D0: Tf ≈ T ′Df,e/D0 ≈ 1

kAcGD0

for Df,e 	 D0: Tf ≈ 2T ′ ≈ 2kB

k2
Ac2
√

G

hence Tf ∝
(

U3

h

)−n

c−m with
1

4
≤ n ≤ 1

2
, 1 ≤ m ≤ 2

(12.11)

The flocculation model contains a flocculation parameter kA and a floc break-up
parameter kB, which have to be determined empirically. This has been done at present
for one set of data only, that is, on the basis of flocculation experiments carried out in
the settling column of Delft Hydraulics (see Van Leussen5). This column is a 4.25 m
high perspex cylinder with an inner diameter of 0.29 m. Within the column, a grid can
be oscillated at various frequencies and amplitudes to generate a homogeneous tur-
bulence field. For details on the calibration, the reader is referred to Winterwerp.8,9,20

From this analysis, we found kA = 14.6 m2/kg and kB = 14.103 sec1/2/m2 (NB:
nf = 2). It is stressed that these parameters have been obtained for cohesive sediment
from the Ems estuary in The Netherlands, and that no other data are available at
present. One would expect, though, that these parameters are not universally applic-
able. However, as no other data are available, these values will be used anyway in
this chapter.
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12.3 FLOC SIZE DISTRIBUTION OVER THE WATER DEPTH

From the analysis of the Lagrangian flocculation model in Section 12.2, we obtained
the time scales for flocculation (e.g. Equation (12.11)). The flocculation time can vary
between a few minutes to many days, and even more, depending on the hydrodynamic
conditions and the suspended sediment concentration. As a result, flocs of cohesive
sediment, observed in marine environments, are often not in equilibrium with the
local hydrodynamic conditions.

Let us first compute the time evolution of floc size, as predicted with the
Lagrangian flocculation model (12.7). The results are shown in Figure 12.6, together
with some data obtained in a settling column (for details, see Winterwerp8). We
observe that for two sets of experimental data, equilibrium conditions are obtained
within a few hundred seconds. For one experiment though, the flocculation time
exceeds 1 h. From a qualitative point of view, Figure 12.6 shows the same trend as
Figure 12.4. However, we cannot analyze the results in Figure 12.4 further, as no
details of the experimental conditions are given.

These observations have important implications for the flocculation beha-
vior in marine conditions. Flocs settle continuously due to gravity and are
remixed/resuspended by turbulence. Hence, they experience varying hydrodynamic
conditions (shear rates) during their journey through the water column. This implies
that the ratio between flocculation time and residence time in a specific turbulent
environment becomes an important parameter.

This can be further analyzed for schematic conditions by considering a situation
where the turbulence field is homogeneous over the water depth, as can be realized
in a settling column, for example. The mean residence time Tr for all particles in the
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FIGURE 12.6 Floc growth as a function of time (Equation 12.10, after Winterwerp,
Continental Shelf Res., 22, 1339–1360, 2002) — particle size at t = 0 measures 4 µm.
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water column with initial height Z0 above the bottom of the water column can be
obtained from

∫ Tr

0
ws dt = α′′

∫ Tr

0
Df dt = Z0 (12.12)

in which ws is the settling velocity and α′′ = α′Dpg�/ν(≈ 3 sec−1 for Dp = 4 µm).
The residence time Tr can be solved directly from this equation through integration
of the simplified flocculation model (12.7) to yield

Tr = Z0

α′′Df,e
+ Df − D0

kAcGDf D0
= Z0

ws,e
+ T ′

[
Df,e

D0
− Df,e

Df

]
(12.13)

in which ws,e is the equilibrium settling velocity for equilibrium floc size (e.g.
Equation (12.5) and (12.8)). The maximum settling velocity, as a function of a limited
residence time, follows from (12.12) and (12.13) (t = Tr):

ws,max = ws,0

((Df,e − D0)/Df,e)e−Z0/(ws,eT ′) + D0/Df,e
(12.14)

The maximum settling velocity predicted with Equation (12.14) is plotted in
Figure 12.7 for the kA and kB values given before, a suspended sediment concentra-
tion of 1 g/l, and Z0 = 1, 2, and 4 m, respectively. It is shown that for small values of
G, the flocs cannot attain equilibrium conditions, given by Equation (12.8) because
of the limited residence time. If the concentration would decrease by a factor 10,
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the shear rate at which equilibrium would be possible, would increase by the same
factor. We have also plotted some data presented by Van Leussen,5 which appear to
be properly modeled by Equation (12.14). As the experiments by Van Leussen were
carried out at various sediment concentrations, the settling velocity in Figure 12.7 is
divided by c to allow mutual comparison.

Note that Figure 12.7 is qualitatively similar to the diagram by Dyer in Figure 12.2.
We conclude that the left part of this graph is affected by a limited residence time, or
similarly by too long flocculation times.

We can substantiate these observations further, and investigate when the classical
diagram by Van Leussen7 of flocculation processes in the water column, sketched
in Figure 12.3 is correct. It shows larger flocs higher in the water column, where
turbulent shear is relatively small, and smaller flocs near the bed, where turbulent
shear is high.

This diagram can of course only hold when the flocculation time is small when
compared to the mixing and settling time of sediment. As the settling velocity of
mud flocs is generally of the order of a few 0.1 to 1 mm/sec, or smaller, the vertical
mixing time h2/εz (where h is the water depth and εz is the vertical eddy diffusivity)
is generally much smaller than the settling time h/ws. Moreover, the time scale for
floc break-up is almost always smaller than the time scale for aggregation, as follows
from Equation (12.11). Hence, to compare flocculation time with residence time, we
may compare aggregation time with settling time only. The relevant aggregation time
is the time necessary to form larger flocs with size Du higher in the water column
through aggregation of smaller flocs with size Dl originating from the lower part of
the water column. The latter are more or less in equilibrium with the hydrodynamic
conditions near the bed as G (and often c) is large. Also, for the present analysis, we
assume that the vertical gradient in suspended sediment concentration is small.

The flocculation time Tf for Du > Dl is obtained from Equation (12.11):

Tf ≈ 1

kAcGuDl
(12.15)

where Gu is assumed to be represented by the mean value of the shear rate in the upper
25% of the water column. We assume further that Dl is the floc size in equilibrium
with the shear rate Gl in the lower 25% of the water column. Gu and Gl are found
from averaging G, using Nezu and Nakagawa’s approximation 21 of the dissipation
rate ε = u3∗(1− ζ )/κhζ , where ζ = z/h and u∗ is the shear velocity:

Gu = 1

0.25

∫ 1

0.75
G dζ = 0.36

√
u3∗
κνh

(12.16a)

and

Gl = 1

0.25

∫ 0.25

0
G dζ = 3.82

√
u3∗
κνh

(12.16b)
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and the equlibrium floc size in the lower part of the water column Dl follows from
(12.8):

Dl = kAc

kB
√

Gl
(12.17)

The settling time of large flocs in the upper part of the water column Ts is found from
Equation (12.5):

Ts = h

ws
≈ h

α′′Du
(12.18)

where Du is the floc size in equilibrium with Gu and α′′ is defined before. If the
relative flocculation time Tf/Ts < 1, we expect that considerable aggregation can
take place so that flocs higher in the water column are much larger than those near
the bed. Substitution from Equation (12.15) through (12.18) yields Tf/Ts:

Tf

Ts
= α′′

kAch

1

Gu

√
Gl

Gu
≈ 0.0012

√
1

hc2u3∗
(12.19)

where we use the various parameter values obtained for Ems mud. The relative floc-
culation time Tf/Ts is depicted in Figure 12.8 for a variety of suspended sediment
concentrations, showing under which conditions considerable vertical gradients in
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FIGURE 12.8 Relative flocculation time of mud flocs in water column (Equation (12.19)). At
large h and u∗, residence time is large, c.q. flocculation time is small and we expect Du � Dl.
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FIGURE 12.9 Particle size distribution for initial and equilibrium conditions. (After Kranck
and Milligan, J. Geoph. Res., 97(C7), 11373–11382, 1992.)

floc size (i.e., Du � Dl) are expected to occur. This graph suggests that for estuarine
conditions, with shear velocities of a few centimeters per second, vertical gradients
in floc size only occur for suspended sediment concentrations beyond a few 100 mg/l.
Around slack water, suspended sediment concentrations should even be much larger
to generate significant vertical gradients in floc size (e.g. Winterwerp9). It is noted
that these results are obtained for the parameter settings obtained from laboratory
experiments with Ems mud, and therefore cannot be considered to be universally
valid. However, this analysis clearly indicates that flocculation processes higher in
the water column, as depicted in Figure 12.3, can only occur if the residence time of
the flocs in the water column is large enough.

If the flocculation time is much larger than the residence time (i.e. lower left corner
of Figure 12.8) vertical gradients in floc size are small: Du ≈ Dl. As Dl is expected
to be in equilibrium with the local near-bed hydro-sedimentological conditions (i.e.
local G and c), the mean floc size throughout the water column can be estimated from
these conditions only.

This analysis was dedicated to one floc size only. However, a limitation in
residence times will also have implications for wide floc size distributions, as observed
in nature. Figure 12.9 presents the initial floc size distribution, that is, prior to floccula-
tion, and the floc size distribution for equilibrium conditions, as measured by Kranck
(Kranck and Milligan22). It shows a shift toward larger flocs in the equilibrium situ-
ation, as expected. However, if equilibrium conditions are not met, more or less any
floc size distribution in between the two curves of Figure 12.9 may occur. Of course,
this observation also holds for the median floc size. It is clear that this has major
implications on the interpretation of floc size data obtained in the marine environment.

12.4 FLOC SIZE DISTRIBUTION OVER THE
TIDAL CYCLE

Let us next examine how flocculation affects the sediment dynamics in a turbidity
maximum. For this purpose, we analyze the field measurements carried out in the
Ems estuary at the border of The Netherlands and Germany (Van Leussen5) with
the use of a IDV-model. Contrary to Sections 12.2 and 12.3, we now include all
physical processes in our analysis, such as settling and turbulent mixing, the effects
of sediment–fluid interaction and flocculation. For details on this model, the reader
is referred to Winterwerp.9
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These measurements were carried out in June 1990 along five stretches of the
river. At each stretch, two anchor stations at a mutual distance of approximately 1 km
were deployed to measure the flow velocity with an Ott meter, the salinity from con-
ductivity and temperature measurements, and the suspended sediment concentration
with a Partech turbidity meter, or by taking water samples at high suspended sediment
concentrations. During 13 h these parameters were measured every 1

2 h at 0.3, 0.5,
1, 2 m, etc. above the bed, till 1.5 m below the water level. Along these stretches,
measurements were also taken from a moving vessel, determining the relative flow
velocity, salinity, and suspended sediment concentration with identical instruments,
and the floc size and settling velocity with a video system (VIS). A summary of the
measuring locations is presented in Figure 12.10, from Van Leussen.5
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FIGURE 12.10 Locations of field measurements in the Ems estuary. (After Van Leussen,
PhD thesis, University of Utrecht, The Netherlands, 1994.)
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The river discharge during these measurements was about 10 to 25 m3/sec, which
is very low for the Ems river. As a result, the turbidity maximum is located around
stretch B, about 15 km upstream of its usual location in the Emder Fahrwasser. Because
of this low river discharge, vertical salinity gradients were virtually absent during the
entire measuring campaign. Moreover, the salinity at Station 1 and 2 remains almost
constant at S ≈ 0.2 ppt.

The water level and flow velocity at Stations 1 and 2 were almost identical,
and h and U at both stations were also almost in phase. The suspended sediment
concentration c at Station 1 was also almost identical to that at Station 2, though
during maximum flow velocity, the measured values at Station 1 were somewhat
larger than at Station 2. This indicates that, though advection certainly played a
role, horizontal gradients in sediment concentration were small. Hence these data
are suitable for analysis with a 1DV-model. Maximum values of the depth-mean
concentration C varied from about 0.7 to 1.0 g/l during maximum flood and maximum
ebb velocity (MEV) down to about 0.3 g/l during slack water, for example, Van
Leussen5 and Winterwerp.9 Figure 12.11, presenting the measurements in the form
of isolutals (i.e. lines of equal suspended sediment concentration), shows that during
flood, the sediment was almost homogeneously mixed over the water depth, whereas
during ebb, more stratified conditions occurred. Around high water slack (HWS), the
suspended sediment concentration dropped rapidly. The very large concentrations
around t = 1000 min are attributed to instabilities of the steep mud banks, supplying
large amounts of mud to the river (Van Leussen23), and will be ignored.

The measurements in Station 1 and 2 have been simulated with a 1DV-model,
including the effects of sediment-induced buoyancy effects and turbulence-induced
flocculation (Winterwerp9,20). The measured variation in water level and depth-mean
flow velocity is prescribed, and the measured depth-mean suspended sediment con-
centration is set at C0 = 0.61 g/l, according to the data. All sediment remains in
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FIGURE 12.11 Isolutals from measurements at Station 2.
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FIGURE 12.12 Isolutals computed with 1DV model with flocculation model. (Subtract
1000 min from time axis to compare with Figure 12.11.)

the computational domain, that is, neither sedimentation nor erosion is modeled. The
results of the computations are shown in Figure 12.12 in the form of isolutals and as
vertical concentration profiles at t = 1420 and 1780 min in Figure 12.13. Note that
the model is first run for 1000 min to mediate for spin-up effects; these 1000 min
have to be subtracted from the horizontal axes.

The computational results reproduce the vertical structure of the measured con-
centration distribution, including the characteristic rapid settling around HWS. It is
noted that it was not possible to reproduce the character of the measured data with
1DV-computations with a constant settling velocity (no flocculation) or with a constant
fluid density (no sediment–fluid interaction), for example, Winterwerp.9

During flood, at t = 1420 min, the sediment is almost homogeneously distributed
over the water column, whereas at t = 1780 min, around MEV, the concentration
profile is highly stratified.

As the turbulence intensities vary over the tidal cycle, floc size, hence settling
velocity, is expected to vary over the tidal cycle. This is indeed the case, as depicted
in Figure 12.1, showing the time variation in settling velocity, measured by Van
Leussen.5 Such a variation in floc size, hence settling velocity, was also computed
with the 1DV-model, as shown in Figure 12.14, though the time phase of ws does
not match the measured pattern exactly. The absolute value of the computed settling
velocity, however, agrees very well with the measurements. The large value of ws
around slack water explains the rapid settling of the sediment around slack water
(t = 1500 min), as observed during the measuring campaign and predicted with
the 1DV-model. The values of ws around slack water are limited (i.e., much smaller
than the equilibrium values) by the large flocculation time Tf around slack water, as
shown in Figure 12.15: Tf increases to many hours around slack water, as a result
of which equilibrium floc sizes cannot be achieved. The very large flocculation time

Copyright 2005 by CRC Press



“L1615_C012” — 2004/11/20 — 10:43 — page 264 — #16

0

2

4

6

8

10(a)

Concentration, c (g/l)

D
ep

th
, z

 (
m

)

1 DV-model, t = 1420
min

1 DV-model, t = 1780
min

0

2

4

6

8

10(b)

Concentration, c (g/l)

D
ep

th
, z

 (
m

)

0 1 2 3 4 5

0 1 2 3 4 5

FIGURE 12.13 Computed and measured vertical concentration profiles at (a) t= 1420
minutes and (b) t= 1780 minutes. (Subtract 1000 min from time axis to compare with
Figure 12.11.)

0

1

2

3

4

1200 1440 1680 1920

Time, t (min)

S
et

tli
ng

 v
el

oc
ity

, w
s 

(m
m

/s
ec

)

z = 4.0 m

z = 2.0 m

z = 1.0 m

z = 0.5 m

FIGURE 12.14 Computed variation in settling velocity. (Subtract 1000 min from time axis
to compare with Figure 12.11.)

Copyright 2005 by CRC Press



“L1615_C012” — 2004/11/20 — 10:43 — page 265 — #17

Equilibrium and Nonequilibrium Floc Sizes 265

0

1

2

3

4

5

6

1200 1440 1680 1920

Time, t (min)

F
lo

cc
ul

at
io

n 
tim

e,
T

f (
h)

z = 0.5 m
z = 1.0 m
z = 2.0 m
z = 4.0 m

FIGURE 12.15 Computed variation in flocculation time. (Subtract 1000 min from time axis
to compare with Figure 12.11.)

around LWS is probably due to the large stratification at that time. Only during MFV
equilibrium floc sizes are predicted.

Further, it is important to note that during rising tide (flood), larger settling velo-
cities are found in the upper part of the water column, whereas during falling tide
(ebb), larger settling velocities are found near the bed. This results in a destabiliz-
ing effect on the vertical concentration profile during flood. The stabilizing effect
during ebb enhances the sediment-induced buoyancy effects, resulting in the strati-
fied conditions during ebb. The floc size, hence settling velocity, is governed by the
turbulence intensity, parameterized by G and the suspended sediment concentration
c (Equation (12.8)). Apparently for the current conditions, the effect of turbulence
(“G-effect”) is dominant during flood, whereas the effect of concentration (“c-effect”)
is dominant during ebb.

12.5 SEDIMENT CONCENTRATIONS IN
FLUID MUD LAYERS

When mud flocs settle on the bed, they form a space-filling network structure, referred
toasagel, andameasurablestrengthbuildsup. Theconcentrationatwhich thishappens
is referred to as the gelling point. The volumetric concentrationφf then becomes unity,
see Equation (12.4). If we assume that the flocculation model is also valid for these
conditions, we can establish the gelling concentration cgel for equilibrium conditions
(dDf/dt = 0) as a function of shear rate parameter G for various values of the fractal
dimension nf from the relation (12.4) and the Lagrangian flocculation model (12.7).
We assume that Dp 	 Df , and that the sediment concentration is constant, yielding

cgel =
(

aeb

k′A

√
µ

Fy

)(3−nf )/(4−nf )

D(3−nf )/(4−nf )
p ρsG

(3−nf )/(2(4−nf )) (12.20)
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FIGURE 12.16 Variation of gelling concentration cgel with nf and G for equilibrium
conditions. (Equation (12.20).)

Using the various model parameters assessed in Section 12.2, cgel(G, nf) can
be established for equilibrium conditions. The results are presented in Figure 12.16,
showing the high sensitivity of cgel to nf at larger values of nf . For nf = 3, we
obtain the trivial result that cgel = ρs. We observe that for nf = 2.6 to 2.7, we find
cgel ≈ 100 g/l, which is a characteristic concentration for fluid mud occurrences.
However, these nf values are unrealistically large.

It appears impossible to obtain cgel values of the order of 100 g/l by modifying
the other parameters of the flocculation model within reasonable limits. Hence, by
applying the flocculation model for equilibrium conditions, fluid mud concentrations
of about 100 g/l can only be obtained with fractal dimensions substantially larger
than the average nf values encountered for the mud flocs in the water column. This
is an important conclusion, which is explained by the response time of the flocs to
a variation in hydrodynamic conditions. Apparently, the fluid mud forming flocs are
much smaller than the equilibrium values to be expected within the fluid mud layer
because the flocs (settling from the upper part of the water column) get insufficient
time to grow. Again, the residence time is the limiting factor here.

Next, 1DV-simulations for Station 3 of Figure 12.10 in the turbidity maximum
are discussed. As the horizontal gradients in concentration are fairly large in this area
(Van Leussen5), such simulations can only be indicative to predict qualitative trends.
Again, the measured variation in water-depth and depth-mean velocity are prescribed,
and the depth-mean suspended sediment concentration is set at the measured value
of C0 = 5 g/l.

The computed vertical concentration distribution at three times is compared with
the measurements in Figure 12.17, showing that the near-bed concentrations (fluid
mud) are reasonably predicted. It is noted that the observed near-bed concentrations
depicted in Figure 12.17 can only be reproduced when the full flocculation model is
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FIGURE 12.17 Comparison of computed and measured concentration distributions and
formation of fluid mud at Station 3, turbidity maximum.

TABLE 12.1
Typical Fluid Mud Concentrations (cgel) in Estuaries

Location Reference Fluid Mud Concentration (g/l) Remarks

Severn Crickmore24 Appr. 10
Kiby and Parker25

Parret Odd et al.26 40–80 Above cons. bed
Ems Estuary Van Leussen5 Appr. 40 0.35 m from bed
Amazon Kineke et al.27,28 40–250 0–2 m from bed
Loire Le Hir29 Appr. 40 1 m thick layers
Jiaojiang River Guan et al.30 Appr. 40 0.35 m from bed

included in the 1DV-computations. If relaxation effects are omitted, the computed
fluid mud concentrations would be much smaller (e.g. the values of Figure 12.16 at
nf = 2) because the floc size would become unrealistically large.

It is further noted that the computed values are also in the range of fluid mud
concentrations encountered in estuaries and coastal areas, as reported in the lit-
erature, and presented in Table 12.1. These values show a considerable scatter,
however. The large values on the Amazon shelf may be attributed to the large flow-
induced shear stresses, reducing the floc size significantly, yielding large fluid mud
concentrations.

We have shown that the suspended sediment behavior in/near the turbidity max-
imum in the Ems estuary is characterized by a rapid settling around slack water and
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a highly stratified concentration profile during ebb. Our analysis of the data with a
1DV-model reveals that this behavior is governed by two processes:

1. Sediment-induced buoyancy effects (not treated here).
2. Flocculation:

(a) The large growth in floc size, hence settling velocity, causes rapid
settling around slack water.

(b) The stable floc size, hence settling velocity profile during ebb enhances
the effects of stratification.

The flocculation time, in relation to the time scale of the driving forces, is
important in limiting the growth of the flocs, hence the settling velocity around low-
turbulent slack water conditions. Moreover, these relaxation effects result in fluid
mud concentration (gelling concentration) of a few tens of grams per liter.

12.6 DISCUSSION AND CONCLUSIONS

We have developed a simple model for turbulence-induced flocculation of cohesive
sediment. This model predicts floc sizes, settling velocities, and fluid mud concentra-
tions in agreement with observations in natural systems. We predict large flocculation
times, that is, of the order of many hours and more, at low sediment concentration
and low turbulence intensity (turbulent shear stresses). These large flocculation times
explain the evolution of floc size as a function of shear stress, as hypothesized by
Dyer6 (e.g. Figure 12.2): at low shear stress, the cohesive sediment particles have
insufficient time to form large flocs.

This implies that for field conditions at low concentration, as met in many rivers
and coastal areas, the floc size is governed by near-bed hydrodynamic processes only.
Only at higher concentrations, as often encountered in estuaries, variations in floc
size over the water depth, as sketched in Figure 12.3, are expected.

Under such high concentrations, large temporal variations in floc size are also
expected (e.g. Figure 12.1 and Figure 12.14). In particular, during slack water, floc
size and settling velocity are expected to grow significantly. This growth explains
the rapid settling around slack water as often observed in turbid environments (e.g.
Figure 12.11). However, their growth is limited by a limited residence time of these
flocs in the turbulent water column. In other words, around slack water, no equilibrium
conditions are to be expected, contrary to the conditions around MFV (and MEV),
when flocculation times are small and equilibrium can be attained.

Sediment concentrations in fluid mud layers are also affected by history effects.
The fluid mud forming flocs settling from the upper part of the water column
have insufficient time to grow to the equilibrium values that might be expected
within the fluid mud layer. Moreover, the vertical density gradients induced by the
settling sediment decrease turbulence intensity, augmenting the effect of floccula-
tion time. The large sediment-induced stratification observed in the Ems River is
probably responsible for the very large flocculation times predicted around slack
water.
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These conclusions imply that at low concentrations, floc sizes throughout the
water column are in equilibrium with the near-bed processes. Under high concen-
trations, equilibrium is expected only around MFV and MEV. Around slack water,
the flocs can have almost any size, depending on the local hydrodynamic conditions
and history effects. This means that measurements of floc size, for example, settling
velocity can only be interpreted properly if the hydro-sedimentological conditions
and their history are measured as well.
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13.1 INTRODUCTION

Two of the most fundamental properties of any particle, inert or living, are its length
and its mass. These two properties determine how a particle interacts with planktonic
organisms as food or habitat, how it affects light, and how fast it sinks. Because
organisms are discrete entities, particle processes affect them as well as nonliving
material.

Life in the ocean coexists with two competing physical processes favoring surface
and bottom of the ocean: light from above provides the energy to fuel the system;
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gravity from below collects essential materials encapsulated in particles. Coagulation
is the formation of single, larger, particles by the collision and union of two smaller
particles; very large particles can be made from smaller particles by multiple colli-
sions. Coagulation makes bigger particles, enhances sinking rates, and accelerates
the removal of photosynthate. One result is that coagulation can limit the maximum
phytoplankton concentration in the euphotic zone.

Particle size distributions have been measured since the advent of the Coulter
Counter in the early 1970s, when Sheldon et al.1 reported on size distributions pre-
dominantly from surface waters around the world. They reported values for particles
ostensibly between 1 and 1000 µm, although sampling and instrumental consider-
ation suggest that the range was significantly smaller.2 There were approximately
equal amounts of matter in equal logarithmic size intervals,1 a distribution that is
characteristic of a particle number size spectrum n ∼ r−4, where r is the particle
radius and n is defined in Equation (13.1), and has inspired theoretical models of
planktonic systems. Platt and Denman3 explained the spectral shape using an eco-
logically motivated model in which mass cascade energy from one organism to its
larger consumer. While the emphasis on organism interactions neglected the inter-
actions of nonliving particles, it stimulated the study of organism size–abundance
relationships.4–7 Hunt8,9 was the first to argue that coagulation theory could explain
the spectral slope in the ocean.

The use of coagulation theory to explain planktonic processes in the ocean is
more recent and was inspired by observations of large aggregates of algae and other
material that were named “marine snow.”10–13 Among the first observations relating
marine snow length and mass were the field and laboratory observations of Alldredge
and Gotshalk,14 who fit particle settling rate to power-law relationships of particle
length and mass. These observations were later interpreted by Logan and Wilkinson15

as resulting from a fractal relationship between mass and length.
While there has been an extensive history of applying coagulation theory to

explain the removal of particulate matter from surface waters, most early work
emphasized coagulation as a removal process in lakes and esuaries.16–19 Hunt9 argued
that particle size distributions in the ocean were characteristic of coagulation pro-
cesses, using a dimensional argument that had been made to explain characteristic
shapes of atmosphere particle distributions.20 The influential review of McCave21

examined the mechanisms and rates of coagulation in the ocean, but purposely passed
over particle interactions in the surface layer because of the belief that biological
processes would overwhelm coagulation there.

The early models of planktonic systems22–24 showed that coagulation could occur
at rates comparable to those of more biological processes and helped to focus observa-
tions on the role of coagulation in marine systems. The physical mechanisms used to
describe interactions between inorganic particles in coagulation theory have also been
modified to describe the interactions between different types of planktonic organisms,
with feeding replacing particle sticking.25–30

This chapter is a survey that highlights some of the evolution and usage of coagu-
lation theory to describe dynamics of planktonic systems. The emphasis is on the
physical aspect of coagulation theory, describing collision rates, rather than on the
chemical aspect, describing the probability of colliding particles sticking together.
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As the theory has evolved, the range of formulations applied to plankton models
has increased, with no one formulation becoming standard. The divergence between
the evolving sophistication of the models and their usage with observational data is
symptomatic of this lack of consensus in models. More attention needs to paid to
developing simple diagnostic indices that can be used to interpret field observations.

13.2 PRIMER ON PARTICLE DISTRIBUTION AND
DYNAMICS

13.2.1 PARTICLE PROPERTIES

A case in which the source particles are of one size allows the description of the mass
of a particle in terms of the number of monomers present in it (e.g., using the index i),
as well as the number concentration (Ci) of such particles. For more typical situations,
the distribution in particle size is usually given in terms of the cumulative particle
size spectrum N(s), the number of particles smaller than size s, or the differential size
spectrum n(s)

n = −dN

ds
(13.1)

(Note that symbols are also defined in Table 13.1.) Aggregates are not solid
spheres that conserve volume when they combine. Theoretical studies31,32 and
observations15,33–35 have shown that the density declines as aggregate size increases.
This increase is usually described using fractal scaling between mass and length:

m ∼ rDf (13.2)

where m is the particle mass, r is the particle radius, often identified with the radius of
gyration, and Df is the fractal dimension. If volume were conserved, Df would equal 3.
Observations on aggregated systems yield values of Df ranging from 1.3 to 2.3.15,33–36

13.2.2 PARTICLE COLLISION RATES

The description of collision rates between particles is the foundation of physical
coagulation theory. The rate of collision between two different size particles present
at number concentrations of Ci and Cj is

Collision rate = βijCiCj (13.3)

where βij is the particle size-dependent rate parameter known as the coagulation ker-
nel. The three different mechanisms used to describe particle collision rates and their
rate constants are Brownian motion, βij,Br; shear, βij,sh; and differential sediment-
ation, βij,ds. The total βij is usually assumed to be the sum of these three.20,37 The
rectilinear formulations are the simplest expressions for these terms and are calculated
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TABLE 13.1
Notation: Dimensions are Given in Terms of Length L,
Mass M, and Time T

Symbol Description Dimensions

Ci Number concentration of ith particle type # L−3

Ccr Critical particle number concentration # L−3

CV,i Volume concentration of ith particle type —
CV,cr Critical particle volume concentration —
Di Diffusivity of ith particle type L2T−1

Df Fractal dimension —
M Particle mass M
n Particle differential number spectrum # L−4

N Particle cumulative number spectrum # L−3

r, ri Particle radius L
s Particle size (mass, length, . . .) —
vi Settling velocity of ith particle type
V , Vi Particle volume L3

Z Mixed layer depth L
α Particle stickiness —
α′ Stickiness estimated in polydisperse systems —
β Coagulation kernel L3T−1

γ Average shear T−1

λ Ratio of particle radii, r1/r2 —
η Ratio of particle concentrations, C1/C2 —
µ Algal specific growth rate T−1

assuming that the particles are impermeable spheres whose presence does not affect
water motion, and that chemical attraction or repulsion has negligible effect:

βij,Br = 4π(Di + Dj)(ri + rj) (13.4)

βij,sh = 1.3γ (ri + rj)
3 (13.5)

βij,ds = π(ri + rj)
2|vi − vj| (13.6)

where i and j are the particle indices, ri is the radius of the ith particle, vi is its fall
velocity, Di its diffusivity, and γ the average fluid shear.37

There are adjustments to these equations that account for fluid flow around the lar-
ger particle for the shear24 and differential sedimentation38 terms in what I will call the
curvilinear approximation, as well as higher order terms that include greater hydro-
dynamic detail as well as attractive forces.39,40 For example, considering the flow
field around a larger particle when considering the rate of collision with a smaller for
differential sedimentation leads to24

βij,ds = 0.5πr2
i |vj − vi| (13.7)
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where rj > ri. Similarly, the shear kernel becomes38

βij,sh = 9.8
p2

(1+ 2p)2
γ (ri + rj)

3 (13.8)

where p = ri/rj and rj > ri.
The coagulation equations describe the rate of change of each size fraction in

terms of the processes which change particle concentration.

dCj

dt
= α

2

j−1∑

i=1

βi, j−iCj−iCi − α
∞∑

i=1

βijCjCi + sources− sinks (13.9)

where sinks can include loss from settling out of a mixed layer and sources can include
algal growth and division.

The equations are modified when considering continuous distributions described
with a particle size spectrum:

∂n(m, t)

∂t
= α

2

∫ m

0
n(m − m′, t)n(m′, t)β(m − m′, m′)dm′

− α
∫ ∞

0
n(m, t)n(m′, t)β(m, m′)dm′ + sources− sinks (13.10)

where m is the particle mass.
The integro-differential equations that result from using the number spectra

require approximations to solve. Approaches include solving analytically after assum-
ing that n = ar−b (the Jungian spectrum) and solving numerically after separating the
spectrum into particle size regions in which the shape as a function of size is constant
but the total mass in the region varies (the sectional approach of Gelbard et al.41).

One implication of fractal scaling is that aggregates are porous, a property which
affects the flow through and around an aggregate. Li and Logan42,43 have documented
the effect of this porosity on particle capture. Their results have been used to modify
the coagulation kernels.44

The simple fractal relationship presupposes that a system is initially monodisperse
(all particles the same). Jackson45 proposed that a consequence of fractal scaling is
that rDf is conserved in a two-particle collision, in the same way that mass is. This was
used to develop two-dimensional particle spectra that describe particle concentrations
as functions of particle mass and rDf .

An important factor in determining whether two colliding particles combine is the
stickinessα. Considering the probability of a contact causing two particles to combine,
α is usually empirically determined or used as a fitting parameter (see below).

Observations on algal cultures have shown that it can vary with species and with
nutritional status for any species with observed values ranging from 10−4 to 0.2
(see ref. 46).
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Other issues which can affect net coagulation rates are the effect of non-spherical
shape,24,47 and the breakup, or disaggregation, of larger aggregates from fluid forces
that exceed the particle strength.48,49

13.3 EXAMPLES OF SIMPLE MODELS RELEVANT TO
PLANKTONIC SYSTEMS

13.3.1 RECTILINEAR, MONODISPERSE, AND VOLUME CONSERVING

13.3.1.1 Phytoplankton and the Critical Concentration

The original model of Jackson22 considered an algal population in the surface mixed
layer as consisting of single cells whose number concentration Cl increased as the
cells divided with a specific growth rate µ and which disappeared as they fell out of
a mixed layer and as they collided to form aggregates:

dC1

dt
= µC1 − α

∞∑

i=1

β1iC1Ci − v1

Z
C1 (13.11)

where α is the stickiness, Z is the mixed layer thickness, and v1 is the settling velocity
of a particle composed of one algal cell. Concentrations of aggregates containing j
algal cells increased and decreased with aggregation and sinking:

dCj

dt
= α

2

j−1∑

i=1

βi,j−iCj−iCi − α
∞∑

i=1

βijCjCi − vj

Z
Cj (13.12)

for j > 1. Note that the index ( j− i) is used to indicate that a particle with j monomers
requires that the second particle in a collision have ( j−i)monomers if the first particle
has i monomers. The original model used rectilinear kernels, initially monodisperse
particle sources and mass–length relationships akin to fractal scaling.

Simulation results of such a system show that this is essentially a two-state system
(Figure 13.1; parameter values in figure caption). For the first 3 days, the only particle
size class to change is that of single algal cells, which increases exponentially (lin-
ear in a logarithmic axis); larger particles have essentially constant concentrations.
With time, ever large particles have their concentrations changed. For the particles
composed of 30 monomers, there is an increase in concentration of about 10 orders
of magnitude between days 6 and 9. After day 9, there is essentially no change in
concentration. The difference in the first 3 days and the period after day 6 can be
understood as resulting from very few formation of aggregates at low algal concen-
trations, but formation of aggregates at a rate that matches algal division at higher
monomer concentrations. The rapid aggregate formation blocks any further increase
in algal numbers despite continued cell production.

The limitation can be understood by simplifying Equation (13.11) and assuming
that the most important loss for single cells is to collision and subsequent coagulation

Copyright 2005 by CRC Press



“L1615_C013” — 2004/11/18 — 22:33 — page 277 — #7

Models of Oceanic Plankton Aggregation 277

0
2

4
6

8
10

0

10

20

30

40

10–10

10–5

100

Time (day)Particle size (monomers)

P
ar

t c
on

ce
nt

ra
tio

n 
(#

 c
m

–3
)

FIGURE 13.1 Number concentration of particles for an exponentially growing algal popu-
lation as a function of number of algal cells in a particle and time. The single algal cell with
a radius of r1 = 10 µm and stickiness of α = 1 grows exponentially at µ = 1 per days in a
Z = 30 m thick mixed layer having a shear of γ = 1 sec1. Particle fall velocity is calculated
using a particle density of 1.036 g cm−3 and fluid density of 1.0 g cm−3. The calculation uses
the summation formulation of Equations (13.11 and 13.12) and a rectilinear coagulation kernel.

with other single cells:

dC1

dt
= µC1 − αβ11C2

1 (13.13)

where β11 = 1.3γ (r1 + r1)
3 (the rectilinear shear kernel). Note that the differential

sedimentation kernel for collisions between two particles of the same size is zero
because they fall at the same rate, and that the Brownian kernel is considerably smaller
than that for shear for particles larger than 1 µm. At steady state, the generation of new
algal cells by division balances the loss to coagulation. The resulting concentration
for the cells is

Ccr = µ

αβ11
= µ

1.3αγ 8r3
1

(13.14)

Expressed as a volume concentration for spherical particles, this is:

CV,cr = 4

3
πr3

1
µ

1.3αγ 8r3
1

≈ πµ

αγ 8
(13.15)
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TABLE 13.2
Tests of Critical Concentration in Algal Blooms

Citation Test Result Comment

Kiørboe et al.50 Ccr for spring bloom Successfully
predict
maximum
concentration

Measure α

Riebesell51,52 Ccr for N. Sea bloom Prediction
10× high

Assume α = 0.1

Olesen53 Maximum algal
concentration

Unclear. Chl
higher than
expected

No actual cell
concentration or
α measured

Prieto et al.54 Ccr in mesocosm Successful Conversion of
data required

Boyd et al.55 Ccr for Fe fertilization
experiment SOIREE

Successfully
predict non-
coagulation

Assume α = 1

Boyd et al.55 Ccr for Fe fertilization
experiment IronEx 2

Successfully
predict
timing of
export

Assume α = 1

Boyd et al. unpub-
lished results

Ccr to Fe fertilization
experiment SERIES

Successfully
predict
maximum
concentration

Assume α = 1

The critical concentration provides a simple estimate of the maximum
concentration that algal population can attain during a bloom situation. It has been
remarkably successful when tested against bloom situations (Table 13.2). Its use
to predict the effect of ocean fertilization experiments is particularly striking.55

The stickiness parameter α provides an important tuning parameter. Note that
Riebesell51,52 would have successfully predicted the maximum bloom concentration
in the North Sea with α = 1 rather than the 0.1 he assumed.

13.3.1.2 Coagulation in a Stirred Container

One well-studied system is a vessel with an imposed (known) shear rate and an initially
uniform (monodisperse) particle population.56,57 In the initial stages of coagulation,
interactions among single particles dominate coagulation and, hence, the change
in total particle concentration CT. For small changes in particle number in C1, CT
decreases by coagulation from collision of monomers:

dCT

dt
= −1

2
αβ11C2

1 = −
1

2
α

(
4

3
γ (2r1)

3
)

C2
1

= −4αγ

π

(
4

3
πr3

1C1

)
C1 = −4αγ

π
CV,1C1

(13.16)
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FIGURE 13.2 Total particle concentration through time for an initially monodisperse system.
Solid line: solution calculated numerically using Equation (13.9); dashed line: approxim-
ate solution calculated using Equation (13.17). Calculation conditions: γ = 10 sec−1; r1 =
10 µm;α = 1. Aggregate sizes in the calculation ranged from i = 1 to 100 monomers. There
was little loss of particle mass from the system within the first 0.3 days. The divergence between
the approximate and simulated solutions increases with decreasing particle numbers.

Further simplifying by assuming that CV,1 is constant, the model predicts that

CT = C0 exp

(
−4αγCV,1t

π

)
(13.17)

where C0 is the initial particle concentration. The simplicity of this result has led to
its use to determine the value of α as a fitting parameter.46,57,58

A numerical calculation of the coagulation in this system shows how the total
particle concentration changes in time (Figure 13.2). The rate of change does diverge
with time.

13.3.1.3 Steady-State Size Spectra

Hunt8,9 applied the scaling techniques of Friedlander20 to estimate the expected shape
of particle size spectra in aquatic systems. He predicted that the spectrum should be
proportional to the r−2.5, r−4, and r−4.5 in the size ranges where Brownian motion,
shear, and differential sedimentation dominate. This calculation was based on a
scaling argument that assumes that particles are continually produced, that coagu-
lation moves mass to ever larger particles until they sediment out, and that only one
coagulation mechanism dominates at a given particle size.

Burd and Jackson59 calculated the spectra numerically and compared them to the
results from scaling analysis (Table 13.3). Their results showed that the processes
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TABLE 13.3
Particle Size Spectral Slopes for Different Calculations

Brownian
Region

Shear
Region

Differential
Sedimentation

Region

Dimensional analysis −2.5 −4.0 −4.5
Numerical Base case −2.5 −5.0 −14.5
No settling −2.5 −6.3 −2.9
No settling, only 1 mech-
anism in size range

−2.5 −4.0 −4.6

Note: The base case is a numerical simulation using the sectional approach
with all coagulation mechanisms and particle settling possible for all
particles. The "no settling" cases result when there is no loss of particles
by settling out of a layer.
Source: From Burd and Jackson, Environ. Sci. Technol., 36, 323, 2002.

could not be considered separately. They were able to reproduce the scaling results
only when they omitted particle settling and imposed only one coagulation mechanism
in a given size range. Thus, the simple analysis is not necessarily correct.

13.3.2 RECTILINEAR AND HETERODISPERSE

Many of the simple relationships derived from coagulation theory implicitly assume
that the systems are initially monodisperse. It is made when assuming that particle
number is proportional to volume for all particles or, more basically, in the lineariza-
tions that are made to derive the simplified equations. The effect of the monodisperse
assumption can be tested by assuming that there are initially two particle sizes and
making similar simplifications.

13.3.2.1 Critical Concentration

The simplicity of the formulation and its lack of dependence on particle radius sug-
gest that it could be used to predict a critical concentration for mixed assemblages
of phytoplankton, where no one particle type dominates. An expanded version of
Equation (13.13) for two particles is

dCa

dt
= µaCa − αβaaC2

a − αβabCaCb

dCb

dt
= µbCb − αβbbC2

b − αβabCaCb

(13.18)

where the subscripts “a” and “b” are used to distinguish the two particles.
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At steady state, dCa/dt = 0 and the first part of Equation (13.18) reduces to

Ca = µa

αβaa
− βabCb

βaa
= Ca,cr − (ra + rb)

3

(ra + ra)3
Cb

= Ca,cr − (ra/rb + 1)3r3
b

8r3
a

Cb = Ca,cr − (λ+ 1)3Vb

8Va
Cb

where λ = ra/rb, Va = 4
3πr3

a , and Vb = 4
3πr3

b . Expressing the concentrations in
terms of volumes and performing similar manipulations for Cb yields:

CVa = CV,cr − (1+ λ)
3

8
CVb

CVb = CV,cr − (1+ λ
−1)3

8
CVa

(13.19)

where CVa = VaCa and CVb = VbCb represent the volumetric concentrations of the
two particles, and CV,cr is the critical concentration for homogeneous distributions if
µa = µb (Equation 13.15). The problem is that if ra 
= rb, CVa and CVb cannot both
be at steady state and have positive values: a larger particle is more likely to collide
with a smaller particle than vice versa. Thus, prediction for the simple monodisperse
system is not appropriate for the polydisperse system. It does, however, provide a
simple estimate.

13.3.2.2 Estimating Stickiness

The problem of using relationships derived for monodisperse systems to describe
the fate of heterodisperse systems extends to the method used to estimate
stickiness.

A modified version of Equation (13.16) to describe the effect of collisions between
particles with two different sizes is then:

dCT

dt
= −1

2
αβaaC2

a −
1

2
αβbbC2

b − αβabCaCb

= −1

2
α

(
4

3
γ 8r3

a CaCa + 4

3
γ 8r3

a CaCa

)
− α 4

3
γ (ra + rb)

3CaCb

= −4αγ

π
(CV,aCa + CV,bCb)− αγ

π

(
4

3
πr3

b

)
(1+ λ)3CaCb

= −4αγ

π

(
CV,aCa + CV,bCb + (1+ λ)

3

4
CaCV,b

)
(13.20)
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where λ = ra/rb, CV,a = 4/3πr3
a Ca, and CV,b = 4/3πr3

bCb. We would like to put
this into the form of Equation (13.16) in order to compare the heterodisperse and
monodisperse cases. Noting that the total volumetric concentration is related to the
volumetric concentrations of the components by

CV,TCT = (CV,a + CV,b)(Ca + Cb)

= CV,aCa + CV,bCa + CV,aCb + CV,bCb

CV,aCa + CV,bCb = CV,TCT − CV,bCa − CV,aCb

(13.21)

Substituting the results from Equation (13.21) into Equation (13.20) yields

dCT

dt
= −4αγ

π

(
CV,TCT − CV,bCa − CV,aCb + (1+ λ)

3

4
CaCV,b

)

= −4γα

π
CV,TCT

(
1− CV,bCa + CV,aCb − ((1+ λ)3/4)CaCV,b

CV,TCT

)

= −4γα

π
CV,TCT

(

1− r3
bCbCa + r3

a CaCb − ((1+ λ)3/4)Car3
bCb

r3
a C2

a + r3
bCbCa + r3

a CaCb + r3
bC2

b

)

= −4γα

π
CV,TCT

(
1− 1+ (ra/rb)

3 − ((1+ λ)3/4)
(ra/rb)3(Ca/Cb)+ 1+ (ra/rb)3 + (Cb/Ca)

)

= −4γα′

π
CV,TCT (13.22)

where α′ = α(1 − 3
4 (1 − λ − λ2 + λ3)/(λ3η + λ3 + 1 + η−1)), η = Ca/Cb, and

λ = ra/rb. α′ is the stickiness coefficient that would be estimated by using the
procedure for the monodisperse system. The value of α′ depends on the relative sizes
and concentrations of the two particles (Figure 13.3).

13.3.3 CURVILINEAR

Models of coagulation in planktonic systems have expanded in their use of both
ecological and coagulation descriptions. Recent models use more sophisticated coagu-
lation kernels, calculation schemes, fractal scaling on mass and ecological dynamics
(Table 13.4). The kernels in Equations (13.7) and (13.8) are used in the following
calculations.

13.3.3.1 Simple Algal Growth

The effect of changing the coagulation kernel on model results can be seen by
comparing the results from a simple model of exponential algal growth run with

Copyright 2005 by CRC Press



“L1615_C013” — 2004/11/18 — 22:33 — page 283 — #13

Models of Oceanic Plankton Aggregation 283

1 2 3 4 5 6 7 8 9 10
0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

Ratio of radii, �

E
st

im
at

ed
 s

tic
ki

ne
ss

, �
�/

�

� = 2

� = 1

� = 0.5

FIGURE 13.3 Estimated stickiness α′ relative to the actual stickiness α as a function of the
ratio of the radii λ for a polydisperse system. There are initially two distinct particles. Solid
line: η = 1; dashed line: η = 2; dash-dot: η = 0.5.

rectilinear and curvilinear kernels (Figure 13.4). These calculations use a sectional
approximation for the integral forms of the coagulation equations.41 The results show
significant differences in steady-state particle concentrations (Figure 13.4a), timing
and magnitude of particle flux (Figure 13.4b), and average particle settling velocity
(Figure 13.4c).

The maximum particle concentration is higher for the curvilinear kernels than
for rectilinear, as should be expected from the more rapid rates of coagulation
(Figure 13.4). The steady-state concentrations of single algae for the rectilinear and
curvilinear kernels are 0.17 and 2.0 times the critical concentration calculated using
Equation (13.3) This higher value for the curvilinear kernel reflects the slower rates
of collision when using it.

Another difference is in the maximum total particle volumetric flux rate out
of the surface mixed layer, 49 and 488 cm3 m−2 per day for the rectilinear and
curvilinear kernels, respectively. This dramatic increase for the curvilinear calcu-
lation is a result of the larger particle concentrations available for removal when
the coagulation begins to dominate the growth. The peak average settling velo-
city is larger for the rectilinear kernel, 20 vs 12 m per day. The lower average
settling velocity is a reflection of the smaller average particle size in the curvi-
linear case.

The implication of this comparison is that the form of the coagulation kernel can
have a profound effect on properties that are ecologically significant, including particle
concentration and, even more dramatically, particle flux. Developers of models need
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TABLE 13.4
Features of Dynamic Models for the Marine Ecological Systems Involving
Coagulation

Citation Kernel Particle distribution M–L Scale Comments

Jackson22 R Number of monomers O
Hill24 C Sectional equivalent F Impose background

spectrum
Jackson and

Lochmann23
C Sectional F

Riebesell and
Wolf-
Gladrow60

C Number of monomers O

Jackson47 C Sectional F Compare to expt
Ackleh and

Fitzpatrick61
R Sectional equivalent V Explore math

properties
Ruiz62 C O Diel turbulence
Mari and

Burd63
C Sectional F TEP and phyto

Boehm and
Grant64

R Jungian spectrum V

Kriest and
Evans65

R 2-parameter spectrum V

Ackleh and
Forward66

R Sectional equivalent V Adds self-shading

Jackson44 P 2-D sectional F Multiple sources
Dadou et al.67 E Two sizes O Vertical profile
Kriest68 R 2-parameter spectrum V
Ruiz et al.69 E 2 to 7 size classes — Fit expt results
Stemmann

et al.70,71
P Sectional F Compare to midwater

observations

Note: Kernels: R — rectilinear; C — curvilinear; P — porous correction; E — empirical
fit; Mass–length (M–L) scale: V — volume conserved (m ∼ r3); F — fractal (m ∼ rDf );
O — other.

to discuss the implications of the formulations that they choose when publishing their
results.

13.3.3.2 Plankton Food Web Model

An example of the incorporation of coagulation into a more elaborate food web model
is the use of coagulation dynamics to describe the interactions of phytoplankton with
colloidal particles and fecal pellets in a food web model (as in Jackson44). By incor-
porating the multidimensional particle size spectra, the model includes aggregates
formed from the interaction of multiple particle types (Figure 13.5).
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FIGURE 13.4 Comparison of particle properties for a simple model with rectilinear and
curvilinear coagulation kernels. Calculations use a simple sectional model55 for 50 m mixed
layer thickness, algal radius = 5 µm, specific growth rate µ = 0.5 per day, shear γ =
0.1 sec−1, and stickiness α = 1. Solid line indicates a rectilinear kernel; dashed line indicates
a curvilinear kernel. (a) Volumetric concentration. Lines with asterisks indicate total particle
concentrations; plain lines indicate the volumetric concentration of single algae; the critical
concentration is indicated with the dotted horizontal line. (b) Total particle flux at base of mixed
layer. (c) Average particle velocity = total flux/total particle concentration.
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FIGURE 13.5 Results from a model incorporating two-dimensional particle size spectra,
fractal kernel, and a planktonic food web. This is similar to the model of Jackson44 but for
conditions more typical of the North Atlantic. Concentrations and fluxes for “bins,” size ranges
whose upper masses are twice their lower and whose upper value of rDf are twice their lower.
(a) Concentration in each bin; (b) flux out of mixed layer for particles in the bin. There are
three particle sources: colloids, algae, and fecal pellets. The results are an example of using
multidimensional particle size spectra to incorporate multiple particle types.
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13.4 DISCUSSION

Simple coagulation models, such as those for the critical concentration and for
determining particle stickiness, have proven remarkably useful by providing simple
relationships that can be easily applied to interpret environmental data. Unfortunately,
the simple relationships do not work as well when applied to more realistic conditions
or accurate coagulation mechanisms.72,73 As a result, the simple mechanisms should
be considered semi-quantitative at best.

The number of models of planktonic systems that incorporate coagulation is
surprisingly large (Table 13.4). Unfortunately, the range in their formulations is so
large that it is difficult to compare and interpret their results. Given the differences
resulting from different coagulation kernels, as illustrated above, it is difficult to
interpret them together. One response has been to abandon the theoretical structure
and instead use values for the interaction kernels determined by fitting results from
laboratory experiments.69 While such an approach does fit the laboratory system,
it is unclear how to extrapolate the results to different environmental conditions.
Despite the importance that the choice of model formulation can have, there has been
remarkably little discussion or consensus on the best one to use.

Finding the best way to incorporate disaggregation into coagulation models for
marine systems remains an outstanding problem. There have been attempts to do
so,34,62,74 but more needs to be done. Among the factors that need to be included
are the potential roles of zooplankton75 and any other organisms29 in weakening and
sundering marine aggregates.

One of the outstanding questions in aquatic systems is what is the precise role of
transparent exopolymeric particles (TEPs). These are organic particles that have been
associated with marine particle coagulation.76–78 There have been several different
roles assigned to them: extra particles to participate in collisions,63 agents for the
changing of particle stickiness,79 and a separate system of coagulating particles.76

Unfortunately for the resolution of the role of TEP on coagulation in natural waters,
most TEP studies have focused on the ecological aspects of the material and have not
accompanied them with the size spectral and stickiness measurements that could be
used to test the various possibilities. In future studies, measurements of particle size
spectra in conjunction with observations of TEP concentrations would make it easier
to test the role of TEP in coagulation.

Stemmann et al.70,71 have developed a promising approach to test the importance
of coagulation, as well as biological processes, in determining particle distribu-
tions and fates. The method compares the particle size spectra measured through the
water column over time with those expected from different particle transformation
processes. This approach would be improved if there were a better quantitative under-
standing of how organisms, including bacteria and other microorganisms, change the
particle properties.

The particle size spectra are probably the most useful measurements that could be
made in systems where coagulation is believed to be important. Such measurements
should use multiple techniques in order to cover the range of important reactions.34,35

In addition, multiple measurements on the same particles that could be used to test
models that invoke multidimensional particle size spectra would also help.44,45
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13.5 CONCLUSIONS

The use of coagulation theory to describe particles in planktonic ecosystems is in a
transition phase. Simple models have provided simple, useable formulae to describe
marine systems. As the underlying models have been modified to improve the mech-
anistic descriptions, the simplicity is necessarily being left behind. Unfortunately,
there is no consensus on how the newer models should be formulated. Furthermore,
field observations tend to omit the collection of data that can be used to test the mod-
els. Progress in the field will depend on the ability of modeling and field programs to
interact.

ACKNOWLEDGMENTS

This chapter incorporates work with my various colleagues, including Steve Loch-
mann, Lars Stemmann, Thomas Kiørboe, and, most particularly, Adrian Burd. It has
been supported by grants, OCE-0097296 and OCE-998765, from the US National
Science Foundation.

REFERENCES

1. Sheldon, R.W., Prakash, A., and Sutcliffe, W.H., The size distribution of particles in
the ocean. Limnol. Oceanogr. 17, 327, 1972.

2. Gardner, W.D., Incomplete extraction of rapidly settling particles from water samplers.
Limnol. Oceanogr. 22, 764, 1977.

3. Platt, T., and Denman, K., Organization in the pelagic ecosystem. Helgoland Wiss.
Meer. 30, 575, 1977.

4. Silvert, W., and Platt, T., Energy flux in the pelagic ecosystem: a time dependence
equation. Limnol. Oceanogr. 23, 813, 1978.

5. Rodriquez, J., and Mullin, M.M., Relation between biomass and body weight of
plankton in a steady state oceanic ecosystem. Limnol. Oceanogr. 31, 361, 1986.

6. Kiefer, D.A., and Berwald, J., A random encounter model for the microbial planktonic
community. Limnol. Oceanogr. 37, 457, 1992.

7. Zhou M., and Huntley, M.E., Population dynamics theory of plankton based on biomass
spectra. Mar. Ecol. Prog. Ser. 159, 61, 1997.

8. Hunt, J.R., Particle dynamics in seawater: implication for predicting the fate of
discharged particles. Environ. Sci. Technol. 16, 303, 1982.

9. Hunt, J.R., Prediction of oceanic particles size distributions from coagulation and
sedimentation mechanisms, in Particulates in water, Kavanaugh, M.C., and Leckie,
J.O., Eds., American Chemical Society, Washington, DC, p.243, 1980.

10. Trent, J.D., Shanks, A.L., and Silver, M.W., In situ and laboratory measurements
on macroscopic aggregates in Monterey Bay, California. Limnol. Oceanogr. 23, 626,
1978.

11. Kranck, K., and Milligan, T., Macroflocs: production of marine snow in the laboratory.
Mar. Ecol. Prog. Ser. 3, 19, 1980.

12. Kranck, K., and Milligan, T., Macroflocs from diatoms: in situ photography of particles
in Bedford Basin, Nova Scotia. Mar. Ecol. Prog. Ser. 4, 183, 1988.

13. Alldredge, A.L., and Silver, M.W., Characteristics, dynamics, and significance of
marine snow. Prog. Oceanogr. 20, 41, 1988.

Copyright 2005 by CRC Press



“L1615_C013” — 2004/11/18 — 22:33 — page 289 — #19

Models of Oceanic Plankton Aggregation 289

14. Alldredge, A.L., and Gotschalk, C., In situ settling behavior of marine snow. Limnol.
Oceanogr. 33, 339, 1988.

15. Logan, B.E., and Wilkinson, D.B., Fractal geometry of marine snow and other
biological aggregates. Limnol. Oceanogr. 35, 130, 1990.

16. O’Melia, C.R., An approach to modeling of lakes. Schweiz. Zeitsch. Hydrol. 34, 1,
1972.

17. Edzwald, J.K., Upchurch, J.B., and O’Melia, C.O., Coagulation in estuaries. Environ.
Sci. Technol. 8, 58, 1974.

18. O’Melia, C.R., and Bowman, K.S., Origins and effects of coagulation in lakes. Schweiz.
Zeitsch. Hydrol. 46, 64, 1984.

19. Weilenmann, U., O’Melia, C.R., and Stumm, W., Particle transport in lakes: models
and measurement. Limnol. Oceanogr. 34, 1, 1989.

20. Friedlander, S.K., Smoke, dust and haze, Wiley, New York, 317 pp., 1977.
21. McCave, I., Size spectra and aggregation of suspended particles in the deep ocean.

Deep Sea Res. 31, 329, 1984.
22. Jackson, G.A., A model of the formation of marine algal flocs by physical coagulation

processes. Deep Sea Res. 37, 1197, 1990.
23. Jackson, G.A., and Lochmann, S.E., Effect of coagulation on nutrient and light

limitation of an algal bloom. Limnol. Oceanogr. 37, 77, 1992.
24. Hill, P., Reconciling aggregation theory with observed vertical fluxes following

phytoplankton blooms. J. Geophys. Res. 97, 2295, 1992.
25. Fenchel, T., Suspended bacteria as a food source, in Flows of energy and materi-

als in marine ecosystems, Fasham, M.J.R., Ed., Plenum Press, New York, p. 301,
1984.

26. Rothschild, B.J., and Osborn, T.R., Small-scale turbulence and plankton contact rates.
J. Plankton Res., 10, 465, 1988.

27. Shimeta, J., and Jumars, P.A., Physical mechanism and rates of particle capture by
suspension-feeders. Oceanogr. Mar. Biol. Ann. Rev. 29, 191, 1991.

28. Murray, A.G., and Jackson, G.A., Viral dynamics: a model of the effects of size, shape,
motion and abundance of single-celled planktonic organisms and other particles. Mar.
Ecol. Prog. Ser. 89, 103, 1992.

29. Kiørboe, T. Colonization of marine snow aggregates by invertebrate zooplankton:
abundance, scaling and possible role. Limnol. Oceanogr. 45, 479, 2000.

30. Kiørboe T., and Thygesen, U.H., Fluid motion and solute distribution around sinking
aggregates. II. Implications for remote detection by colonizing zooplankters. Mar.
Ecol. Prog. Ser. 211, 15, 2001.

31. Falconer, K.J., Fractal geometry: mathematical foundations and applications, Wiley,
New York, 1990.

32. Vicsek, T., Fractal growth phenomena, 2nd ed., World Scientific, NJ, 1992.
33. Li, X., and Logan, B.E., Size distributions and fractal properties of particles dur-

ing a simulated phytoplankton bloom in a mesocosm. Deep Sea Res. II, 42, 125,
1995.

34. Jackson, G.A., et al., Combining particle size spectra from a mesocosm experiment
measured using photographic and aperture impedance (Coulter and Elzone) techniques.
Deep Sea Res. II, 42, 139, 1995.

35. Jackson, G.A., et al. Particle size spectra between 1 µm and 1 cm at Monterey Bay
determined using multiple instruments. Deep Sea Res. I, 44, 1739, 1997.

36. Klips, J.R., Logan, B.E., and Alldredge, A.L., Fractal dimensions of marine
snow determined from image analysis of in situ photographs. Deep Sea Res. 41,
1159, 1994.

Copyright 2005 by CRC Press



“L1615_C013” — 2004/11/18 — 22:33 — page 290 — #20

290 Flocculation in Natural and Engineered Environmental Systems

37. Pruppacher, H.R., and Klett, J.D., Microphysics of clouds and precipitation, Reidel,
Boston, MA, 1980.

38. Adler, P.M., Streamlines in and around porous particles. J. Colloid Interface Sci. 81,
531, 1981.

39. Han, M., and Lawler, D.F., The (relative) insignificance of G in flocculation. J. Am.
Water Works Assoc. 84, 79, 1992.

40. Jackson, G.A., and Lochmann, S.E., Modeling coagulation in marine ecosystems, in
Environmental particles, volume 2, Buffle, J., and van Leeuwen, H.P., Eds., Lewis
Publishers, Boca Raton, FL, p. 387, 1993.

41. Gelbard, F., Tambour, Y., and Seinfeld, J.H., Sectional representations for simulating
aerosol dynamics. J. Colloid Interface Sci. 76, 541, 1980.

42. Li, X., and Logan, B.E., Collision frequencies of fractal particles with small particles
by differential sedimentation. Environ. Sci. Technol. 31, 1229, 1997.

43. Li, X., and Logan, B.E., Collision frequencies of fractal aggregates and small particles
in a turbulently sheared fluid. Environ. Sci. Technol. 31, 1237, 1997.

44. Jackson, G.A., Effect of coagulation on a model planktonic food web. Deep Sea Res.
I, 48, 95, 2001.

45. Jackson, G.A., Using fractal scaling and two dimensional particle size spectra to
calculate coagulation rates for heterogeneous systems. J. Colloid Interface Sci. 202,
20, 1998.

46. Kiørboe, T. Anderson, K., and Dam, H., Coagulation efficiency and aggregate
formation in marine phytoplankton. Mar. Biol. 107, 235, 1990.

47. Jackson, G.A., Comparing observed changes in particle size spectra with those
predicted using coagulation theory. Deep Sea Res. II 42, 159, 1995.

48. Alldredge, A.L., et al., The physical strength of marine show and its implications for
particle disaggregation in the ocean. Limnol. Oceanogr. 35, 1415, 1990.

49. Al-Ani, S., Dyer, K.R., and Huntley, D.A., Measurement of the influence of salinity
on floc density and strength. Geo-Marine Lett., 11, 154, 1991.

50. Kiørboe, T.P. et al., Aggregation and sedimentation processes during a spring phyto-
plankton bloom: a field experiment to test coagulation theory. J. Mar. Res. 52, 297,
1994.

51. Riebesell, U., Particle aggregation during a diatom bloom. I. Physical aspects. Mar.
Ecol. Prog. Ser. 69, 273, 1991.

52. Riebesell, U., Particle aggregation during a diatom bloom. II. Biological aspects. Mar.
Ecol. Prog. Ser. 69, 281, 1991.

53. Olesen, M., Sedimentation in Mariager Fjord, Denmark: the impact of sinking velocity
on system productivity. Ophelia 55, 11, 2001.

54. Prieto, L. et al., Scales and processes in the aggregation of diatom blooms: high time
resolution and wide size range records in a mesocosm study. Deep Sea Res. I, 49, 1233,
2002.

55. Boyd, P.W., Jackson, G.A., and Waite, A.M., Are mesoscale perturbation experiments
in polar waters prone to physical artefacts? Evidence from algal aggregation modelling
studies. Geophys. Res. Let. 29, 10.1029/2001GL014210, 2002.

56. Camp, T.R., and Stein, P.C., Velocity gradients and internal work in fluid motion.
J. Boston Soc. Civil Engrs. 30, 219, 1943.

57. Birkner, F.B., and Morgan, J.J., Polymer flocculation kinetics of dilute colloidal
suspensions. J. Am. Water Works Assoc. 60, 175, 1968.

58. Engel, A., The role of transparent exopolymer particles (TEP) in the increase in appar-
ent particle stickiness (α) during the decline of a diatom bloom. J. Plankton Res. 22,
485, 2000.

Copyright 2005 by CRC Press



“L1615_C013” — 2004/11/18 — 22:33 — page 291 — #21

Models of Oceanic Plankton Aggregation 291

59. Burd, A.B., and Jackson, G.A., Modeling steady state particle size spectra. Environ.
Sci. Technol. 36, 323, 2002.

60. Riebesell, U., and Wolf-Gladrow, D.F., The relationship between physical aggreg-
ation of phytoplankton and particle flux: a numerical model. Deep Sea Res. 39,
1085, 1992.

61. Ackleh, A.S., and Fitzpatrick, B.G., Modeling aggregation and growth processes
in an algal population model: analysis and computations. J. Math. Biol. 35,
480, 1997.

62. Ruiz, J., What generates daily cycles of marine snow? Deep Sea Res. I, 44,
1105, 1997.

63. Mari, X., and Burd, A., Seasonal size spectra of transparent exopolymeric particles
(TEP) in a coastal sea and comparison with those predicted using coagulation theory.
Mar. Ecol. Prog. Ser. 163, 63, 1998.

64. Boehm, A.B., and Grant, S.B., Influence of coagulation, sedimentation, grazing by
zooplankton on phytoplankton aggregate distributions in aquatic systems. J. Geophys.
Res. 103, 15601, 1998.

65. Kriest, I., and Evans, G., Representing phytoplankton aggregates in biogeochemical
models. Deep Sea Res. I 46, 1841, 1999.

66. Ackleh, A.S., and Forward, R.R., A nonlinear phytoplankton aggregation model with
light shading. SIAM J. Appl. Math. 60, 316, 1999.

67. Dadou, I. et al., An integrated biological pump model form the euphotic zone to the
sediment: a 1-D application in the Northeast tropical Atlantic. Deep Sea Res. II, 48,
2345, 2001.

68. Kriest, I., Different parameterizations of marine snow in a 1D-model and their influence
on representation of marine snow, nitrogen budget and sedimentation. Deep Sea Res.
I, 49, 2133, 2002.

69. Ruiz, J., Prieto, L., and Ortegón, F., Diatom aggregate formation and fluxes: a model-
ing analysis under different size-resolution schemes and with empirically determined
aggregation kernels. Deep Sea Res. I, 49, 495, 2002.

70. Stemmann, L., Jackson, G.A., and Ianson, D., A vertical model of particle size dis-
tributions and fluxes in the midwater column that includes biological and physical
processes. I. Model formulation. Deep Sea Res. I, 51, 865, 2004.

71. Stemmann, L., Jackson, G.A., and Gorsky, G., A vertical model of particle size
distributions and fluxes in the midwater column that includes biological and physical
processes. II. Application to a three year survey in the NW Mediterranean Sea. Deep
Sea Res. I, 51, 885, 2004.

72. Farley, K.J., and Morel, F.M.M., Role of coagulation in the kinetics of sedimentation.
Environ. Sci. Technol. 20, 187, 1986.

73. Burd, A., and Jackson, G.A., The evolution of particle size spectra. I: pulsed input.
J. Geophys. Res. 102, 10545, 1997.

74. Hill, P.S., Sectional and discrete representations of floc breakage in agitated
suspensions. Deep Sea Res. I, 43, 679, 1996.

75. Dilling, L., and Alldredge, A.L., Fragmentation of marine snow by swimming macro-
zooplankton: a new process impacting carbon cycling in the sea. Deep Sea Res. I, 47,
1227, 2000.

76. Alldredge, A.L., Passow, U., and Logan, B.E., The abundance and significance of a
class of large, transparent organic particles in the ocean. Deep Sea Res. 40, 1131, 1993.

77. Passow, U., Transparent exopolymer particles (TEP) in aquatic environments. Prog.
Oceanogr. 55, 287, 2002.

Copyright 2005 by CRC Press



“L1615_C013” — 2004/11/18 — 22:33 — page 292 — #22

292 Flocculation in Natural and Engineered Environmental Systems

78. Logan, B.E., et al., Rapid formation and sedimentation of large aggregates is
predictable from coagulation rates (half-lives) of transparent exopolymer particles
(TEP). Deep Sea Res. II, 42, 203, 1995.

79. Kiørboe, T.P., and Hansen, J.L.S., Phytoplankton aggregate formation: observations of
patterns and mechanisms of cell sticking and the significance of exopolymeric material.
J. Plankton Res. 15, 993, 1993.

Copyright 2005 by CRC Press



“L1615_S003” — 2004/11/18 — 22:35 — page 293 — #1

III

Engineered Systems

Copyright 2005 by CRC Press



“L1615_S003” — 2004/11/18 — 22:35 — page 294 — #2

Copyright 2005 by CRC Press



“L1615_C014” — 2004/11/18 — 22:33 — page 295 — #1

14 Extracellular Enzymes
Associated with Microbial
Flocs from Activated
Sludge of Wastewater
Treatment Systems

Gill G. Geesey and Fintan Van Ommen Kloeke

CONTENTS

14.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 295
14.2 Microbial Flocs in Wastewater Treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 296
14.3 Extracellular Enzymes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 297

14.3.1 Forms of Phosphorus in Wastewater . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 297
14.3.2 Phosphatase Enzymes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 298

14.4 Quantifying Extracellular Enzyme Activity Associated with
Microbial Flocs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 298

14.5 Measurement of Phosphatase Activity in Activated Sludge Using
Fluorogenic Substrates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 300

14.6 Localizing Extracellular Enzyme Activity Associated with
Microbial Flocs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 303

14.7 Identification of Populations of Cells Responsible for Extracellular
PO4ase Activities within Floc-Associated Microbial Communities . . . . . . . 307

14.8 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 311
Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 312
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 312

14.1 INTRODUCTION

The tendency to aggregate is a common trait among microbial cells in contrived
experimental laboratory environments, controlled industrial processes, and in
nature.1–3 When aggregation takes place on a surface, it often leads to the formation of
biofilms,4,5 while aggregation of cells in aqueous suspensions results in the formation
of flocs.6 Flocs formed in the water column of the ocean have been termed “marine
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snow.”7 Regardless of what form the aggregation process takes, cells engaged in
this behavior become physically associated with each other through extracellular
polymeric substances (EPS) secreted by at least a portion of the aggregated microbial
community. Some of the cells secrete EPS that contributes to the structure of the
floc or biofilm, which promotes the formation of close, stable, physical associations
between cells of the same and different populations.8 The physical associations lead to
cooperation among cells of the populations present and the formation of consortia.9,10

EPS also form matrices that function as diffusion barriers between the cells and the
external environment,11,12 which in some instances, protect the cells from insults of
the surrounding environment.13 Extracellular enzymes secreted by floc-encapsulated
microorganisms represent another class of EPS that participate in the transforma-
tion of toxic chemical species in the environment to nontoxic products,14 as well as
the transformation of nutritionally valuable chemical species in the environment for
uptake and utilization by members of the floc-associated microbial community.15

In this chapter, we will describe the exoenzymes involved in the degradation of
polymeric organic compounds in the activated sludge process of wastewater treatment.
Specifically we will describe the distribution of phosphatase (PO4ase) exoenzymes
within flocs produced during the activated sludge process, and the floc-associated
microbial populations that synthesize and secrete this important class of enzymes.

14.2 MICROBIAL FLOCS IN WASTEWATER
TREATMENT

Floc formation and associated chemical and biological reactions are an important
part of many industrial processes.16–18 Floc formation provides a means of separating
solids from the liquid phase in process streams. In wastewater treatment that utilizes
the activated sludge process, the quality of the effluent is highly dependent on the
efficiency of the solid–liquid separation processes. Flocs play a key role in this regard,
and an understanding of floc properties and behavior has led to significant advances in
biological C, N, and P removal and in the sludge dewatering process. Floc properties
control the efficiency of phase separation.

Floc properties are controlled by the nature of the wastewater. The chemistry of the
wastewater controls the types of microorganisms that grow in the system as well as the
quality and quantity of EPS elaborated by the microbial community. EPS composition
and form depend on process conditions. EPS in activated sludge can be found in two
forms: directly associated with microbial cell biomass or physically separated from
the biomass as free colloids or slimes.19,20 Floc properties and behavior directly
reflect EPS properties. Bulking and foaming reduce the efficiency of the separation
process. Bulking occurs when aggregates do not form dense, compact flocs — a
direct consequence of EPS production and composition by the microorganisms in
the system. Recently, Sponza21 provided evidence that EPS composition depends
more on waste stream composition than on process operating conditions. Thus, an
understanding of microbial EPS production offers new opportunities to control the
flocculation process and overall efficiency of wastewater treatment. This chapter will
focus on the fraction of EPS comprised of extracellular enzymes.
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14.3 EXTRACELLULAR ENZYMES

Hydrolysis of polymeric substances is the first and rate-limiting step in the process of
wastewater treatment.22,23 Due to their large size, organic polymers such as proteins,
polysaccharides, and lipids must be hydrolyzed to their subunit molecules before
microorganisms can oxidize or recycle them back to inorganic C, N, S, and P. The
microbial enzymes responsible for these extracellular hydrolysis reactions are referred
to as extracellular enzymes or exoenzymes. Microbial metabolism of complex organic
matter begins with reactions catalyzed by extracellular enzymes. Consequently, extra-
cellular enzymes are essential components of many biochemical pathways utilized
by microorganisms for growth. Microbial polysaccharases, esterases, lipases, and
proteases are examples of extracellular enzymes that play an important role in the bio-
degradation of polysaccharides, lipids, and proteins, respectively.15,24 Exoenzymes
also liberate inorganic phosphate (Pi), N, and S from organic molecules. Phosphatases
(PO4ases) are a class of enzyme that liberates Pi from phosphate-containing organic
compounds. PO4ases occur as intracellular enzymes where they control intracellu-
lar Pi concentrations needed for energy yielding phosphorylation reactions. They
also occur in the cell envelope and as extracellular enzymes where they scavenge Pi
from polymeric phosphorylated organic compounds to meet their inorganic phosphate
requirements.

14.3.1 FORMS OF PHOSPHORUS IN WASTEWATER

Phosphorus removal from wastewater has become an important part of the over-
all treatment process. Enhanced biological P removal can achieve 90% to 95%
reduction.25 Some of the steps in the biochemical pathway of enhanced P removal
are known, but others remain to be elucidated,26 and the microorganisms responsible
for some of the steps are still not known.27 Phosphorus entering the activated sludge
process exists in both organic and inorganic forms (Table 14.1). These data suggest
that one-third to one-half of the total P in the system exists as detrital organic-P. While
much attention has been directed toward the microbial populations that accumulate
poly-Pi, little attention has been directed to those populations in the activated sludge

TABLE 14.1
Forms of Phosphorus in Activated Sludge

Form Percent of total P

Nucleotide-P, lipid-P, nucleic acid-P, protein-P 3128

Trichloroacetic acid-insoluble-P 13
poly-P (inorganic)29

RNA and protein (organic)30

Inorganic-P

PO3−
4 (Pi) 1428

poly-phosphate (poly-Pi) 32–4428
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that process detrital organic-P or those involved in P regeneration (production of
Pi from organic-P outside the cell). Little is known, for example, of the processes
that depolymerize high molecular weight detrital organic-P compounds in waste-
water or those that hydrolyze the phosphomonoesters to the organic subunits and Pi.
These processes, however, are likely to influence overall P removal from wastewater
streams.

14.3.2 PHOSPHATASE ENZYMES

PO4ase enzymes hydrolyze the P–O bond of phosphomonoesters. PO4ases are sub-
divided into alkaline and acid PO4ases, based on the pH at which optimum activity
occurs. Alkaline PO4 function in the neutral and basic pH range, are induced at low
external Pi concentrations, are localized at or near the cell surface, and hydrolyze
phosphomonoester-containing organic compounds to provide cells with an altern-
ative source of Pi. Alkaline PO4ases may also be induced under Pi-sufficient but
carbon-limited conditions to meet metabolic requirements of bacterial cells. Acid
PO4ases display maximum activity over the pH range of 4 to 6, are typically intra-
cellular, and are not repressed by Pi. Alkaline PO4ase has been reported to hydrolyze
inorganic poly-Pi, a P-containing storage product that accumulates in a variety of
bacteria found in activated sludge.26,28,31–33 Alkaline PO4ases have been implic-
ated in Pi release from intact bacterial cells containing poly-P storage products in
anaerobic lake sediments.34 Alkaline PO4ases may participate in the degradation
of cell-surface-associated poly-P, which represents a more transient but significant
portion of the total poly-Pi accumulated by cells of Acinetobacter lwoffii JW11.35

Since poly-Pi formation and degradation exerts significant control over enhanced P
removal from wastewater,25,26 a better understanding of the role of extracellular bac-
terial PO4ases in poly-Pi degradation and detrital organic-P regeneration should lead
to better control over and more efficient P removal in the activated sludge process of
wastewater treatment systems.

14.4 QUANTIFYING EXTRACELLULAR ENZYME
ACTIVITY ASSOCIATED WITH MICROBIAL FLOCS

Goel et al.36 used p-nitrophenolphosphate as the surrogate substrate for quantifying
alkaline and acid PO4ase activity, p-nitrophenolα-d-glucopyranoside as the surrogate
substrate for α-glucosidase activity, and azocasein as the model substrate for protease
activity in activated sludge. After an appropriate incubation period to allow enzymatic
release of Pi, glucose, or peptide from the substrate, the activated sludge samples were
centrifuged and the absorbance of the supernatant fraction was measured spectropho-
tometrically at 410 nm for p-nitrophenol (alkaline and acid PO4ases, α-glucosidase),
and at 440 nm, for trichloroacetic acid (TCA) soluble peptides (protease activity).
Whiteley et al.37 used the same substrates to measure exoprotease and extracellular
alkaline PO4ase activity in samples from two large-scale stirred tank laboratory react-
ors operated in series: the first seeded with a mixed culture of methanogenic bacteria
from a standing digester at a sewage works, and the second seeded with a mixed
culture of sulfate-reducing bacteria.
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Cadoret et al.12 assayed l-Leu-aminopeptidase, α-glucosidase, protease, and
α-amylase activities in whole and dispersed activated sludges, as well as activities
associated specifically with the floc EPS fraction. Enzyme activities were based on the
rate of release of a chromogenic enzyme substrate following hydrolysis of synthetic
substrates over an appropriate incubation period. l-Leu-p-nitroanilide, p-nitrophenyl-
α-d-glucopyranoside, azocasein, and amylose azure were used as substrates
for l-Leu-aminopeptidase, α-glucosidase, protease, and α-amylase, respectively.
Nitroanaline and p-nitrophenol hydrolysis were quantified spectrophotometrically
at 410 nm. Azocasein hydrolysis was determined by measuring the amount of cold
TCA soluble material produced at 340 nm using a spectrophotometer. α-Amylase
hydrolysis was determined by the amount of brilliant blue recovered in the cold
TCA soluble material following release from amylose azure and treatment with
cold TCA.

Pletschke et al.38 monitored adenosine triphosphate sulfurylase (ATPS) in meth-
anogenic and sulfidogenic stirred tank reactors operated in series using primary sludge
from an anaerobic digester at a sewage works. ATPS catalyzes the first step in dis-
similatory sulfate reduction: the formation of adenosine 5′-phosphosulfate (APS) and
inorganic pyrophosphate (PPi). ATPS activity was assayed by measuring ATP pro-
duced by reaction of APS with PPi. The rate of ATP production was measured in
the coupled spectrophotometric assay involving phosphorylation of glucose and the
subsequent oxidation of glucose-6-phosphate to d-6-p-glucono-δ-lactone coupled to
the reduction of NADP.

Boczar et al.15 assayed esterase activity in the supernatant (cell free) fraction of
filtered activated sludge. Esterase activity was determined by measuring the release
of fluorescein from fluorescein diesters of acetate, butyrate, caproate, and caprylate,
or the release of p-nitrophenol or α-napthol from p-nitrophenol or α-napthol esters
of acetate, butyrate, capriate, caprylate caprate, laurate, myristate, palmitate, and
stearate. The amount of p-nitrophenol and α-napthol produced was determined spec-
trophotometrically at 400 nm, and the amount of fluorescein produced was determined
spectrophotometrically at 495 nm. Frolund et al.39 monitored sludge bulk extracellular
esterase activity using fluorescein diacetate as an enzyme substrate. A spectro-
fluorimeter was used to quantify the fluorescence resulting from the formation of
fluorescein.

Whiteley et al.40 monitored lipase activity in methanogenic and sulfido-
genic stirred tank reactors operated in series using primary sludge from an anaerobic
digester at a sewage works. The assay measured enzymatic cleavage of glycerol from
the lipid triacetin. Sludge samples from the reactors were sonicated to release enzymes
from the particulate fraction and then centrifuged to separate the enzymes from the
particulate material. Triacetin was added to the supernatant fraction, and following
an incubation period, the enzyme reaction was terminated by addition of sulfuric
acid and sodium periodate. Following addition of NaHSO3 and chromotropic acid
reagent and heating, the reaction mixture was cooled and the glycerol released was
quantified spectrophotometrically at 570 nm, Since particulate matter interfered with
the lipase assay, the sample had to be sonicated and the particulate fraction removed
by centrifugation prior to assaying for enzyme activity. As a result, it was not possible
to determine whether the lipases were free in solution, bound to the floc matrix, or
associated with the cells.
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14.5 MEASUREMENT OF PHOSPHATASE ACTIVITY IN
ACTIVATED SLUDGE USING FLUOROGENIC
SUBSTRATES

Van Ommen Kloeke and Geesey41 measured PO4ase activity in activated sludge
samples using the soluble, artificial, fluorogenic enzyme substrate methylumbelliferyl
phosphate (MUFP) (Figure 14.1). MUFP has been used to monitor phosphomonoes-
terase activity in lakes.42,43 MUF substrates are likely hydrolyzed by PO4ases either
at or near the surface of intact cells or by PO4ases released into the environment by
cells.31 After an appropriate incubation period, the reaction mixture was centrifuged to
remove interfering particulate material and the supernatant fraction assayed for fluor-
escence intensity using a spectrofluorometer at an excitation wavelength of 360 nm
and emission wavelength at 430 nm. This substrate yielded quantitative PO4ase activ-
ity in various activated sludge fractions at relatively high sensitivity. Using freshly
collected activated sludge samples from the wastewater treatment plant in Bozeman,
MT, which contained 2.9±0.3 g l−1 total solids and 7 to 14 mg l−1 Pi (Table 14.2), it
was determined that the particulate fraction (operationally defined as that which sed-
imented by centrifugation at 27, 000× g for 15 min) exhibited linear PO4ase activity
at pH 7.0 of 7.9 µmol l−1 h−1, or 91% of the total activity in “as collected” samples
at MUFP final concentrations of 100 µM over a 3 to 4-h period (Figure 14.2). At a
final MUFP concentration of 500 µM, the PO4ase activity was approximately twice
that observed at the 100 µM final MUFP concentration, and the activity associated
with the particulate fraction was slightly greater than that associated with the “as
collected” sample. A Lineweaver Burke plot of reaction rates over a range of added

PO3

CH3 CH3

O O O
O OHO

4-MUF-PO4

•  Soluble
•  Blue fluorescence

PO4

Cl

Cl

H O

O

O

Cl

Cl
N

N

N
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ELF-PO4

•  Water insoluble
•  Yellow/green fluorescence

FIGURE 14.1 MUF-PO4 and ELF-PO4 fluorogenic substrates for measuring activity and
localizing extracellular PO4ase.
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TABLE 14.2
Chemical Constituents of Activated Sludge Solids and Liquid Phases

Sample

Total
Solids
g l−1

Volatile
Solids
(g l−1)

Protein
(mg l−1)

Humics
(mg l−1)

Carbohydrate
(mg l−1)

Uronic
Acids

(mg l−1) pH

Solids 2.9± 0.03 1.9± 0.1 871± 21 324± 9 339± 2 11.7± 2 NDa

Liquid NDa NDa 2.0± 1.0 BDb 1.0± 1.0 BDb 7.2

a Not determined.
b Below detection.
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FIGURE 14.2 PO4ase activity in activated sludge fractions. Samples assayed at 500 µM
MUF-PO4: (©) “as collected” activated sludge, 15.2 µmol l−1 h−1; (�) resuspended
floc, 18.4 µmol l−1 h−1; (�) activated sludge supernatant, 0.1 µmol l−1 h−1; and samples
assayed at 100 µM MUF-PO4: (•)“as collected” activated sludge, 8.7 µmol l−1 h−1; (�)
resuspended floc, 7.9 µmol l−1 h−1.

MUFP concentrations yielded a Vmax of 2 × 104 µmol l−1 h−1 and Km of 133 µM
with respect to MUFP (Figure 14.3). Conversion of MUFP to MUF was not the result
of abiotic reactions since autoclave sterilization of the activated sludge samples before
addition of the MUFP yielded no fluorescent product.

Additional evidence for the enzymatic release of Pi from detrital organic-P in
activated sludge was obtained by following the concentration of Pi in samples of activ-
ated sludge under different conditions. Autoclave-sterilized activated sludge showed
no change in Pi concentration over a 24-h period (Figure 14.4). Treatment of activated
sludge with benzene to arrest growth of microorganisms present, but to allow PO4ases
present to remain active, resulted in an increase in Pi from 13.6 to 18.8 µg ml−1 over
a 24-h period (Figure 14.4), suggesting the production of new Pi from polyphos-
phate (poly-P) or organic-P sources present in the activated sludge. That benzene
arrested the growth of the microorganisms in the activated sludge was demonstrated
by recovering the same number of colony-forming units (cfus) at the end of the
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FIGURE 14.3 Lineweaver Burke plot of PO4ase activity in “as collected” activated sludge
using MUF-PO4 as substrate.
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FIGURE 14.4 Effect of extracellular PO4ase activity on the release of Pi from organic-P.

24-h incubation period as recovered at the beginning of the incubation (Figure 14.4).
In contrast, untreated samples showed a decrease in Pi concentration from 13.6 to
6.0 µg ml−1. The data indicate that the majority of the Pi initially present in the activ-
ated sludge as well as that produced during the 24-h incubation is converted to poly-P
or organic-P by the active microbial populations present in the activated sludge. These
results suggest that more Pi is being incorporated into microbial biomass in the form
of poly-P and organic-P than is accounted for by the net loss of Pi from the system.
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The difference is likely due to the release of “new” Pi from the detrital organic-P pool
by PO4ase exoenzymes.

14.6 LOCALIZING EXTRACELLULAR
ENZYME ACTIVITY ASSOCIATED WITH
MICROBIAL FLOCS

A number of the studies, including those cited above suggest that the majority of
exoenzyme activity detected in the activated sludge process of various wastewater
treatment plants is associated with the organic particulate fraction, comprised primar-
ily of flocs derived from the activated sludge process. Protease, PO4ase, lipase, and
esterase activities partition strongly with the particulate phase.15,37,41 By separating
activated sludge into different fractions using centrifugation, filtration, and sonica-
tion, Goel et al.36 determined the activity for alkaline and acid PO4ase, α-glucosidase,
and protease that was associated with bacterial cells, free in the bulk solution, and
loosely associated with cells or entrapped in the flocs. A major fraction of the total
enzyme activity was found to be associated with the flocs. Richards et al.44 and
Frolund et al.39 also found that exoenzymes were immobilized in the sludge floc
matrix.

Cadoret et al.12 measured extracellular enzyme activities in whole sludge, in dis-
persed activated sludges, as well as that associated specifically with the floc EPS. The
activated sludge from a treatment plant was treated as follows before being assayed as
“whole” sludge for enzyme activities: sludge was allowed to settle, then resuspended
in deionized water, then homogenized, and the process repeated. Dispersed activated
sludge was first prepared as “whole” sludge before subjecting to sonication or cation
exchange resin (Dowex-Na+ 50× 8). EPS was recovered from the supernatant frac-
tion of the centrifuged aqueous phase following removal of the cation exchange resin
and associated adsorbed material. They found that 17% of the l-Leu-aminopeptidase,
5% of α-glucosidase, 23% of protease, and 44% of α-amylase activity of sludge dis-
persed by sonication or cation exchange resin were recovered in the EPS fraction.
Most of the enzymes remained associated either to tightly bound EPS or directly
bound to the bacterial cell surfaces.

Whiteley et al.37 determined the PO4ases and protease activity in the supernatant
fraction of liquor recovered from methanogenic and sulfidogenic sewage sludge
reactors following incubation with substrates selective for these enzymes, sonic-
ation, and centrifugation. The majority of the exoprotease and PO4ase activity was
found associated with the particulate fraction that was released upon sonication. Most
enzyme activity was therefore found either associated with or immobilized within the
particulate matter.

Pletschke et al.38 determine ATPS activity in the supernatant fraction of liquor
recovered from methanogenic and sulfidogenic sewage sludge reactors following
sonication and centrifugation. Since >90% of the enzyme activity was released into
the supernatant after sonication, it was suggested that the ATPS enzymes were located
either intracellularly or immobilized in or on the floc material.
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Boczar et al.15 assayed esterase activity in the particulate fraction of activated
sludge using substrates of different chain lengths. C4-ester yielded the highest activ-
ity of the different substrates tested, with activity decreasing with increasing chain
length above C4. The p-nitrophenol esters were hydrolyzed at higher rates than
fluorescein esters. Esterase activities determined after freeze–thaw treatment sug-
gested that a significant portion of the fluorescein esters was hydrolyzed by enzymes
located on the cell surface or within the cell envelope. In general, the bulk of the
esterase activity was associated with the particulate flocs with no significant amount
of activity detectable in the bulk solution. Similar results were reported by Teuber and
Brodish45 who found that 75% to 99% of the PO4ase, glucosidase, and aminopepti-
dase activity was associated with sludge material that pelleted upon centrifugation
at 3000× g.

Van Ommen Kloeke and Geesey41 used a precipitating fluorogenic enzyme sub-
strate ELF-PO4 (Figure 14.1) to localize PO4ase activity in the activated sludge liquor.
Since this substrate is converted to a water-insoluble, crystalline, yellow, fluorescent
product at the site of organic-P hydrolysis, the position of the resulting fluorescent
objects identifies the site of active PO4ase enzymes when viewed by fluorescence
microscopy (Figure 14.5). It is evident from the distribution of fluorescence that the
PO4ase activity is localized in discrete locations throughout the matrix of the floc
particles, possibly reflecting the distribution of PO4ase-producing microorganisms.
Some areas are as large as 40 µm in diameter (Figure 14.5, inset), although most are on
the order of 5 µm in diameter. The intensity of the fluorescence emanating from these
local regions in the floc particles increased linearly over a 40-min period (Figure 14.6).
Incubations of 60 min allowed the development of maximum density of ELF crystals
before increasing crystal size, and fluorescence intensity caused the fluorescent image
of adjacent crystals to merge into a single fluorescent object. Sixty-minute incuba-
tions were thus used to determine the density and distribution of PO4ase activity in
the flocs.

Frolund et al.39 showed that a large portion of various classes of exoenzymes
present in activated sludge were adsorbed to the EPS matrix. When the EPS was
treated with a cation exchanger, large quantities of enzyme were released into the bulk
aqueous solution. Since the activities of these extracellular enzymes strongly partition
with the floc-containing fraction, these enzymes likely have evolved to remain associ-
ated with the cell surface or the floc matrix (Figure 14.7). Flocs provide a conditioned
environment conducive for extracellular enzyme accumulation and activity outside
the cell. Goel et al.36 showed that the floc-bound nature of extracellular alkaline
PO4ase, acid PO4ase, α-glucosidase, and protease enabled the enzymes to remain
active under anaerobic as well as aerobic phases of operation. Recently, it has been
shown that the EPS of activated sludge aggregates inhibited the diffusion of high
molecular weight substrates of extracellular enzymes, limiting their availability to
the enzymes and the rate of catalysis.12 These results challenge the idea that hydro-
lysis of the organic polymers is the first and rate-limiting step in the activated sludge
process, and support the suggestion by Guellil et al.46 that sorption or uptake of the
organic polymers by the exoenzyme-containing floc is a rate-limiting step that pre-
cedes hydrolysis (Figure 14.7). Thus, the benefits provided to exoenzymes by EPS
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(a)

(b)

200×

400×

FIGURE 14.5 Epifluorescence microscopic image of ELF crystals precipitated in floc
particles recovered from activated sludge and incubated with 100 µM ELF-P for 60 min. (a)
Crystals distributed throughout floc matrix. Arrow shows crystal with diameter of approxim-
ately 40 µm. (b) Crystals concentrated in one floc particle at densities higher than in adjacent
particles.

are, to some extent, offset by the added diffusion resistance the EPS exerts on the
enzyme substrates.

Floc formation requires expenditure of energy generated by the bacteria in the
system. The main source of this energy is the polymeric organic material in the
wastewater aqueous phase that can only be accessed by the microorganisms if first
degraded into useable subunits by exoenzymes (Figure 14.8). Since even the smallest
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FIGURE 14.6 Increase in fluorescence intensity of area of floc particle as a function of time
during which ELF-PO4 is being hydrolyzed to ELF by extracellular PO4ase enzymes.
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polymer by bacterial exoenzymes and

 inorganic P uptake by cells

Diffusion of
polymer into

floc P P P

P
P

P P

FIGURE 14.7 Schematic representation of detrital, polymeric, organic-PO4 diffusion from
bulk liquid phase into floc matrix containing extracellular PO4ase-producing bacteria. Pi
released at cell surface is taken up by the cells and transformed into biomass-P.
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FIGURE 14.8 Schematic diagram of pathway of formation of microbial biomass, exoen-
zymes, and EPS. Polymer subunit intermediate products have different properties than original
polymeric compounds. Production of intermediate products may affect P removal efficiency.
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floc particles resolved by light microscopy contained regions of ELF fluorescence,
exoenzyme production and secretion likely occurs during or possibly even prior to
floc formation in the system.

When floc material was homogenized in a tissue homogenizer to disperse
bacterial cells, and the preparation incubated with ELF-P, approximately 9% of the
cells that were visualized after staining with the nucleic acid stain acridine orange
had ELF crystals precipitated in their immediate vicinity.41 PO4ase activity was
thus contributed by a small fraction of the floc-associated bacterial community.
Of the total area of fluorescence produced by all crystals of ELF evaluated in
homogenized floc preparations, approximately 80% was contributed by crystals asso-
ciated with cells that also reacted positively with SYTO9, a fluorochrome that is
taken up by cells with a membrane potential, and thus considered viable.41 The
other ELF crystals could not be associated with any other objects in the floc.
PO4ase activity was therefore primarily associated with active bacterial cells in
the floc.

14.7 IDENTIFICATION OF POPULATIONS OF CELLS
RESPONSIBLE FOR EXTRACELLULAR PO4ASE
ACTIVITIES WITHIN FLOC-ASSOCIATED
MICROBIAL COMMUNITIES

Considerable progress has been made in recent years in identifying the types of
bacteria present in activated sludge systems. Besides the poly-P-accumulating bac-
teria of the genus Acinetobacter, those aligning with the cytophaga-flavobacteria
group have also been widely reported in activated sludge systems in different
parts of the world.28,47–49 Snaidr et al.50 reported that the cytophaga-flavobacteria
group contributed 12% of the DAPI-stained bacterial community of an activated
sludge system. Manz et al.47 found a similar fraction of the bacteria present in
activated sludge that hybridized with the Bacteria-specific probe EUB338 probed
positive with a cytophaga-flavobacter-specific 16S rRNA oligonucleotide probe.
The extent to which these groups of bacteria are responsible for extracellular
enzymatic activities measured in activated sludge floc has only recently been
assessed.41,51

The detection of the cultivable bacterial populations in homogenized activated
sludge floc preparations that exhibit extracellular PO4ase activity was facilitated
by the development of a new screening technique.51 Adding the precipitating
fluorogenic substrate 2-(5′-chloro-2′-phosphoryloxyphenyl)-4-[3H]-quinazolinone
(CPQ-PO4) to a bacterial cultivation medium, after medium sterilization but prior
to solidification, offered the opportunity to detect PO4ase active colonies fol-
lowing inoculation and incubation of samples of homogenized activated sludge
floc preparations plated on this medium (Figure 14.9). Upon enzymatic cleav-
age, this molecule yields the stable, highly fluorescent precipitate 2-(5′-chloro-
2′-hydroxyphenyl)-4-[3H]-quinazolinone (CPQ)52 (Figure 14.9). CPQ excites at
345 nm and fluoresces at 530 nm.51 Phosphatase activity can then be monitored
as the colonies grow by viewing the plates under UV light. Another benefit of
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FIGURE 14.9 Fluorogenic substrate (a) 2-(5′-chloro-2′-phosphoryloxyphenyl)-4-[3H]-
quinazolinone is hydrolyzed to (b) 2-(5′-chloro-2′-hydroxyphenyl)-4-[3H]-quinazolinone to
produce a water-insoluble fluorescent precipitate.

this approach is that it distinguishes between activity of secreted (bacteria-free)
and cell-associated PO4ase activity, due to the precipitating nature of the probe.
Colonies actively secreting PO4ase enzyme into their environment have a fluores-
cent halo, whereas those PO4ase-positive colonies which have only cell-associated
activity do not produce a halo.51 Using this approach, these investigators found that
35% of the cfus that grew on LB/HEPES/CPQP agar medium yielded an intense
yellow–green fluorescence, indicating the presence of phosphatase-positive clones
(Figure 14.10).

The PO4ase-positive colonies from the homogenized activated sludge prepara-
tions displayed two types of fluorescence when plated on the above medium. Some
colonies displayed fluorescence that was limited to the area occupied by the colony,
whereas, fluorescence displayed by other colonies extended into the surrounding
medium producing halos around the colonies. Of all fluorescent colonies obtained
on the plates, 36% displayed halos. Isolates displaying these different forms of
PO4ase activity on solid medium are shown in Figures 14.11 and Figure 14.12.
Isolate A produced a fluorescent halo around its colony (Figure 14.11), whereas Isol-
ate J produced fluorescence that was restricted to the colony (Figure 14.12).
Isolates A and J were further evaluated for the distribution of PO4ase activ-
ity in suspended batch cultures without added agar. Whereas 36% of the total
PO4ase activity produced by Isolate A was recovered with the cell fraction, with
the remainder free in the culture menstruum, 99% of the total PO4ase activ-
ity produced by Isolate J was recovered with the cell fraction.51 PO4ase activity
was induced when cultures of both isolates entered the late exponential growth
phase.

Selective identification of PO4ase-positive colonies of bacterial populations in
complex microbial communities makes it feasible to sequence the 16S rDNA gene
to establish a phylogenetic affiliation for the population. When the DNA of cells
from several of the fluorescent colonies recovered from plates inoculated with
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(a)

(b)

FIGURE 14.10 Colonies formed on LB/HEPES/CPQ-PO4 solid medium after inoculation
with activated sludge from a wastewater treatment plant. (a) Colonies under normal white light
and (b) CPQ fluorescent, PO4ase-producing colonies.

homogenized activated sludge was extracted and a portion of their 16S rDNA
amplified by polymerase chain reaction (PCR) using primer set 1056F/1392R, the
resulting amplicons, when sequenced, grouped with the cytophaga-flavobacteria in
the phylum cytophaga-flavobacter-bacteroides.41 Three of the isolates reacted pos-
itively with the cytophaga-flavobacteria group-specific rRNA probe CF319a. The
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FIGURE 14.11 (Color Figure 4.11 appears following page 236.) Colonies of Isolate A
growing on LB/HEPES/CPQ-PO4 solid medium. Note halo of fluorescent CPQ that has pre-
cipitated some distance away from the colonies reflecting diffusion of PO4ase away from the
cells and the colony.

CF319a probe reacted positively with approximately 10% of the DAPI-stained
bacteria and 17% to 20% of the ELF-precipitating bacteria associated with homo-
genized floc material from activated sludge samples.41 These results suggest that
although the cytophaga-flavobacteria group resists efforts to cultivate in the laboratory,
it is an important contributor of PO4ase activity in activated sludge. Using a com-
bination of molecular approaches, it is possible to establish structure–function
relationships among uncultivated members of complex microbial communities
such as those established in flocs of the activate sludge process of wastewater
treatment.
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FIGURE 14.12 (Color Figure 4.11 appears following page 236.) Colonies of Isolate J
growing on LB/HEPES/CPQ-PO4 solid medium. Note the fluorescent CPQ that has precipit-
ated remains close to the perimeter of the colonies indicating that the PO4ase enzymes remain
closely associated with the cells in the colonies.

14.8 CONCLUSIONS

Floc formation and associated microbial populations play a key role in the degradation
of complex detrital organic matter in the activated sludge process of wastewater treat-
ment. Extracellular enzymes represent an important class of EPS associated with the
activated sludge floc particles. The extracellular proteases, lipases, and glucosidases
hydrolyze large organic molecules too large to be taken up by bacterial cells to smaller
subunits that are readily transported into the cell and metabolized. The floc matrix
offers a conditioned environment outside the bacterial cells for these enzymes to carry
out their function. Other extracellular enzymes such as PO4ase regenerate the inor-
ganic forms of non-conservative elements such as phosphorus. This represents the
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initial step in removal of detrital polymeric organic-P from wastewater streams. Since
one-third to one-half of the total P in wastewater exists as detrital polymeric organic P,
the bacterial populations that produce active PO4ase play a key role in P removal from
wastewater in the activated sludge process. Members of the cytophaga-flavobacteria
group appear to be particularly important in this regard since they account for 17%
to 20% of the total PO4ase-active cells in the system.
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15.1 INTRODUCTION

Microbial flocs, which occur in most freshwater and marine environments, are built
by numerous bacterial species that grow as single cells, filaments, or cell aggregates.
Flocs also contain extracellular polymeric substances (EPS), which are synthesized
by the microorganisms, as well as particulate organic and inorganic matter and cav-
ities between these components. Flocculation is advantageous for microorganisms:
the matrix of dense flocs provides some protection from grazing protozoa. Floc bac-
teria involved in mutualistic symbiotic interactions benefit from the close proximity
to their partners. Changes of the environmental conditions outside of flocs may have
attenuated effects inside of flocs, where microorganisms to a certain degree cre-
ate and maintain their own microenvironments. Concentration gradients of soluble
nutrients, waste compounds, and gases form within flocs due to diffusion barriers
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and microbial metabolic activity. The combination of a complex physical structure
with chemical gradients creates in the same floc microhabitats for different functional
groups of microorganisms, which may be involved in essential nutrient recycling pro-
cesses. Flocs also provide niches for species that would otherwise not survive in a par-
ticular environment. For example, in aerobic habitats, oxygen is consumed by aerobic
organisms, which are located in the outer layers of flocs. Therefore, the central floc
regions are depleted in oxygen and can be colonized by microaerophilic or even oblig-
ately anaerobic bacteria, which are sensitive to oxygen and do not occur in the same
habitat outside of flocs or biofilms.1 Consequently, flocculation promotes a higher
microbial biodiversity in ecosystems.

Any attempt to determine how flocculation influences the performance and sta-
bility of ecosystems requires a detailed knowledge of the structure and function of
the microbial communities in flocs. Traditional microbiological methods, which are
based on the isolation and cultivation of bacteria, fail to provide such insight because
most microorganisms in nature are recalcitrant to cultivation.2 The following text
explains how cultivation-independent molecular techniques can be applied to study
complex microbial communities in flocs. Since an encompassing description of all
available molecular tools would be beyond the scope of this chapter, special emphasis
is given to the rRNA approach2 and to commonly used in situ methods, which allow
monitoring microorganisms directly in their habitats. The section on methods is fol-
lowed by a case study, which deals with the discovery and functional analysis of
uncultured Nitrospira-like bacteria. These organisms are important nitrite oxidizers
in natural habitats and in wastewater treatment plants — engineered systems where
flocculation plays a critical role.

15.2 MOLECULAR METHODS FOR ANALYZING
UNCULTURED BACTERIA

15.2.1 PHYLOGENETIC ANALYSIS OF 16S RIBOSOMAL RNA GENE

SEQUENCES

The phylogenetic analysis of 16S ribosomal RNA (rRNA) gene sequences3,4 is the
most widely used method for cultivation-independent microbiological surveys of
environmental samples. DNA is extracted from a sample and is used as template
for the specific amplification, by polymerase chain reaction (PCR) with appropriate
primer sets, of bacterial 16S rRNA genes. The amplified 16S rRNA genes are cloned
and sequenced. The obtained sequences are compared, by phylogenetic methods,
with known reference rRNA sequences in order to infer the phylogenetic affiliations
of the different bacteria in the environmental sample. Thousands of suitable refer-
ence sequences have already been deposited in public databases. This approach is
invaluable for microbial ecology and has not only provided insight into the microbial
diversity of many different habitats, but has also led to the discovery of novel, yet
uncultured prokaryotic lineages.5

However, the analysis of 16S rRNA gene libraries has some pitfalls, which must
be considered in order to avoid misinterpretations of the results. A library that consists
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of amplified and cloned 16S rRNA genes does not often correctly represent the real
bacterial biodiversity in an environmental sample. Inefficient extraction of DNA and
biases of PCR and of cloning can cause pronounced differences between the frequen-
cies of specific 16S rRNA genes in the library and the frequencies of the corresponding
organisms in the sample.6–8 These problems can hamper even the detection of those
ecological key players, which are highly abundant in a habitat.9 Therefore, it is recom-
mended to apply different DNA extraction methods on the same sample, to pool the
DNA that was isolated by these methods prior to the amplification of 16S rRNA genes,
to use different 16S rRNA gene-specific primer sets in parallel PCR experiments, and
to use different vectors for cloning.10 Despite these precautions, in most cases, it will
not be feasible to obtain the 16S rRNA gene sequences of all bacterial species living
in a complex environmental sample. Already a single library established from such a
sample can contain thousands of different 16S rRNA genes. The random selection of
clones for sequencing is a simple approach to analyze such libraries, which has the
disadvantage that the less frequent 16S rRNA genes may not be encountered while the
more frequent 16S rRNA genes are sequenced repeatedly. Alternatively, one could
use membrane hybridization with specific rRNA-targeted nucleic acid probes or PCR
with highly specific primers to screen rRNA gene libraries for members of differ-
ent phylogenetic lineages. Nucleic acid fingerprinting techniques, as for example
restriction fragment length polymorphism (RFLP) analysis11 and denaturing gradi-
ent gel electrophoresis (DGGE),12 are other useful tools for systematic analyses of
16S rRNA genes in environmental samples. RFLP analysis can reduce the sequen-
cing effort needed to retrieve a high number of different, already cloned rRNA genes
from a library. Genes with identical RFLP patterns are collected in groups, and then
only a few representatives of each group are sequenced and further analyzed. DGGE
separates different PCR-amplified rRNA gene fragments in polyacrylamide gels with
increasing denaturing gradients. In the ideal case, each band in the gel represents one
organism in the environmental sample. Single bands can be excised, re-amplified by
PCR, and sequenced for phylogenetic analysis. DGGE has the disadvantage that it
can separate only fragments of 16S rRNA genes with a maximum size of approxim-
ately 500 base pairs. Partial 16S rRNA sequences of this length are of limited use for
phylogeny and for the design of rRNA-targeted nucleic acid probes.

Due to the biases of DNA extraction, PCR, and cloning, the quantitative compos-
ition of bacterial communities cannot be inferred from the frequencies of different
16S rRNA genes in clone libraries. For the same reason, the intensities of the bands
in fingerprints of PCR-amplified rRNA genes do not necessarily correlate with the
in situ abundance of the corresponding bacteria. Recently developed quantitative vari-
ants of PCR (real-time PCR13,14 and competitive PCR15–17), or PCR-independent
methods like quantitative dot blot18,19 and fluorescence in situ hybridization (FISH)
(discussed in the next section), should be applied for quantitative analyses of microbial
communities.

15.2.2 FLUORESCENCE IN SITU HYBRIDIZATION

Fluorescence in situ hybridization (FISH) with rRNA-targeted probes is a cultivation-
independent method to identify microorganisms and to visualize microbial cells
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directly in their habitats.2,20 The ribosomal RNAs are optimal targets for in situ
hybridization. These ubiquitous molecules have a highly conserved structure and
are essential components of the ribosomes in all living cells. The high number of
ribosomes in a microbial cell causes a natural amplification of the probe-conferred
fluorescence. A specific rRNA-targeted oligonucleotide probe must be sequence com-
plementary to a short base sequence, which exists only on the ribosomal RNA of
the probe target organisms. The nontarget organisms should have a different base
sequence at the probe-binding site and in all other regions of the ribosomal RNAs.
Functions to automatically design new rRNA-targeted probes and to match probes
against known rRNA sequences are offered, for example, by the ARB software
package21 and by the Ribosomal Database Project.22 A comprehensive collection
of available rRNA-targeted probes is provided by the ProbeBase database.23

FISH with rRNA-targeted probes and phylogenetic analyses complement each
other. In the first step, rRNA gene sequences are retrieved from an environmental
sample and are analyzed in order to determine the phylogenetic affiliations of the
corresponding organisms. In the second step, probes targeting these sequences are
designed and are applied in FISH experiments to visualize their target organisms
in the original sample. The detection of the probe target cells by FISH confirms
that the analyzed rRNA genes belong to organisms, which are really present in the
environmental sample, and not to contaminating naked DNA.2

Organisms in environmental samples can be identified with a high degree of
certainty by FISH with hierarchically nested rRNA-targeted probes. A nested probe set
may contain, for example, one species-specific (probe I), one genus-specific (probe II),
and one phylum-specific probe (probe III), which are labeled with different fluorescent
dyes. Provided that the target species of probe I belongs to the genus and phylum that
is targeted by probes II and III, respectively, all target organisms of probe I must also
be detected by the other two probes. Accordingly, all target organisms that are stained
by probe II must also be stained by probe III. Cells that are detected only by probe I
or II are most likely nontarget organisms of these probes and have been stained due to
unspecific hybridization. Nested probes make it possible to detect up to seven related
phylogenetic groups in the same FISH experiment.24

FISH has been applied to study the microbial community structures of activated
sludge flocs25–28 and to monitor important functional groups of bacteria in wastewater
treatment plants, as for example organisms involved in nitrification,9,29–32 in floc
formation33–39 or in enhanced biological phosphorus removal.40–44

Sometimes an organism cannot be detected by FISH even if it is clearly detect-
able by other methods in the same environmental sample. Possible reasons for such
failure of FISH are: (i) the abundance of the probe target organism in the sample is
below the detection limit of FISH, which is between 103 and 104 cells per ml,9 (ii) the
probe-conferred fluorescence is too weak due to a low ribosome content of the probe
target cells; (iii) the cell wall of the probe target organism is impermeable for oligonuc-
leotide probes and requires special treatment prior to FISH; (iv) the probe-binding site
is blocked by secondary structures of the rRNA or by ribosomal proteins; and (v) the
hybridization conditions are too stringent for the applied probe. Furthermore, FISH
is severely hampered if a sample contains many autofluorescent or DNA-binding
particles. Since ribosomal RNA is a phylogenetic and not a physiological marker,
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rRNA-targeted FISH alone does not provide insight into the ecophysiology of the
detected organisms. An overview of approaches to overcome some limitations of FISH
is provided by Wagner et al.45 Extensions of FISH that allow monitoring metabolic
activities of uncultured microorganisms are described later in this chapter.

15.2.3 QUANTIFICATION AND 3D VISUALIZATION OF

MICROORGANISMS BY CONFOCAL LASER SCANNING
MICROSCOPY AND DIGITAL IMAGE ANALYSIS

The quantification of uncultured bacteria in environmental samples is a frequently
encountered task in microbial ecology. Microbial cells can be stained, for example,
by FISH with rRNA-targeted probes, and can then be counted “manually” in an epi-
fluorescence microscope. However, this technique is tedious and yields reliable results
only when applied on planktonic bacteria, which do not form larger cell aggregates.
Manual counting of cells, which are embedded in aggregates, flocs, or biofilms, is dif-
ficult and tends to underestimate the cell numbers.26 Bacterial cell clusters are often
packed very tightly (Figure 15.1) and cannot be broken up prior to counting.26 Diffi-
culties with the dispersion of cell aggregates also hamper the use of flow cytometry
to quantify bacteria in flocs.46,47

Semi-automated quantification techniques, which combine FISH or other fluores-
cence staining methods with digital image analysis, are less tedious than manual cell
counting and can accurately quantify planktonic cells as well as clustered bacteria in
flocs and biofilms. Epifluorescence microscopes equipped with digital cameras and
confocal laser scanning microscopes are used to acquire images of fluorescing bac-
terial cells. Sharp confocal images, which contain only objects located in the current

5 �m

FIGURE 15.1 Confocal micrograph of aggregated ammonia-oxidizing bacteria (Nitroso-
monas sp.) detected in a nitrifying biofilm by FISH with probe S-∗-Nsm-0651-a-A-18.30
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focal plane, are better input data for image analysis software than pictures recorded
by conventional microscopes. Digital image analysis has been applied to quantify
soil bacteria, which were labeled by protein staining,48 and to enumerate planktonic
cells that were stained by FISH with rRNA-targeted probes.49,50 Shopov et al.51 used
image analysis to count planktonic bacteria and cells, which were attached to detritus.
Unfortunately, no published image analysis routine is capable of counting the indi-
vidual cells in dense cell aggregates. These tightly packed cells (Figure 15.1) are not
recognized and separated by the algorithms even if the input data are high-quality
confocal images. However, aggregated bacteria can be quantified by a stereological
method, which does not require single cell recognition. This method determines the
volume fraction of a “phase of interest,” which is part of a larger reference volume.52

Any microbial population, which has been stained by FISH with a specific rRNA-
targeted probe or by another specific fluorescence labeling technique, can be the phase
of interest. The reference volume is either the total volume of all Bacteria or the total
volume of all microorganisms (Bacteria, archaea, and eukaryotes) in the sample. Most
known Bacteria can be labeled by FISH with the EUB338 probe mix.53,54 Unspecific
labeling of all microbial cells is achieved by nucleic acid stains like 4′,6-diamidino-2-
phenylindole (DAPI).55 The biovolume fraction of the specifically labeled population
can be manually determined by using an epifluorescence microscope and a grid ocu-
lar. In the current microscope field, all grid points that touch the specifically stained
population (point set A) and all grid points that touch the total bacterial or microbial
biomass (including the specifically stained population, point set B) are counted. Then
the ratio of the number of points in set A to the number of points in set B is calculated
(this is the fraction of point set A). This procedure is repeated at random positions
within the specimen. Finally, the fractions of point set A that were obtained in the
evaluated microscope fields are averaged. Provided that enough microscope fields
have been processed, this mean fraction of point set A is equivalent to the biovolume
fraction of the specifically stained population. This technique works with solitary
and with aggregated microbial cells and can be applied without modifications on all
kinds of bacterial morphotypes. A software implementation of this method has been
combined with FISH and confocal laser scanning microscopy to quantify bacteria in
flocs and biofilms.56,57 Recently, Juretschko et al.28 used rRNA sequence analysis,
FISH, and the stereological estimation of biovolume fractions to identify, detect, and
quantify most bacterial populations in activated sludge from a full-sized industrial
wastewater treatment plant. In another recent study, Schmid et al.39 applied the same
quantification method to analyze the bacterial communities in poor-settling activated
sludge flocs, and correlated the results with physical floc properties. An extension
of this stereological approach allows measuring not only biovolume fractions, but
also absolute cell concentrations of clustered and of planktonic bacteria by spiking
environmental samples with known amounts of reference cells or fluorescent beads
(“Spike-FISH”58). Absolute cell concentrations are needed, for example, to compare
the abundance of a bacterial population in different environmental samples with dif-
ferent biomass content. Another stereological approach has been applied to quantify
the biovolume of filamentous bacteria by image analysis.59

Microbial ecology has numerous other applications for digital image analysis.
Bacterial cells can be classified by software into morphotypes.49,60,61 The optimal
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hybridization conditions for FISH with new rRNA-targeted oligonucleotide probes
are determined by measuring the probe-conferred fluorescence.54,62 The fluorescence
intensity after FISH is also quantified in order to estimate the ribosome content of
microbial cells.63

Two-dimensional image analysis does not exploit the full potential of confocal
laser scanning microscopy. Confocal microscopes allow peeking into complex
samples without mechanical sectioning, which could distort three-dimensional struc-
tures. Modern confocal microscopes can adjust the z-position of the focal plane with
high precision in sub-micrometer intervals and can automatically record vertically
stacked “optical sections” through a sample. Such image stacks contain 3D informa-
tion, which is extracted and quantified by 3D image analysis routines. This approach
has proven highly useful to quantify key features of biofilms like the total volume of the
biomass, the biofilm roughness, and the substratum coverage.64–66 We are currently
developing 3D image analysis algorithms that scan stacks of confocal images and eval-
uate spatial relationships between probe-defined bacterial populations. This approach
could help in discovering ecologically important relationships between uncultured
bacteria. For example, the statistically confirmed spatial co-localization of two pop-
ulations may be used as an indicator for a putative mutualistic symbiosis between
these organisms.

Confocal image stacks of probe-stained bacteria are well suited for 3D visual-
ization, which can reveal interesting features like the networks of cavities within
the cell clusters of Nitrospira-like bacteria31 (Figure 15.2). Visualization programs
should provide high-speed interactive rendering with arbitrary viewing perspectives.

10 �m

10 �m

10 �m

FIGURE 15.2 Three-dimensional reconstruction of a cell aggregate of Nitrospira-like bac-
teria, which were stained by FISH with probe S-G-Ntspa-662-a-A-18.31 A part of the cell
cluster has been removed by software in order to visualize a network of cavities within the
microcolony.
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Functions for lighting and shading can significantly improve the 3D impression of the
rendered images. The quality and information content of 3D visualization is strongly
influenced by the applied rendering algorithm. The surfaces of objects can be math-
ematically transformed to 3D meshes of polygons.67 The polygons are projected to
2D space, are drawn by the program in a color defined by the user, and are shaded
according to the directions of their surface normal vectors and according to the posi-
tion of a virtual light source. Algorithms based on this approach are relatively simple
and fast because only the vertices and the surface normal vectors of the polygons
are stored and processed. In contrast, volume rendering uses the whole content of an
image stack (the empty space as well as the surfaces and the inner parts of objects)
for 3D visualization. Such programs can produce very detailed 3D reconstructions,
but interactive volume rendering requires fast computers and sophisticated software
implementations. The increasing performance of commodity computers makes 3D
visualization by volume rendering cheaper and easier to use as a routine tool in floc
and biofilm research.

15.2.4 METHODS TO DETERMINE ECOLOGICAL FUNCTIONS OF
UNCULTURED BACTERIA

The traditional and well-proven methods to study physiological properties of bac-
terial pure cultures cannot be used to investigate the ecophysiology of yet uncultured
microorganisms in environmental samples. This goal can be achieved only by using
cultivation-independent molecular tools.

Microautoradiography (MAR)68 detects the uptake and incorporation of sub-
strates by microbial cells without the need to cultivate the organisms. An envir-
onmental sample is incubated with a radioactively labeled substrate under defined
conditions, as for example temperature, pH, and concentrations of electron donors
and acceptors. After the incubation, the microbial cells in the sample are chemically
fixed and excess radioactivity is removed by washing the sample with appropriate
buffer solutions. Samples containing flocs or biofilm are then sectioned by using
a microtome or a cryotome. The sections are applied onto microscope slides or
cover slips and are covered with a film emulsion, which solidifies at lower tem-
peratures. During the following exposition, which may last several days or weeks,
silver grain formation occurs in the film above radioactively labeled cells. In con-
trast, the film remains clear above cells that do not contain the radioactive tracer.
The MAR experiments are evaluated by bright field and phase contrast micro-
scopy. Microautoradiography offers unique possibilities to monitor, with a single
cell resolution, the use of specified substrates by bacteria in environmental samples.
However, this technique is not able to identify the radioactively labeled cells. This
limitation is overcome by the combination of MAR and FISH with rRNA-targeted
probes (FISH-MAR)69,70: The microbial cells are identified by FISH, and the incor-
poration of radioactively labeled substrates is detected by MAR (Figure 15.3).
The high specificity of FISH and the single cell resolution of both FISH and
MAR make FISH–MAR a powerful tool for determining the substrate usage spec-
tra of bacteria in environmental samples, which must be amenable to FISH (this
requirement hampers the application of FISH–MAR on many soils and sediments).
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Bacteria labeled by FISHBlack film above cells that incorporated 
radioactive substrate
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FIGURE 15.3 Schematic illustration of combined FISH and microautoradiography. Refer to
text for explanation.

For FISH–MAR, a sample is incubated with a radioactive tracer as described above,
but the fixed and sectioned sample is hybridized to fluorescent rRNA-targeted probes
before the film emulsion is applied. The in situ hybridization requires that the
sample is dehydrated with ethanol in order to make the cytoplasmic membranes
of microbial cells permeable for the oligonucleotide probes. During the hybridiz-
ation and the subsequent washing steps, soluble radioactive tracer that has been
imported into the cells without incorporation into macromolecules is washed out
of the cells through the perforated cytoplasmic membranes and is therefore not
detectable by MAR. Therefore, FISH–MAR is restricted to substrates that are
incorporated into biomass. Labeled substrate molecules, which adhere to the outer
surfaces of microbial cells although they are not used by the microorganisms, can
lead to false-positive results of FISH–MAR. The misinterpretation of MAR sig-
nals, which are caused by adhesion and not by the uptake and incorporation of a
substrate, can be avoided by negative control experiments with pasteurized sample
material.70

FISH–MAR has been used to study, for example, the in situ physiology of
Thiothrix species involved in activated sludge bulking,71 the uptake of lipids by the
filamentous organism Microthrix parvicella,72 and the use of inorganic and organic
carbon sources by uncultured Nitrospira-like nitrite-oxidizing bacteria in activated
sludge and biofilm.31 FISH–MAR has also revealed that marine planktonic archaea
take up amino acids from ocean water.73 A recently developed extension of FISH–
MAR allows quantifying the incorporated amount of labeled substrate and has been
applied to measure the kinetics of acetate incorporation by filamentous bacteria in
activated sludge.74

Stable-isotope probing (SIP) of DNA75,76 uses stable isotope tracers to invest-
igate the substrate usage of environmental microorganisms. The rationale of this
approach is that bacteria, which can use a particular 13C-labeled carbon source,
will incorporate a fraction of the imported 13C atoms into nucleic acids. An envir-
onmental sample is incubated with a 13C-labeled substrate and DNA is extracted
from the sample afterwards. The 13C-labeled DNA (“heavy DNA”) is separated from
unlabeled 12C (“light”) DNA by density gradient centrifugation. The heavy DNA
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fraction is used as template for 16S rRNA-specific PCR, and the amplified 16S rRNA
genes are cloned and sequenced. The obtained sequences are subjected to phylo-
genetic analyses in order to identify the organisms that used the labeled substrate.
This technique is applicable on a wide spectrum of environmental samples, but relat-
ively long incubation times and high tracer concentrations are required for sufficient
stable-isotope labeling of DNA. During the incubation, bacteria that can use the
13C-labeled substrate will most likely incorporate a fraction of the 13C label into
waste compounds, which are excreted and may be metabolized by other bacteria
that could not directly use the original labeled substrate (“cross-feeding”). The addi-
tion of relatively large amounts of labeled substrates may cause an enrichment of
organisms that can use these substrates. Cross-feeding between different bacterial
populations and shifts of the microbial population structure become more likely
during prolonged incubation periods and can falsify the results of SIP. Manefield
et al.77 demonstrated that shorter incubation times are possible if ribosomal RNA
instead of DNA is extracted and analyzed. The stable isotope is incorporated into
rRNA whenever the cell produces new ribosomes, while DNA is labeled only dur-
ing genome replication prior to cell division. However, both variants of SIP require
PCR-amplification and cloning of rRNA genes. If the heavy nucleic acid fraction is
contaminated prior to PCR with light nucleic acid, the rRNA genes of bacteria that
used the labeled substrate are amplified together with the rRNA genes of bacteria
that did not use it. These genes cannot be distinguished during the following phylo-
genetic analyses. Unfortunately, such contamination can never be ruled out. We have
in collaboration with Linda Blackall at the University of Queensland demonstrated
that SIP can be combined with FISH–MAR in order to overcome some drawbacks
of these techniques.78 In the first step of the combined approach, SIP is applied
on an environmental sample. New, highly specific rRNA-targeted probes are then
designed based on 16S rRNA gene sequences, which were retrieved from the heavy
nucleic acid fraction. These new probes are used to identify their target organisms
in FISH–MAR experiments with the same sample and substrate that was used for
SIP, but for FISH–MAR the substrate is radioactively labeled. This combination of
methods is particularly useful for studying phylogenetically heterogeneous microbial
guilds. Such functional groups of organisms are difficult to analyze by FISH–MAR
if one has no clue which of their members occur in an environmental sample, and
which rRNA-targeted probes should be used to detect these organisms in situ. The
combined approach solves this problem because candidate organisms that may use
the offered substrates are identified by SIP. Therefore, one must perform only a few
FISH–MAR experiments with specific probes that target these organisms. FISH–
MAR is independent from PCR, works with shorter incubation times than SIP, and
therefore is used to verify the results that were obtained by SIP. However, this combin-
ation of SIP and FISH–MAR is restricted to environmental samples that are amenable
to FISH.

Recently, the high sensitivity and substrate specificity of isotope techniques have
been combined with the high degree of parallelization, which is offered by DNA
microarrays. The isotope array.79 contains specific rRNA-targeted probes. Follow-
ing the incubation of an environmental sample with a radioactive substrate, rRNA
is extracted from the sample and is labeled with a fluorescent dye. The rRNA
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is then hybridized to the microarray, which afterward is scanned for fluorescence
and for radioactivity. The pattern of fluorescing spots on the array shows which
probe-target organisms are present in the sample, while radioactive probe spots
indicate which of these organisms incorporated the radioactive tracer into their
ribosomal RNA.

DNA microarrays that target functional genes are promising tools for monitoring
specific physiological groups of microorganisms. In a pioneering study, Wu et al.80

designed and evaluated a microarray, which detected some functional genes of nitri-
fication, denitrification, and methane oxidation. Dennis et al.81 applied another
functional gene array to monitor the induction of genes coding for the degradation
of resin acid. Further development of DNA microarray technology will most likely
improve the specificity and the sensitivity of microarrays, and will eventually make it
possible to quantitatively analyze, with the efficiency of a high-throughput technique,
the expression patterns of numerous functional genes in complex environmental
samples.

One could assume that combining certain fluorescent life stains and FISH with
rRNA-targeted probes makes it possible to detect and identify metabolically active
cells in situ in environmental samples. Tetrazolium dyes, for example, are reduced
and form insoluble formazan crystals in living cells. Staining with the tetrazolium dye
5-cyano-2,3-tolyl-tetrazolium chloride (CTC)82 can be combined with FISH because
the fluorescent formazan crystals remain in the cells during the fixation and hybridiz-
ation steps.83 Unfortunately, CTC and other life stains fail to detect all active bacterial
cells in environmental samples.83,84

The ribosome content of microbial cells can also act as an indicator for metabolic
activity. Fluctuations of the cellular ribosome content are detected by measuring
and comparing the fluorescence intensity of cells stained by FISH with rRNA-
targeted probes. This method is suitable for monitoring the physiological state of
bacterial species like Escherichia coli, which show a correlation of ribosome con-
tent and growth rate.85 However, in marine Synechococcus cells, such a correlation
exists only at medium growth rates.86 Interestingly, at the highest growth rates, the
Synechococcus cells contained fewer ribosomes than at lower growth rates. Chemo-
lithoautotrophic ammonia-oxidizing bacteria maintain a high ribosome content even
during starvation and when ammonia oxidation is chemically inhibited.29,63 Thus,
the ribosome content should not be used to measure metabolic activity unless a clear
correlation between activity and ribosome content has been demonstrated for the
organisms being studied. This can be achieved by using FISH–MAR, which allows
monitoring activity and ribosome content simultaneously. However, for this purpose,
at least one substrate must be known that will be incorporated by most active cells of
the investigated bacterial population.

Primary transcripts (precursors) of ribosomal RNA, which are transient inter-
mediates of ribosome synthesis, seem to be better indicators for bacterial metabolic
activity than mature ribosomes. The bacterial 16S, 23S, and 5S rRNA genes are sep-
arated by intergenic spacer regions. These spacers are transcribed together with the
rRNA genes, but are degraded when the primary transcript is processed during ribo-
some maturation. Cangelosi and Brabant87 designed oligonucleotide probes, which
targeted the spacer regions between the rRNA genes of Escherichia coli, and applied
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these probes in FISH experiments with pure cultures of E. coli. Probe-conferred
fluorescence after FISH with the spacer-targeted probes indicated that the stained
cells contained rRNA precursors and had been producing new ribosomes prior to
fixation for FISH. The fluorescence intensity mirrored the intracellular concentration
of rRNA precursors and the degree of ribosome-producing activity. These experi-
ments with E. coli showed that fluctuations of the precursor rRNA level correlated
better with changes of the growth phase than the less pronounced shifts of the
mature ribosome content. However, the magnitude of the fluctuations in the pre-
cursor rRNA pool depended on the kind of the applied growth-limiting conditions.87

Thus, the results of FISH with spacer-targeted probes must be carefully interpreted
in order to determine how different stress factors affect the metabolic activity of
bacteria.

Spacer-targeted probes do not stain inactive bacterial cells because the rRNA
precursors have been degraded when the cells fall into dormancy. These probes also
allow observing relatively rapid activity changes. Schmid et al.88 monitored, by using
spacer-targeted probes, a rapid decrease of the activity of anaerobic ammonium-
oxidizing bacteria while these organisms were being exposed to oxygen. Oerther
et al.89 designed spacer-targeted probes specific for Acinetobacter and observed that
the activity of Acinetobacter cells in activated sludge increased while the sludge was
being mixed with wastewater that was high in nutrients. Probes targeting the ribosomal
RNA can be used together with spacer-targeted probes in the same FISH experiment,
and the same image analysis methods can be applied to quantify cells detected by
spacer-targeted probes and cells detected by rRNA-targeted probes. However, the
design of spacer-targeted probes, which cover larger phylogenetic groups, is more
difficult because the nucleotide sequences of the intergenic spacers are less conserved
than the sequences of the ribosomal RNAs. A spacer-targeted probe may already fail to
detect some strains of one target species due to strain-specific sequence differences at
the probe-binding site. On the other hand, the lower degree of sequence conservation
in the spacer regions allows developing strain-specific probes, which make it possible
to monitor the activity of very closely related bacteria in the same environmental
sample.

15.3 DISCOVERY AND INVESTIGATION OF
NITROSPIRA-LIKE BACTERIA IN WASTEWATER
TREATMENT PLANTS

Aerobic nitrification is a two-stage process driven by chemolithoautotrophic bacteria:
ammonia oxidizers like Nitrosomonas species convert ammonia to nitrite, and nitrite
oxidizers like Nitrobacter species oxidize nitrite further to nitrate. According to text-
book knowledge, Nitrosomonas and Nitrobacter species catalyze aerobic nitrification
in wastewater treatment plants.90,91 The widespread opinion that Nitrobacter species
are the predominant nitrite oxidizers in wastewater treatment arose because these
bacteria can be isolated from most nitrifying activated sludge samples. However,
this concept was challenged when molecular techniques were applied on nitrite-
oxidizing bacteria in nitrifying bioreactors. Quantitative dot blot or FISH with

Copyright 2005 by CRC Press



“L1615_C015” — 2004/11/20 — 10:48 — page 329 — #13

Molecular Analyses of Microbial Community Structure 329

rRNA-targeted probes failed to detect Nitrobacter in nitrifying aquarium filters92

or in activated sludge,93 respectively. These findings launched a hunt for the real
nitrite oxidizers in such habitats. Two years later, bacteria related to the genus
Nitrospira were detected by 16S rRNA sequence analysis in a nitrite-oxidizing,
laboratory-scale bioreactor.94 At approximately the same time, Hovanec et al.95

found 16S rRNA sequences of Nitrospira-like bacteria in biofilms from freshwater
aquaria and confirmed, by quantitative dot blot with Nitrospira-specific oligonuc-
leotide probes, that these organisms were highly abundant in the biofilms. The genus
Nitrospira contains only two cultured species, Nitrospira marina,96 and Nitrospira
moscoviensis,97 which are chemolithoautotrophic nitrite oxidizers. These organisms
belong to a deep-branching bacterial lineage (the phylum Nitrospirae), which is
not related to the genus Nitrobacter.97 The detection of uncultured Nitrospira-like
bacteria in nitrifying bioreactors was a surprise because the two cultured Nitros-
pira species had never been found in similar habitats. However, it was still unclear
whether the Nitrospira-like bacteria, which had been detected in laboratory-scale
reactors and in aquaria, were also key nitrite oxidizers in full-scale wastewater
treatment plants. The importance of these organisms for wastewater treatment was
confirmed when FISH with a Nitrospira-specific, rRNA-targeted probe revealed
great abundance of Nitrospira-like bacteria in a large industrial wastewater treat-
ment plant.9 All attempts to isolate and culture these Nitrospira-like bacteria were
unsuccessful. Interestingly, a Nitrobacter strain could be isolated from the same
activated sludge although FISH failed to detect Nitrobacter cells in situ, indic-
ating that the cell density of Nitrobacter in the sludge was much lower than
the density of Nitrospira-like bacteria. This discovery made clear that the appar-
ent importance of Nitrobacter for wastewater treatment was merely an artifact of
cultivation-dependent methods to detect bacteria in environmental samples. The key
role of Nitrospira-like bacteria for nitrite oxidation in wastewater treatment was con-
firmed by later studies, which used FISH and microelectrodes in order to correlate
local abundance of Nitrospira-like bacteria with zones of active nitrite oxidation in
biofilms.32,98,99

The kinetics of nitrification was studied decades ago with pure cultures of
Nitrosomonas and Nitrobacter species. The results have influenced the design
and operation of nitrifying bioreactors in all industrialized countries. In particular,
industrial wastewater treatment plants often suffer from unpredictable irregularit-
ies or even total breakdowns of nitrification performance. Many of these problems
may be caused by yet unknown biological differences between Nitrobacter, the
model organism for bioreactor design, and Nitrospira-like bacteria, which are
the real nitrite oxidizers in the bioreactors. The physiology of these Nitrospira-
like bacteria is difficult to investigate because pure cultures are not available and
the only cultured Nitrospira species live in habitats that are markedly different
from wastewater treatment plants. However, molecular methods have provided first
insight into the biology of Nitrospira-like bacteria. A set of new rRNA-targeted
probes, which covers the genus Nitrospira and all other lineages of the phylum
Nitrospirae, was used to detect and quantify Nitrospira-like bacteria in nitrifying
bioreactors9,31,32 (Figure 15.4). These probes were also applied in FISH–MAR
experiments, which revealed that the Nitrospira-like bacteria found in wastewater
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10 �m 

FIGURE 15.4 (Color Figure 15.4 appears following page 236.) Detection of Nitrospira-like
bacteria in a nitrifying biofilm by FISH with probe S-G-Ntspa-662-a-A-1831 and the EUB probe
mix, which targets most Bacteria.54 Nitrospira-like bacteria (eightgray) are simultaneously
stained by probes S-G-Ntspa-662-a-A-18 and EUB338-I.

treatment plants fix CO2 under aerobic conditions, but can also use pyruvate as
additional carbon source.31 Based on results obtained with FISH and microelec-
trodes, Schramm et al.98 proposed that Nitrospira-like bacteria could be K-strategists
with a high affinity for nitrite and lower growth rates, while Nitrobacter species
could be r-strategists with a lower affinity for nitrite and higher growth rates.
This means that Nitrospira-like bacteria could reach high cell densities when the
nitrite concentration is particularly low, and that Nitrobacter species could not
grow under such conditions. This hypothesis could explain why Nitrospira-like
bacteria outcompete Nitrobacter in wastewater treatment plants, where nitrite is
continuously available in low concentrations. We have hitherto detected coexist-
ence of Nitrobacter and Nitrospira-like bacteria in only one pilot-scale sequencing
batch biofilm reactor receiving high loads of ammonia (Figure 15.5). The activ-
ity of ammonia-oxidizing bacteria caused a pronounced nitrite peak during each
operational cycle of the reactor.100 The temporal shifts of the nitrite concentra-
tion created ecological niches for Nitrospira-like bacteria and for Nitrobacter in the
biofilm.31,101

Measurements with microelectrodes have revealed that Nitrospira-like bacteria
living in biofilms can cope with relatively low partial pressures of oxygen.102

Interestingly, the cultured species N. moscoviensis is able to transfer electrons from
H2 to nitrate in the absence of oxygen.97 The uncultured Nitrospira-like bacteria
may have similar capabilities, which would confer high physiological and ecological
flexibility.
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FIGURE 15.5 (Color Figure 15.5 appears following page 236.) Simultaneous detection
of ammonia-oxidizing bacteria (Nitrosomonas sp.) and two different populations of nitrite-
oxidizing bacteria (Nitrospira sp. and Nitrobacter sp.) in a nitrifying sequencing batch
biofilm reactor. Nitrosomonas cells were stained by FISH with probe S-∗-Nsm-0651-a-A-
18,30 Nitrospira cells with probe S-G-Ntspa-662-a-A-18,31 and Nitrobacter cells with probe
S-G-Nbac-1035-a-A-18.93

15.4 OUTLOOK

Cultivation-independent molecular methods have opened new windows into the
microbial world. Microbial ecologists can now investigate elusive bacteria, which
are abundant in many ecosystems but have so far resisted all attempts of isolation and
cultivation. However, many currently used molecular methods are too slow and labor-
intensive for broad ecological studies, which require comparative analyses of many
environmental samples. Recent technical progress includes the development of DNA
microarrays that detect particular phylogenetic groups of bacteria in the environment
(so-called “PhyloChips”).103–106 PhyloChips, isotope arrays, and functional gene
arrays make it possible to analyze the structure and function of microbial communities
faster and in more samples than achievable with nonparallelized techniques.

What else can be done to investigate uncultured bacteria? The term “environ-
mental genomics” comprises methods to clone and analyze genome fragments, or
even whole genomes, of yet uncultured microbes.107–111 Genes found by this approach
may encode ecologically important or even completely novel physiological proper-
ties. Methods like the isotope array and FISH–MAR can be used to link the genetic
data to the phenotype of the corresponding organisms. In addition, transkriptom-
ics and proteomics will offer a wide range of possibilities to study the responses of

Copyright 2005 by CRC Press



“L1615_C015” — 2004/11/20 — 10:48 — page 332 — #16

332 Flocculation in Natural and Engineered Environmental Systems

uncultured bacteria to changing environmental conditions, and to discover the details
of novel biochemical pathways.

Insight into the ecology of uncultured bacteria has many practical applications.
For example, the biodiversity of nitrifying bacteria in wastewater treatment plants
may have significant impact on the stability and performance of these systems. A
high diversity of nitrifiers could guarantee that nitrification does not collapse during
shifts of environmental conditions. The more the different populations of ammonia
and nitrite oxidizers, the higher the chance that at least one population of each group
will adapt to new conditions and will continue oxidizing ammonia or nitrite, respect-
ively. Strategies to influence the diversity of nitrifiers and of other microbial guilds
in engineered and agricultural habitats could be developed. Detailed insight into the
ecology and physiology of the involved microorganisms is needed to achieve this goal.

Biological, chemical, and physical processes influence the formation and stability
of flocs. In order to understand flocculation, physical, chemical, and microbiological
approaches must be integrated. A task for the near future of flocculation research is
to bring the methods and views of these disciplines together, and to strengthen the
role of microbial ecology in this fascinating and promising field.
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16.1 INTRODUCTION

Understanding the fate of particles (individual cells as well as flocculated material) is
important for describing the flux of organic matter to sediments in lakes and oceans.
Coagulation can play an important role in the fate of these particles as it can result
in the production of larger particles that either can serve as food for particle-feeding
animals, or can settle out and be lost to deep marine sediments. Understanding the
chemical and physical factors that affect adhesion and, therefore, coagulation rates
has not been easy. There are a variety of particle types and sizes in aquatic systems that
affect both the collision rate and the collision efficiency. Here, we consider factors
affecting the success of the initial adhesion event with a focus on molecular-scale
effects.

Most particles (both biotic and abiotic) in freshwater and marine systems carry
a net negative charge. Conventional DLVO theory has been used to understand the
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collision and adhesion of these like-charged particles. According to this theory, the
forces governing the approach of two colloidal particles (or surfaces) are described in
terms of Lifshitz–van der Waals (LW) attractive forces and electrostatic (EL) repuls-
ive forces between like-charged particles.1 Particle charge is typically measured in
terms of zeta potential based on the velocity of a particle suspended in water between
two plates set at a fixed potential. Because of the high salinity of seawater, we expect
that the repulsive layer thickness around a particle will be small (less than 1 nm) and,
therefore, that electrostatic forces play a small role in particle adhesion (except where
salinity undergoes changes from fresh to saline conditions). The reduction in elec-
trostatic repulsion between particles at seawater salinities means that particles could
come close to each other without being repelled. Two particles that get close to each
other would, therefore, be attracted to each other due to LW forces, but this is clearly
not the only force active as not all particles are “sticky” in seawater. Biotic particles,
such as bacteria and phytoplankton that form aggregates as large as marine snow in
the ocean, can even change their relative stickiness as a function of growth cycle or,
for example, the stage of a phytoplankton bloom.2 Thus, it is clear that other factors
must be relevant to colloidal and particle coagulation processes in marine systems.

Extended DLVO (XDLVO) theory has been used to describe the interactions of
molecules at the surfaces of two particles. XDLVO theory adds additional short-
range force due to acid-based (AB) interactions due to electron donor and electron
acceptor interactions that affect hydrogen bonding between two surfaces immersed
in a polar solvent such as water.3 The AB force can be calculated based on contact
angles measured on layers of particles, typically using polar solutions such as glycerol
and water, and a nonpolar solution such as diiodomethane.4 The inclusion of this
new force has increased our understanding of interactions of particles, but additional
factors have yet to be included in these models. These factors include the effect
of steric interactions on particle approach and adhesion, and the impact of a small
number of molecules at the surface of a particle that may not be detectable using
bulk property measurements. For example, Feick and Velegol5 have shown, using
a novel rotational electrophoresis technique, that charge density is not constant on
some colloidal particles.

Researchers have turned to using techniques that directly measure interaction
forces such as the surface force apparatus (SFA) and atomic force microscopy (AFM).6

SFA is more useful for examining properties of different materials as a material or
chemical must be placed onto atomically flat surfaces such as mica during meas-
urement. AFM is better suited for examining particle–particle and particle–surface
interactions. The AFM tip can be used to probe the topography of a surface, either
through direct contact of the tip with the surface (contact mode) or by intermittent
tapping of the tip on the surface (tapping mode). Forces can be measured by holding
the tip fixed at a specific location in an x–y plane, and then lowering the tip toward
the surface (or retracting the tip), measuring the bending of the tip in terms of tip
attraction (bending down) or repulsion (bending up). The interaction of the tip with
an inorganic surface can be understood as a function of pH and ionic strength using
DLVO theory if the tip is assumed to be a sphere of a much larger radius (100s of
nm) than the true curvature of the tip at the end (10s of nm).7 Some researchers who
have examined bacterial adhesion have bound bacteria onto a tip in order to probe
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cell interactions with a specific surface.8,9 The disadvantage of this technique is that
the geometry of two surfaces (bacteria spread nonuniformly on a pyramid-shaped
tip) during the measured interaction is not well defined. Another approach to probe a
surface is to bind a colloid to the tip to better define the geometry of the system.10 This
latter configuration allows surfaces or colloids to be coated with chemicals, greatly
extending the range of interactions that can be examined using the AFM approach.

While the operation of an AFM is quite simple, it can be difficult to interpret the
data and extract information on interaction forces. It is not the intent here to provide
extensive background on the operation of the AFM or to review the AFM literature,
as there are many excellent reviews available.6,11,12 The purpose of this chapter is to
briefly review a few findings by my own research group in the area of using AFM to
understand bacterial adhesion, and to point out the limitations and future challenges
of this new and powerful approach.

16.2 METHODS

AFM images presented in this study were all obtained with an AFM mounted on an
inverted microscope (Bioscope; Digital Instruments) with samples analyzed either
in air or in water using a fluid cantilever holder (as indicated). Force curves were
conducted in water using DNP-S silicon nitride cantilevers (Digital Instruments) with
the force constants measured for individual tips determined using a correlation based
on the Cleveland method13 contained in the DI software (v. 4.32). For more details
on specific experiments, the reader should consult the indicated references.

Results are presented here for bacteria that include: Pseudomonas putida KT2442,
a bacterium that can degrade substituted aromatic compounds; Pseudomonas stutzeri
KC, capable of reductively dehalogenating chlorinated aliphatic compounds; and
three strains of Escherichia coli that differ in the length of the lipopolysaccharide
(LPS) on the cell surface.8,14,15 Two E. coli strains had progressively truncated LPS
chain lengths. E. coli strain D21 (wild type) expresses an LPS that extends from the
lipid to the outer core region, while mutant strain D21f2 has an LPS chain that is trun-
cated just after the KDO carboxyl group.8 E. coli K-23 strain JM-109 contains these
two parts of the LPS plus an O-antigen, and therefore this strain has a full LPS layer.16

Bacteria were anchored to glass slides for AFM imaging using two different
techniques. In the first approach, carboxyl groups on the surface of the bacterium
were covalently bonded to amino groups of amino-silane compounds on the surface
of a glass slide.17 In the second approach, bacteria were placed onto polyethylenimine
(PEI; 750,000 Da) coated slides.16,18

16.3 RESULTS AND DISCUSSION

16.3.1 BACTERIAL TOPOGRAPHY

AFM imaging occurs by rastering the tip back and forth across a surface. The AFM
software converts the position of the tip to location, and the plane and a height above a
plane so that the image can be presented either as a series of lines in three dimensions,
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FIGURE 16.1 (Color Figure 16.1 appears following page 236.) Topographic AFM images
of individual cells of P. stutzeri KC imaged in air showing the bacteria using (a) line plot and
(b) phase imaging techniques. (Bacteria were prepared in MOPS buffer and covalently bonded
to the glass surface.) (Modified from figure 2 and figure 6 in Camesano et al., Langmuir, 16,
4563–4572, 2000. With permission.)

or as two- or three-dimensional images with color variations (different colors or
shading). A line plot of a single P. stutzeri KC bacterium is shown in Figure 16.1a.
The image was taken using tapping mode in air of a bacterium originally prepared in
MOPS buffer; the cell was covalently bound to the surface to prevent it from moving
during imaging. The tapping of the tip was driven by a piezo at a set frequency, but as
the tip contacted the surface, it shifted out of phase with the driving frequency. This
phase shift was monitored and graphed as shown in Figure 16.1b (phase image) for
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the same bacterium. Changes in the phase shift indicate differences in the chemical
and physical properties of the surface, making it easier to distinguish the boundaries
of the bacterium (a soft surface) from the hard glass surface. The phase image also
provides evidence of heterogeneity of structure of the bacterial surface itself.

The height and elasticity of bacteria can introduce artifacts in the images pro-
duced with the AFM.19 Shown in Figure 16.2 is a false-color image of a single
E. coli cell (strain D21, fixed with 2.5% glutaraldehyde) obtained using tapping mode
(Figure 16.2a) along with the corresponding phase image (Figure 16.2b). The cells in
this image were anchored to the surface with PEI and imaged in 100 mM NaCl and
1 mM Tris buffer. It looks as if there is material that is adjacent to the bacterium (upper
right of Figure 16.2a) that could represent material pulled off the cell or attached to
the cell. However, the apparent presence of that material is an imaging artifact. The

(a)

(c)

(b)

0 6.00 �m

FIGURE 16.2 (Color Figure 16.2 appears following page 236.) A single E. coli (strain D21)
imaged in water that apparently shows some “material” off to the right side of the bacterium:
(a) false color height image and (b) phase image. (c) Imaging the bacterium under air reduces
the height of the cell, and the absence of any “material” off to the right side of the cell indicates
that the “material” is an imaging artifact. (Adapted from figure 2 and figure 4 in Velegol et al.,
Langmuir, 19, 851–857, 2003. With permission.)
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height of the bacterium is large enough that the side of the pyramid-shaped tip, which
is angled ∼10◦ from the surface, hits the side of the cell making it appear as if there
is some material that the bottom of the tip is hitting. The key factors in identifying the
material as an artifact are that the material appears on only one side of the cell (it has
a∼30◦ offset to the horizontal line during rastering of the tip across the surface), and
that the location of the material relative to the cell and tip orientation is always on the
same side.18 When the water was removed for imaging, the cell dried and the height
of the cell decreased due to desiccation of the bacterium, and the artifact disappeared
(Figure 16.2c).

16.3.2 SURFACE ROUGHNESS

When particles attach to surfaces, the properties of both the particles and the surfaces
will be important. Chemical factors such as surface hydrophobicity and energy are
known to be important, but physical factors such as roughness can also be import-
ant. Shellenberger and Logan20 examined the attachment of inorganic colloids (latex
microspheres) and bacteria to two surfaces (glass beads) having different average
roughnesses. One surface had an average roughness of 15 ± 2 nm, as measured
by contact mode AFM, while the other surface had a roughness of 38± 4 nm. The
rougher surface, shown in Figure 16.3, has many large asperities that served to interact
with the surface of the bacteria and other particles. These asperities reached heights
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FIGURE 16.3 The surface of a glass bead roughened using chromic acid shows asperities
on the glass surface that average 38 ± 4 nm and can reach over 50 nm. (From Shellenberger
and Logan, Environ. Sci. Technol., 36, 184–189, 2002. With permission.)
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of over 50 nm and therefore extended well outside the conventional electrostatic
repulsion layer of colloids and larger particles. The researchers found that attach-
ment of bacteria and latex microspheres was greater to the rougher surface than to the
smoother surface. The extent that surface roughness is important to adhesion efficien-
cies between different types of biological and inorganic particles in marine systems
is an issue that should be further explored.

16.3.3 INTERACTION FORCES

One of the most interesting aspects of probing surfaces with AFM is the ability to
measure interaction forces between the AFM tip (or a colloid on the tip) and a surface
or particle. Camesano and Logan21 examined the interaction between a silicon nitride
(SiN4) tip and individual cells of P. putida KT2442. During the approach of the tip
to the surface, they observed repulsion of the tip by the bacterial surface at pHs
ranging from 2.2 to 8.7 (Figure 16.4a). The magnitude of the force measured at
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FIGURE 16.4 Force curves obtained on individual bacteria of P. putida strain KT2442 in
water at different pH values: (a) approach curves and (b) retraction curves. (Adapted from
Camesano and Logan, Environ. Sci. Technol., 34, 3354–3362, 2000. With permission.)
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the “origin” decreased with pH, suggesting that electrostatic effects were important
because decreasing the pH decreased the repulsive layer thickness of the bacterial
surface. That is, a reduction in pH brought the net surface charge of the bacterium
closer to its isoelectric point (2.3 for strain KT2442; typically around a pH of 2 to 3
for bacteria). The “origin” shown in Figure 16.4a was not a fixed point during force
curve imaging. During the approach of the tip to the surface, both the tip and surface
can be deflected by electrostatic repulsion between the tip and molecules as well as by
small numbers of molecules on the surface.18 Thus, the surface deflected downward
during imaging and was lower than its original point by the time the tip and surface
were in complete contact.

During the retraction of the tip from the bacterial surface, there were adhe-
sion forces measured between the tip and the surface at the two lowest pH values
(Figure 16.4b). However, there were repulsive forces measured between the tip and
surface at the two higher pH values (7.0 and 8.7). Attractive forces could be due
to covalent and electrostatic bonds between the tip and surface, but capillary forces
could be important in this system as well.

Solution ionic strength, as well as pH, can be an important effect in determining
bacterial interactions with surfaces. As solution ionic strength is decreased, it is expec-
ted from DLVO theory that the electrostatic repulsion layer thickness will increase.
It has been observed that the repulsion between an AFM tip and a bacterial surface
increases as ionic strength is decreased in accordance with this theory (Fig. 16.5).
However, the interaction distances (100s of nanometers) are much larger than those
predicted from electrostatic interactions alone (10s of nanometers). Thus, it is likely
that these interactions result from changes in orientation of large molecules on the sur-
face of the bacteria in response to changes in ionic strength as well as to changes in pH.

The finding that interaction distances between bacteria and AFM tips are large has
prompted extensive studies into measurements of molecular interactions at bacterial
surfaces. Razatos and coworkers8,9 first worked with two strains of E. coli that had
different lengths of LPS (strains D21 and D21f2). In their experiments, the AFM tip
was coated with bacteria and this coated tip brought down near a glass surface. They
found that the AFM tip coated with D21f2 was repelled by the glass surface but that
coated with strain D21 was attracted to the surface. They hypothesized that the extra
polysaccharide on outer layer of D21 shielded the charge of the highly negatively
charged keto group (that was exposed on D21f2) because this outer polysaccharide
layer was attracted to the surface. They therefore concluded that adhesion increased
with an increase in the length of the LPS.

The conclusion that the presence or absence of an O-antigen affects adhesion has
been postulated in other studies.22 However, findings by Razatos8,9 that the LPS layer
length determines the adhesion properties of these E. coli strains has not been con-
firmed by others.16 AFM measurements were made between AFM tips and individual
bacteria for the two strains used by the Razatos group, and a third strain of E. coli
that contained a full LPS layer (keto group, core polysaccharide, and O-antigen). For
all three strains, AFM force curves between a bare silicon nitride tip and the bacterial
surface were found to be identical (Figure 16.6). In addition, sticking coefficients
measured in column tests between the bacteria and glass beads showed that the adhe-
sion of D21 was larger than that of D21f2 only for conditions of low ionic strength
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FIGURE 16.5 Approach force curves obtained on individual bacteria of P. putida strain
KT2442 in different ionic strength solutions. (Adapted from Camesano and Logan, Environ.
Sci. Technol., 34, 3354–3362, 2000. With permission.)

Relative piezo position (nm)

–40 –20 0 20 40 60 80 100

C
an

til
ev

er
 d

ef
le

ct
io

n 
(n

m
)

0

5

10

15

20

25

FIGURE 16.6 Approach force curves as a function of the relative piezo movement when
silicon nitride tip interacts with E. coli strains D21(©), D21f2 (−), and JM109 (|). Cells were
prepared in 1 mM Tris and attached to glass slides using PEI. (From Burks et al., Langmuir,
19(6), 2366–2371. With permission.)

and for non-glutaraldehyde-treated cells.16 When bacteria were placed in a solu-
tion of higher ionic strength, or were treated with glutaraldehyde (all bacteria used
by Razatos were fixed with glutaraldehyde), the sticking coefficient was larger for
D21f2 than D21. Thus, trends between cell adhesion and the molecular composition
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of the bacteria observed with AFM techniques were not always correlated to con-
ditions observed in macroscopic adhesion tests. Additional research is needed to
understand how these chemical treatment and solution changes affect the adhesion of
these bacteria to glass surfaces.

16.3.4 OUTLOOK FOR USING AFM TO STUDY ATTACHMENT
PROCESSES

There have been many successes using AFM to study the topography of colloids,
flocs, and surfaces, and forces between molecules, colloids, and surfaces. The AFM
remains one of the most useful tools to study such systems, but additional work will
be needed to understand how molecular interactions affect the binding of bacteria,
and other particles, to surfaces. The flexibility of the AFM in terms of different
methods of operation (contact, tapping, phase, and forces imaging), as well as the
ability to chemically modify tips or colloids on the AFM cantilever, make AFM an
exceptional tool for further investigations of molecular and nanoscale interactions
that affect particle adhesion.
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Biological systems are subject to transient conditions. For instance, natural and
designed microbial systems commonly undergo variations in the environmental
conditions to which microbial biomass is exposed. Engineered biological treatment
systems, although generally designed to operate under steady-state or stable condi-
tions, experience environmental transients that can compromise their performance.
Loss of the microbial aggregate structure and disintegration of bioaggregates appear
to be common responses of suspended biomass to transient operating conditions and
environmental stresses. These changes can be related to inhibition of metabolism, to
physiological stress responses, and to physico-chemical abiotic effects.

This chapter reviews common transient conditions and stresses in microbial sys-
tems engineered for the treatment of wastewater, including aerobic and anaerobic
wastewater treatment processes. Emphasis is given to technologies with biomass in
suspension where bioaggregate disintegration, that is, sludge deflocculation, has been
identified to occur under microbial physiological stresses and transient conditions, and
where biomass deflocculation poses challenges to the operation of the systems. Special
attention is given to activated sludge deflocculation under mesophilic–thermophilic
temperature transients, as part of recent work in our research group. Mechanisms
leading to biomass deflocculation or weak bioaggregate structure are reported, and
proposed for the case of mesophilic–thermophilic temperature upshifts in order to
explain experimental observations.

17.1 INTRODUCTION

17.1.1 DEFINITION OF TERMS

For the purpose of this chapter, transient conditions or transients refer to dynamic,
variable, or shifting conditions. The term deflocculation is used to describe the process
of disintegration of microbial mass aggregates. Biomass aggregates or flocs are terms
used to describe the physical entities formed by the gathering together of microor-
ganisms under physiological conditions1 in engineered systems. Therefore, for the
purpose of this chapter, the term flocs encompasses other terms generally applied
to similar structures: pellets, granules, clusters, agglomerates, with or without the
prefix bio. Deflocculation is defined as the coming apart of the constitutive elements
of a microbial aggregate that renders it smaller or disperses it into solution. The
terms deflocculation, floc disintegration, and disaggregation are synonymous in this
work. Nonetheless, it is important to differentiate the specific processes whereby
deflocculation may occur.

The overall term of deflocculation can be understood as the process of sludge
floc destruction and size reduction involving floc fragmentation or floc erosion. Floc
fragmentation is the fracture of flocs into smaller pieces that lead to more exposed
floc surface area, and floc erosion is the detachment of small particles or components
from flocs under hydrodynamic, shear stress.2,3 The term sludge deflocculation has
been more widely used in the literature on biological wastewater treatment to account
for both floc fragmentation and erosion. Floc erosion appears to govern the generation
of colloidal particles causing increased effluent turbidity and suspended solids under
shear stress.2,4 The preference to use deflocculation in the literature may arise from
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the inability to separate the distinct phenomena of floc fragmentation and floc erosion,
especially when studying floc stress that is not due to hydrodynamic shear.

Overall, the processes of biomass aggregation and disaggregation are considered
a dynamic equilibrium. Sludge flocs appear to be under a dynamic equilibrium
between flocculation (aggregation) and deflocculation (disintegration),2,4,5 and also
more specifically under an equilibrium between adhesion and erosion.2,3

17.1.2 OBJECTIVES AND SCOPE OF THE CHAPTER

Although transients are not always linked to stresses, this chapter focuses on com-
mon transients that disturb the operation of engineered microbial systems designed
and intended to deliver a steady-state performance. The chapter is aimed at com-
piling the available literature on the effects of transients in biological wastewater
treatment systems, both aerobic and anaerobic, where deleterious effects from tran-
sient conditions are commonly encountered. More specifically, the chapter identifies
the different types of transient conditions that act as physico-chemical or physiolo-
gical stresses impairing proper biological wastewater treatment performance due to
biomass deflocculation. This chapter also focuses on deflocculation of bacterial- or
microbial-community aggregates, resulting from reduced floc stability or weakened
floc structure.

Hydrodynamic stress leading to biomass disaggregation is not reviewed in this
work. Although some types of stresses and transients may directly lead to microbial
floc disaggregation, other types may only impair floc stability or weaken bioaggregate
structures. It is the hydrodynamic stress to which the bioflocs are normally exposed
that erodes and fragments the weakened microbial aggregates. The impacts of hydro-
dynamic stresses on deflocculation are better understood, and have been studied
in nonbiological aggregates6,7 and in some microbial aggregates, such as activated
sludge flocs.2–4 The effects of hydrodynamic stresses like extensional deformation,
rotation, and translation on microbial flocs are not considered in this work, but remain
an area where comprehensive understanding may still be required.8,9

The impact of transient conditions on the deflocculation of aggregates of fila-
mentous fungi, cellular slime moulds, algae, or eukaryotic microbes are not covered
since this has not been reported to pose a problem in the operation of engineered
microbial processes. Deflocculation of yeast aggregates has been reviewed elsewhere
as part of yeast flocculation reviews.1

17.1.3 WHY SHOULD BIOMASS DEFLOCCULATION UNDER

TRANSIENT CONDITIONS BE STUDIED?

The interest in identifying and understanding the factors causing microbial disag-
gregation and the mechanisms of deflocculation has arisen from the need to operate
biological processes more robustly, that is, with constant outputs that comply with
stringent quality requirements. Biomass deflocculation poses a complex challenge to
biological treatment since it leads to the loss of biocatalyst used in pollutant degrada-
tion, to solids discharges, and to the discharge of bioactive compounds adsorbed onto
biomass. A better understanding of what causes deflocculation and how different
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factors affect this process will permit its control. These ideas have motivated a great
deal of research in the area of microbial aggregation and adhesion, for which there
have been many reviews.1,10–12 Nevertheless, the process of microbial disaggregation
in biological treatment processes has received little attention. The literature on micro-
bial deflocculation in biological treatment under different stresses is relatively recent
(1995 to the present), with some sporadic studies before 1995, especially in aerobic
treatment. The increase in the number of more recent studies in this area responds to
the increasing necessity to control reliably biological treatment systems as they are
pushed to their limits.

17.2 TRANSIENT CONDITIONS AND STRESSES IN
ENGINEERED BIOLOGICAL TREATMENT
SYSTEMS

Various biological wastewater treatment processes operate with inherent dynamic
conditions due to system configuration and operation; however, these processes tend
to reach stable treatment performance and, therefore, are considered as controlled
unsteady-state processes.13 Examples of these systems are sequencing batch reactors
(SBRs); contact stabilization processes; activated sludge processes with selectors,
subjecting biomass to different substrate concentrations along the treatment train;
nutrient removal processes exposing biomass to alternating anaerobic, anoxic, or
aerobic environments; and deep-shaft activated sludge processes. Most biotreatment
processes strive to operate at steady state in order to provide constant effluent concen-
trations of pollutants within regulatory limits; however, common system variations
may lead to uncontrolled unsteady-state operation that can violate effluent discharge
limits.

The microbial response of a biological treatment process to variable operating
conditions is of a transient nature, and has been related to poor treatment performance.
Generally, these transient, dynamic conditions in biological wastewater treatment are
caused by changes in substrate and nutrient characteristics and concentrations, and by
changes in the environmental conditions to which biomass is exposed (e.g., dissolved
oxygen (DO), pH, temperature).

Overall, the impact of transient conditions on the treatment performance of anaer-
obic reactors has been studied more extensively and under more controlled conditions
than in aerobic reactors treating wastewater, as reviewed in the following sections.

17.2.1 CARBON SUBSTRATE TRANSIENTS

Transient substrate conditions are related to variations in substrate concentration or
type and have been more extensively studied than other transients, especially in activ-
ated sludge systems.14 Most of the work on substrate transients has been on input
concentration transients (or loading rates) conducted in pure and mixed cultures after
growth and acclimation in lab- or pilot-scale systems with defined substrates. A few
respirometric batch experiments with spikes of a single readily degradable substrate
have been conducted with activated sludge from full-scale plants.
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Two main physiological responses occur under unbalanced microbial growth
due to substrate concentration increases: internal storage of available substrate as
poly-β-hydroxyalkanoates (PHAs) or glycogen14,15 and increased growth rate.15–17

Substrate storage is rapid, requiring little physiological adaptation because synthesis
of storage polymers is simpler than that of other cell constituents, and polymers
stored internally can be utilized for growth under substrate limited conditions. Sub-
strate storage in mixed cultures has been studied under anaerobic, aerobic, anoxic,
and mixed conditions.18 The increased growth rate response to substrate spikes is
slower than polymer storage since it requires protein synthesis.14 Nevertheless, when
microorganisms are still adapting to a specific environment and a substrate spike
occurs, microorganisms are believed to almost immediately increase their specific
growth rate.15

Additional mechanisms of response to high substrate concentrations include the
release of soluble metabolites and of extracellular polymeric substances (EPS),14,19

and the accumulation20 and sorption of substrate. Accumulation refers to the transport
of substrate into the cell where it is stored in an almost unchanged form or transformed
into low molecular weight metabolic intermediates. Release of EPS may be relevant
in biofilm systems where extreme extracellular polymeric release was observed to
take place.21

In activated sludge microbial communities, feast and famine substrate dynamic
conditions or substrate concentration gradients select for specific microbial pop-
ulations with different physiological characteristics. This selection occurs due to
the different maximum growth rates of microorganisms, for example, selection of
floc-forming bacteria against filamentous bacteria in selectors or SBRs.13,14,22–24

It has been hypothesized that floc-forming bacteria have a greater ability for polymer
storage under substrate transients than filamentous bacteria.24 For intermittently and
continuously fed activated sludge, polymer storage is the main response to changes
in substrate concentrations over time.

The effects of organic and hydraulic overloads on the treatment performance of
anaerobic reactors have been broadly covered in stability studies, likely due to the
greater sensitivity of anaerobic processes to disturbances compared to aerobic pro-
cesses. Poor treatment performance, characterized by high concentrations of volatile
fatty acids (VFAs), chemical oxygen demand (COD), and suspended solids in the
effluent, and high sludge volume index (SVI), has been observed due to these types
of transients, as reported elsewhere.25,26 These reports have been briefly reviewed by
Nachaiyasit and Stuckey (1997) and Xing et al. (1997).27–29

Shifts in substrate types and increase in loading rates have been reported to
disturb treatment performance and select for microorganisms with different phen-
otypes within anaerobic granules. Under thermophilic conditions, a feed rich in
acetate or volatile fatty acids was observed to select for acetoclastic methanogens
over acidogenic and hydrogenotrophic methanogens, whereas a sugar-based feed
selected for a symbiotic community of acidogenic and hydrogenotrophic methano-
gens in an upflow anaerobic sludge blanket (UASB) reactor.30 The transitions between
feeds were characterized by variations in methanogenic activity, COD removals, and
changes in the granule properties. Compact and surface-homogeneous granules were
formed with a sucrose feed, but not with an acetate feed, which promoted poor
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granulation.30 Increased loading rates of linoleic acid deterred methanogenic activity
on different substrates, which was accompanied by granule disintegration and the
release of free filamentous organisms in an expanded granular sludge bed (EGSB)
reactor.31

Several studies report that anaerobic processes, although sensitive to substrate
transients, can develop robustness against perturbations in substrate concentra-
tions. High biomass concentrations in anaerobic baffled reactors have helped in the
fast recovery of system performance from short-term substrate concentration and
hydraulic transients.27 Nachaiyasit and Stuckey27,28 (1997) have argued that a high
biomass concentration in anaerobic reactors can be used to increase reactor stabil-
ity, since a significant amount of biomass remains after washout from imposing
low hydraulic retention times (HRT). Xing et al.29 (1997) observed the adapta-
tion of an anaerobic microbial community and a new steady-state performance
in a completely stirred tank reactor (CSTR) under long-term (>400 days) peri-
odic glucose concentration changes. Increasing sulfate concentrations in an UASB
reactor also showed gradual assimilation of the shock loads with overall good
treatment performance over a period of 266 days.32 Some studies even report
no impact on treatment performance of increasing COD loading rates in a pilot-
scale anaerobic hybrid reactor 33 and full-scale UASB reactor followed by trickling
filters.34

Previous studies on cell decay and death, defined as the inability of cells to
reproduce and respire further,35 have shown that cell death due to lack of substrate
hardly ever occurs.36 Sporulating bacteria form spores when exposed to starvation
whereas non-sporulating bacteria become dormant, and can be reactivated in the
presence of specific extracellular compounds. Internal decay leading to a loss in
microbial weight and activity, but not necessarily in the number of microorganisms,
is active in all microbial systems exposed to starvation.35

17.2.2 PERIODIC SUBSTRATE OSCILLATIONS

The studies on substrate oscillations in biological treatment of wastewater indicate that
microbial acclimation leading to stable treatment is achievable. The stable operation
of a chemostat resulting from periodic substrate variations due to the establishment
of a mixed culture of competing microbial populations or in pure cultures is well
reported in the literature.37–39

Long-term periodic changes in substrate concentration have also shown to induce
stable treatment in anaerobic processes. Xing et al.29 (1997) observed the adapt-
ation of an anaerobic microbial community and CSTR steady-state performance
under long-term (400 days) periodic substrate perturbations. An anaerobic micro-
bial consortium is sensitive to short-term perturbations due to complex symbiotic
microbial interactions and slow growth rates of acetoclastic methanogens. However,
the diversity in populations within the consortium can also give an advantage to
anaerobic communities under long-term perturbations since they can adapt select-
ively, as studies on changes on community structure suggest.40,41 For example,
hydrogen-utilizing methanogens can quickly adapt to changes in environmental
conditions.29
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17.2.3 ENVIRONMENTAL TRANSIENTS

The most common environmental transients in biological treatment systems are with
respect to DO concentrations, toxic compounds, pH, and temperature. Although tran-
sient conditions have been studied in anaerobic systems for more than two decades,
the impact of these transients in aerobic treatment has received more attention only
relatively recently.

17.2.3.1 Dissolved Oxygen (DO) Transients

The literature on DO transients in biological wastewater treatment systems is limited.
Most of the studies have addressed the impact of low DO levels or anaerobic conditions
as stresses on activated sludge. This literature is reviewed in Section 17.3 as stress
conditions leading to deflocculation.

The few studies on DO transients tend to agree in that variable or low DO levels
select for microorganisms that thrive under these conditions. However, a thorough
characterization of the physiology and metabolism of the microorganisms selected by
these transients has not been conducted. Sharp decreases in DO levels associated with
sudden substrate overloads in activated sludge have been shown to favor the growth
of filamentous bacteria.42 Pernelle et al.42 (2001) showed experimentally that the
continuous proliferation of filamentous bacteria (Type 021N, Thiothrix, Nostocoida
limilicola II, and especially Haliscomenobacter hydrossis) in an activated sludge
pilot plant leading to sludge bulking was triggered by the combined transient of
a substrate overload (meat and vegetable extracts and sugar) with an imposed DO
deficit. Separately, the DO deficiency and the increase in substrate caused transitory,
small-scale proliferation of some of the filaments. Similarly, but on a positive side,
alternating aerobic and anaerobic conditions in an activated sludge plant promoted
a microbial community shift toward facultative organisms without affecting COD
removals or settling, as SVI.43

The effects of periodic DO oscillations resulting in the selection of a mixed com-
munity of nitrifiers, aerobic heterotrophs, and denitrifiers in activated sludge have only
been simulated using the AQUASIM model,44 but experimental validation is required.

17.2.3.2 Toxicity and pH Transients

Phenol and hydrogen peroxide (H2O2) have been used to study toxic transient effects
on microbial metabolism. Sudden increases in these toxic compounds have been
shown to cause deleterious effects on biological wastewater treatment. Phenol spikes
and shock loadings have been shown to cause activated sludge deflocculation and
the immediate reduction in sludge oxygen uptake rates (OURs),45 and to decrease
the sludge substrate removal capacity in respirometric assays.46 Phenol is known
to inhibit growth rate kinetics in activated sludge systems, but it is degraded after
sludge acclimation.45 Similarly, Larisch and Duff47 (1997) observed that sudden
H2O2 increases in the influent (5 to 50 mg/l influent) to lab-scale activated sludge
reactors led to decreased mixed liquor volatile suspended solids (MLVSS) levels,
weakly bonded flocs, and high effluent suspended solids (ESS).
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If microbial metabolism is not completely eliminated by high toxic
concentrations, microbial communities are known to undergo adaptive changes
in structure and function capability in order to tolerate and degrade xenobiotic
compounds.48 Preacclimation of activated sludge to toxic compounds tends to buffer
the impacts of toxic spikes, as shown for increased phenol shock loading spikes45

and increased H2O2 concentrations47 in activated sludge.
Some studies have reported decreased OUR and settleability in activated sludge

respirometric assays due to the toxicity of chemicals used in the manufacturing of
paper and pulp.49–51 These studies, however, have not been able to provide conclusive
mechanistic explanations of the observed effects. Chemicals that have inhibited micro-
bial activity, assessed as reduced OURs,49,50 include a cleaning solvent, turpentine,
microbiocides containing 2,2-dibromo-3-nitrilopropionamide (20%), methylenebis-
tiocyanate (9%), and carbamate, several paper dyes (e.g., Orange 3, Violet 5, Red B),
monochloro acetic acid (80% in water) and soft soap. In batch experiments,50 the same
biocides decreased the OURs and the dissolved organic carbon removal efficiencies;
acrylic latex increased sludge settleability probably by adsorbing onto flocs, while
aluminum sulfate and an optical brightener decreased sludge settleability probably
due to floc charge instability. A simulated black-liquor spill into a lab-scale activ-
ated sludge decreased the biological oxygen demand (BOD) and COD removals, the
sludge-specific adenosine triphosphate (ATP) concentration, and increased ESS and
effluent toxicity.51

The impacts of chemicals on activated sludge are dose- and type-dependent.52

Some chemicals have no effect on the OUR or on settleability49,50 and others even
increase the OUR.49,50,53 The chelating nature of chemicals, such as that of diethylene
triamine pentaacetic acid (DTPA), has decreased the OURs in a dose-dependent fash-
ion in batch experiments and lab-scale continuous activated sludge reactors treating
bleached kraft mill effluent.47 DTPA has also decreased the BOD removal (39%) and
caused sludge floc disintegration.47

Depending on the nature of the compound, chemical transients can be associated
with pH stresses. Overall, bacteria seem to be more sensitive to low pH than to high
pH values.36,54,55 Bacteria in activated sludge flocs appear more resistant to chemical
and pH stresses than microorganisms in more dispersed biomass (i.e., from lagoons)
due to the high-biomass-density structure of activated sludge flocs.55 Both acid and
basic shocks decrease activated sludge metabolism,36,55 and decrease specific ATP
concentrations,36 which is a measurement of decreased microbial metabolic activity.

Toxicity in anaerobic systems is generally related to the inhibition of methanogens
by the increase in concentration of VFA, particularly, butyrate and acetate, but it can
also be associated with sulfide and heavy metals, as reviewed in refs 56 and 57. The
inhibitory effect of VFA is related to the lowering of pH. Since substrate concentration
and temperature transients can lead to the accumulation of VFA, the effect of these
transients can be compounded by a pH inhibitory effect on methanogens.

17.2.3.3 Temperature Transients

Temperature transients in biological wastewater treatment can result from sea-
sonal variations and from the operation of batch units and shutdowns/start-ups in
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upstream industrial processes. Industrial treatment systems may be subjected to
frequent and drastic temperature transients that affect treatment performance. On
the contrary, sewage treatment systems may experience mainly seasonal transi-
ents of which winter may represent the most challenging due to reduced microbial
activity.

Temperature transients have been identified in activated sludge plants treating
pulp and paper mill effluents during the summer.58 Deterioration of activated sludge
metabolic activity was detected by respirometry in several pulp and paper mills at
temperatures exceeding 38◦C, and effluent cooling towers were installed to coun-
teract these effects.58,59 Cocci and McCarthy60 (1998) also reported the installation
of wastewater cooling towers prior to SBRs treating pulp and paper mill effluents in
Canada. The cooling towers in these systems generally reduced the raw wastewa-
ter temperature by approximately 10◦C. The reported mean winter and summer
operating temperatures of the SBR systems were 28◦C and 37◦C, respectively.
Several mills, probably those without or with undersized cooling systems, were
reported to operate with temperatures over 40◦C, but with concerns about system
performance.60

Similarly, temperature increases in full-scale anaerobic reactors treating industrial
wastewater have been reported.61,62 An accidental increase in temperature from 36◦C
to 50◦C in a full-scale anaerobic filter reduced the COD removal efficiency from 85%
to 45% over a seven-hour exposure at 50◦C.61

In anaerobic treatment processes, a better understanding has been achieved of
the effects of temperature shifts on reactor performance, granule characteristics, and
microbial community structure from conducting systematic studies.25,62–65

In general, poor treatment performance has been reported due to temperature
shifts in anaerobic reactors. Short-term (8–9 and 5–24 h) temperature shifts from
mesophilic (30◦C and 37◦C to 39◦C) to thermophilic (46◦C, 55◦C, 61◦C, and 65◦C)
conditions have decreased the removal efficiencies of volatile fatty acids and biomass
methanogenic activity in UASB reactors treating a sulfate-containing wastewater,62

VFA, and vinasse.64,66,67 Thermophilic temperature shifts from 55◦C to 65◦C have
increased the concentration of total organic carbon in the effluent in association
with granule disintegration in an UASB reactor,63 and have increased the efflu-
ent VFA concentrations and decreased the methanogenic activity in an anaerobic
digester.65 Short-term (6 and 12 h) temperature downshifts from 35◦C to 25◦C and
15◦C increased the concentrations of COD, VFA, and ESS in an anaerobic fluid-
ized bed reactor treating ice-cream wastewater.68 Interestingly, temperature shifts
from mesophilic temperatures (30◦C and 37◦C to 39◦C) to 45◦C62,64 or from 35◦C
to 42◦C67 have had no significant effect on the treatment performance of UASB
reactors.

The literature on temperature shifts in anaerobic treatment indicates that the recov-
ery of anaerobic reactors from short-term mesophilic–thermophilic temperature shifts
is possible and is dependent on the growth rate of microorganisms. For instance,
methanogens are more sensitive than sulfate-reducing bacteria to shifts from 30◦C
to 55◦C and 65◦C due to relatively slower growth rates.62 Exposure of mesophilic
anaerobic granules to temperatures above 60◦C may completely eliminate methano-
genic and acetogenic activity.64 However, even after a drastic temperature increase
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from 38◦C to 75◦C that almost eliminated anaerobic digestion in an UASB reactor,
the system began to recover after 12 days.67 Anaerobic digestion has also recovered
from a thermophilic temperature shift from 55◦C to 65◦C, in which the activity of
methanogens and acidogens was reduced, but not that of hydrolytic and fermentative
populations.65

There is agreement in the literature that temperature upshifts from mesophilic
to thermophilic or within thermophilic conditions cause granule disintegration in
anaerobic treatment systems. Disintegration of anaerobic granules has been reported
under a six-h thermophilic shift from 55◦C to 65◦C in an UASB reactor treating
a sucrose-containing wastewater,63 and under temperature shifts from mesophilic to
thermophilic conditions during UASB startups.66,67 Anaerobic granular disintegration
under the thermophilic temperature upshift seems to be gradual, and takes place long
after the temperature has been increased (80 days). A gradual increase in effluent
VSS and decrease in the reactor’s VSS was observed over a period of 80 days at
65◦C in an UASB,63 and complete granule disintegration was observed 2 to 3 months
after subjecting mesophilic granules to temperatures above 45◦C during the startup of
thermophilic UASB reactors.66 It is probable that some level of biomass detachment
occurs from biomass carriers in an anaerobic fluidized bed reactor due to temperature
downshifts from 35◦C to 25◦C and 15◦C, as indicated by an increase in effluent
suspended solids.68

Although observed in practice, the effects of temperature transitions on activ-
ated sludge metabolism, microbial community structure, settling characteristics,
and bioflocculation are not well understood. Table 17.1 summarizes different types
of studies where temperature transients have been reported in aerobic treatment
of wastewater. The transitional conditions from an initial to a final stage of a
temperature shift have received little attention in aerobic treatment of wastewater.
Until very recently, little work had been conducted on the effects of temperat-
ure disturbances on the response and overall performance of wastewater aerobic
biological treatment processes. Most of the studies reporting temperature transi-
ents in aerobic wastewater treatment are not systematic and tend to be anecdotal
as part of experiments at different temperatures, but under steady-state condi-
tions (e.g., see ref. [69,75,77] as per Table 17.1). Most of these experiments have
not addressed temperature transients in long-term experiments or have not been
able to show reproducibility of the effects (e.g., see ref. [36,51,70,72,74] as per
Table 17.1).

In general, microbial growth rate and cellular metabolism increase with increas-
ing temperature within a survival temperature range (e.g., from 10◦C to 40◦C for
mesophiles) up to a maximum value.54,78 Beyond this maximum value, growth
rate and metabolism decrease. Therefore, a temperature shift over the optimal
temperature limits, for example, from a mesophilic to a thermophilic range, is
likely to lead to decreased microbial activity and represents a disturbance lead-
ing to poor treatment performance. The effects of temperature shift in the upper
limit of mesophilic treatment or between mesophilic and thermophilic treatment
remain to be fully characterized and fundamentally understood. Recent work
in our group has focused on understanding how these transients affect aerobic
treatment.
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TABLE 17.1
Overview of Literature on the Effects of Temperature Transients on Wastewater
Biological Treatment

Reference System Temperature shifts
Effect on treatment

performance

Lee et al.
(1975)69

Lab-scale aerated
lagoon treating
bleached kraft mill
effluent

Reduction from a steady
temperature of 60◦C to 35◦C.
Increase from 35◦C to 45◦C
(5◦C/day)

No significant impact or
improved treatment
performance

Prensner
et al.
(1976)70

Heated rotating
biological discs
treating synthetic
wastewater

Increase from 30◦C to 32.2◦C.
Further increases from 32.2◦C
to 38◦C and to 43◦C within 2
days. On the subsequent 2 days,
increase to 49◦C and 55◦C

Deterioration in treatment
performance

Slight improvement at the
highest temperatures

Sakka et al.
(1980)71

Culture of flocs from
isolates of
Pseudomonas sp.
C-120 from activated
sludge

Incubation for 5 min, at 35◦C,
40◦C, 45◦C, 50◦C, 55◦C, and
65◦C

Flocs began to deflocculate
at temperatures higher
than 40◦C

Complete deflocculation
occurred above 55◦C

Barr et al.
(1996)72

Lab-scale activated
sludge treating
primary clarified
bleached kraft mill
effluent

Decreases in 7◦C, 16.5◦C, 32◦C,
and 40.5◦C from 50◦C for
approximately 8 to 10 h

Deterioration proportional
to the magnitude of the
temperature decrease.
The smallest temperature
shocks (7◦C, 16.5◦C) had
no impact

Rinkus et al.
(1996)73

Test tubes containing
oil–water emulsions
(esters, oleic acid,
triethanol amine)

Heating from 50◦C to 70◦C,
80◦C, and 90◦C during 10, 20,
30, 40, and 50 min at each T

Survival of
microorganisms below
70◦C only

Kriebitzsch
et al.
(1998)74

Bench-scale SBRs
treating synthetic
wastewater
containing lignin

Increases from 30◦C to 40◦C,
from 20◦C to 30◦C, and from
40◦C to 50◦C

Deterioration in microbial
activity

Tripathi and
Allen
(1999)75

Four parallel SBRs
treating bleached
kraft pulp mill
effluent operated at
35◦C, 45◦C, 55◦C,
and 60◦C

Unsteady-state operation after
increases from 35◦C to 45◦C,
from 45◦C to 55◦C, and from
55◦C to 65◦C. From 35◦C to
45◦C: in 2.5◦C steps, with 6 to
7 days of acclimation after each
shift. From 45◦C to 55◦C: over
2 weeks, 3 to 4 days in between
2◦C increases. From 55◦C to
60◦C: slow increase over 1
week

Variable and, on average,
deterioration in treatment
performance
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TABLE 17.1
Continued

Reference System Temperature shifts
Effect on treatment

performance

Norris et al.
(2000)76

Bench-scale SBR
treating paper mill
wastewater with high
organic acid levels

Increase from 25◦C to 56◦C
over a 76-day period.
Increase from 23◦C to 40◦C
and to 45◦C in 1 day

Deterioration in treatment
performance

Bergeron and
Paice
(2001)51

Lab-scale activated
sludge

Increase from 25◦C to 40◦C
in 1 day; operation at 40◦C
for 3 days; decrease
from 40◦C to 25◦C
in 1 day

No impact on treatment
performance. Increase in
metabolic rates

Vogelaar et al.
(2002)77

Lab-scale activated
sludge plug flow
reactor

Decrease from 55◦C to 20◦C
within 1 day

Deterioration in treatment
performance

Archibald and
Young
(2002)36

Short-term (5 min)
respirometric tests
with activated sludge
samples

Mixed liquor samples (3 ml)
adapted to 30◦C to 35◦C
subjected for 5 min at 30◦C,
40◦C, 45◦C, 50◦C, and
55◦C

Increased substrate removal
capacity up to 50◦C

Substrate removal capacity
eliminated at 55◦C

17.3 BIOMASS DEFLOCCULATION UNDER
TRANSIENTS OR STRESSES IN BIOLOGICAL
TREATMENT SYSTEMS

17.3.1 TRANSIENTS LEADING TO BIOMASS DEFLOCCULATION

Perturbations or stress conditions are known causes of biomass deflocculation, such
as sudden variations in toxic compound concentrations, DO levels, pH, ionic strength,
and temperature. Increases in the effluent turbidity have been related to defloc-
culation and weak flocculation due to several stress conditions: oxygen-supply
disruption79–81 or anaerobic storage82; 1000-mg/l phenol spikes 45,83; the addition of
metabolic inhibitors and decrease of temperature from 20◦C to 4◦C84; decreased19

and increased85 substrate loadings; low86 or high87 ionic strength; glucose spikes45;
Hg (30 to 1000 mg/l), Cd (30 to 1000 mg/l), and Zn (100 to 1000 mg/l) shock
doses88; temperature increases71, and Cr(VI) shock doses (0.5 to 5 mg/l).89 Activated
sludge deflocculation has also been reported due to the chemical reduction of Fe(III)
to FeS by the presence of sulfide,90 and the activity of the external addition of
polymer-degrading enzymes, such as deoxyribonuclease71 and pronase.91

Toxic shocks have been reported to cause activated sludge deflocculation, poor
treatment performance, and increased effluent turbidity. Batch shocks of aluminum
sulfate and paper optical brightener concentrations were reported to decrease activated
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sludge settleability, and increase discharges of effluent suspended solids.50 Similarly,
continuous exposure to Orange 3 dye in a pilot activated sludge plant resulted in
decreased SOURs, increased effluent solids losses, and dispersed, pin-point growth.49

Sludge deflocculation has been reported due to a pH shock (up to 9 for 9 h) caused by a
spill of 50% sodium hydroxide solution into an activated sludge plant treating pulp and
paper mill effluent,50 due to sudden increases in hydrogen peroxide concentrations,47

and increases in potassium concentrations (0.5 to 1 g/l influent).92 Increased sludge
supernatant turbidity due to cell detachment from flocs was also observed due to
increasing surfactant concentrations (i.e., decreasing water surface tension) in batch
experiments.93

Sludge deflocculation has been characterized by turbidity, polymeric, and sus-
pended solids measurements in the supernatant of settled activated sludge mixed
liquor, and by microscopic quantification and observation of pin-point flocs.2,19,94

Turbidity has been correlated to the number of cells in the supernatant, and the
concentrations of proteins, carbohydrates, and humic substances.81,84 Total polysac-
charides or carbohydrates have also been measured in the supernatant of deflocculated
sludge.45,83,86

Few researchers have isolated bacteria from activated sludge and studied their
flocculating characteristics via deflocculation experiments. One example is the work
of Sakka et al.71 (1981), in which deflocculation of aggregates of Pseudomonas sp.
was caused by washings with distilled water, guanidine-HCl, and NaCl, and temper-
atures above 40◦C. Reflocculation occurred when solutions of KCl and MgCl2 were
added, and the temperature was decreased to approximately 4◦C.71

Changes in substrate types and loading rates have been observed to change
the diversity of bacterial populations in anaerobic granules and render them more
susceptible to disintegration. Acetoclastic methanogens have been selected over
hydrogenotrophic methanogens and acetogenic bacteria due to the shift from a sugar-
rich feed (alcohol distillery wastewater) to an acetate feed in a thermophilic UASB
reactor.30 Anaerobic granules with a predominant population of acetate-utilizing
methanogens (Methanosaeta sp.) developed a porous surface and were prone to dis-
integration, whereas anaerobic granules with a predominant symbiotic community
of acetogens and hydrogenotrophic methanogens developed smoother surfaces and
compact granules.30 Increased loading rates of oleic acid, one of the toxic long-chain
fatty acids (LCFAs) to acidogens and methanogens, in an expanded granular sludge
bed (EGSB) reactor have been associated with granule disintegration.31 Anaerobic
granule disintegration was related to the surfactant effect of LCFA lowering water
surface tension and hindering aggregation, and to the washout of acetogenic bac-
teria in the granules.31 However, the specific mechanisms of deflocculation were not
identified.

17.3.2 MECHANISMS OF BIOMASS DEFLOCCULATION

Overall, the mechanisms whereby deflocculation under transients or stresses occurs
are not well understood; however, these mechanisms can be divided into abiotic
or biotic. Deflocculation via abiotic mechanisms proceeds via physical interactions
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or chemical reactions. Conversely, microbial metabolism or physiology mediates
deflocculation via biotic mechanisms.

The abiotic mechanisms of sludge deflocculation are better understood than the
microbially mediated ones. Deflocculation via physical means has been shown to
occur due to anaerobic reduction of Fe(III) by the presence of Fe(III)-reducing
bacteria and sulfide-producing bacteria84,86,95; low86 and high87 ionic strength; the
imbalance between divalent (Ca2+, Mg2+) and monovalent (Na+) cations,91 and the
removal of Ca2+ from sludge flocs86 or ionic exchange of Ca2+ by H+, Na+, K+, or
Mg2+.96 Sludge deflocculation has been observed to increase with increasing solids
concentration and turbulent shear rates.2 These effects have been described by an
adhesion–erosion equilibrium model based on thermodynamic considerations.2,3 The
process of sludge floc deflocculation and reflocculation or reaggregation appears to
be somewhat reversible97 involving floc constituent exchange, at least under variable
shear stress.5

Microbially mediated sludge deflocculation has been explained hypothetically
under different conditions: anaerobic conditions,81,98 phenol spikes,83 cadmium
spikes,99 decreased metabolic activity,84 decreased substrate loadings,19 and due to
adverse environmental conditions, such as drastic shifts in pH, temperature, and con-
centration of toxic compounds.35 Deflocculation of activated sludge has been shown
to occur due to the activity of exocellular proteases (pronase)91; however, it remains
to be demonstrated that this occurs under physiological conditions.

Sludge deflocculation has been related to a reduction in microbial metabolic
activity.84 Wilén et al.84 (2000) showed that improved sludge bioflocculation (stronger
flocs) or less deflocculation (measured as less supernatant turbidity) was attained only
if the microorganisms were metabolically active under aerobic conditions or in the
presence of an electron acceptor, such as oxygen or nitrate under anoxic conditions.
The lack of aerobic metabolic activity by the addition of azide and chloramphenicol,
by anaerobic conditions, and by the reduction in temperature from 20◦C to 4◦C
caused deflocculation. Similarly, phenol shocks were found to lower sludge ATP levels
and reduce the oxygen uptake rates and cause deflocculation simultaneously.45,83

These results suggest that microbial floc stability is directly maintained by microbial
metabolism.

Transient conditions in biological treatment processes represent stresses or per-
turbations that seem to have similar impacts as in suspended-growth systems, that
is, deflocculation and decreased activity. The mechanisms leading to these effects,
however, appear to be different depending on the stress. Although the same response
mechanisms may result from different transients, such as microbial cell lysis, the
causes leading to these mechanisms could be different (e.g., membrane damage under
phenol spikes vs death of strictly aerobic bacteria under anaerobic conditions), and
are not well identified.

The poor understanding of the mechanisms of sludge deflocculation is reflected
in the many hypotheses explaining its causes. Deflocculation has been explained in
association with EPS, microbial community shifts, bacterial physiological responses,
microbial metabolism, and abiotic processes, as outlined in Table 17.2.

Little work has been done in linking microbial physiological stress responses
with the effects of stress or transient conditions on biological treatment performance.
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TABLE 17.2
Hypotheses Explaining the Causes of Activated Sludge Deflocculation

Factors associated with
sludge deflocculation Hypothetical mechanisms

Extracellular polymeric
substances (EPS)

Physiological inhibition of EPS production79,83

Production of EPS degrading enzymes101

Depletion of EPS and PHB due to substrate deficiency19; EPS
degradation under anaerobic storage with microbial reduction of
ferric iron and sulfate98

Microbial community
shifts

Death of floc-forming bacteria with a narrow range of temperature
tolerance; death of aerobic floc-forming bacteria due to anaerobic
conditions; outbreak of non-flocculating populations due to
phenolic step loadings causing effluent turbidity102

Bacterial and protozoan–metazoan lysis, which deactivates
bacterial flocculating properties and changes physico-chemical
interactions among flocs

Bacterial physiological
responses

Active movement due to signaling or chemotaxis103

Release of proteins involved in physiological
protection/detoxification mechanisms leading to deflocculation99

Cell lysis leading to biomass reduction35; lysis due to cell
membrane damage under phenolic shocks83

Anaerobically mediated reduced hydrophobicity104

Microbial death from a temperature downshift from 50◦C to
9.5◦C72

Microbial metabolism Lack of terminal electron acceptors: oxygen under anaerobic
conditions; nitrate under anoxic conditions84

Increased feed toxicity to microorganisms due to a temperature
downshift from 50◦C to 9.5◦C72

Abiotic processes Decrease in surface hydrophobicity and change in
physico-chemical properties,105 and decrease in hydrophobic
interactions.77 Decreased sludge hydrophobicity, as measured
under phenolic shocks,83 probably due to the effect of lysed
microbial products and the amphiphatic properties of phenol

Contraction and expansion of adhesive polymers87

Solubilization of EPS, such as of bound lipids by specific solvents
(methanol, n-butanol) in yeast aggregates106

Reduced solution ionic strength in sludge whose structure is
dependent in double-layer electrostatic interactions or ionic
bridging5

Ion exchange of Ca2+ by K+ and Mg2+ released by
polyphosphate accumulating bacteria under anaerobic storage82

Decreased sludge adsorption capacity of contaminants due to
anaerobic conditions80
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Only recently, Love and Bott100 (2002) hypothesized how different microbial stress
responses to oxidative chemicals lead to decreased BOD removals, increased col-
loidal suspended solids, and affected sludge bioflocculation. Love and Bott100 (2002)
suggested that cis–trans isomerization of unsaturated fatty acids (i) decreases sub-
strate active transport through the membrane and increases effluent BOD due to
decreased membrane fluidity; (ii) changes the membrane surface chemistry, affect-
ing bioflocculation; and (iii) alters the transport rate of extracellular hydrolytic
enzymes, decreasing colloidal material biodegradation. Love and Bott100 (2002)
also hypothesized that decreased COD removals are related to redirecting energy
from growth to stress protein synthesis, but this hypothesis was discarded when the
induction of the stress protein GroEL was not correlated to poor COD removals in
sludge deflocculation experiments. Nevertheless, deflocculation due to electrophilic
stressors has been correlated to K+ efflux from activated sludge flocs into bulk liquid.
Potassium-ions efflux may increase local K+ concentrations inside flocs and increase
the monovalent to divalent cation ratio, causing weak floc structure and defloccu-
lation. Potassium-ions efflux is a possible stress response mechanism that directly
relates to deflocculation.100

Only hypotheses have been put forward for explaining anaerobic granule disin-
tegration. Under a thermophilic temperature shift from 55◦C to 65◦C, Uemura et al.63

(1995) explained anaerobic granule disintegration by digestion of EPS and microbial
cells, and by the selective lysis of acidogens due to the temperature shift. Under a
temperature shift from 38◦C to 75◦C in an UASB reactor, biomass granulation was
hindered by the growth in suspension of active methanogens that were eventually
washed out.67 Van Lier et al.67 (1992) explained granule disintegration due to a tem-
perature increase from 38◦C to 55◦C in an UASB reactor by the absence of acidifying
bacteria and their metabolites. The anaerobic granules at 55◦C showed a spongy
appearance both in the core or medulla and the surrounding cortex 4 months after
increasing the temperature from 38◦C to 55◦C, and were observed to eventually wash
out from the reactor. The formation of these spongy granules may have been favored
by the VFA-based substrate (without sugars).67

The understanding of the mechanisms governing the flocculation of some indus-
trially significant yeast systems is much more advanced than that of bacterial or
microbial-community flocs in biotreatment. This derives from the longer history of
brewing processes and also the homogeneity of these types of aggregates; yeast
flocs are generally formed by yeast cells from the same flocculating species. An
extensive and detailed review has been conducted by Calleja,1 who also reports the
many reviews on the topic before 1981. Reports on deflocculation of aggregates from
brewer’s yeast date from 1896, and yeast deflocculation has been experimentally
investigated under gravity sedimentation, sugar spikes, heating, low ionic strength,
removal of Ca2+, and protein denaturation due to proteases, alkali, or urea. Floccula-
tion of yeast is so well understood that the nature of the binding forces that keep yeast
cells together are known, and the effect of physico-chemical parameters have been
well characterized.1 For example, flocculating and non-flocculating yeast strains are
known, yeast flocculation is known to depend on wall–wall interactions involving
proteins and glycoproteins on the protein-manan layer, hydrogen bonds are the prin-
cipal forces involved in yeast flocculation, and deflocculation is reversible as long
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as protein denaturation does not occur. The experience and knowledge accumulated
through the study of yeast aggregates can likely find parallels in the study of bacterial
and mixed community flocs in biotreatment.

Finally, one important aspect that must be remembered when studying defloc-
culation is that there is a wide range of floc strength values within activated
sludge or anaerobic granules, as work on activated sludge sonication suggests.107

Deflocculation may be related to the fraction of flocs with low floc strength.

17.4 MECHANISMS OF ACTIVATED SLUDGE
DEFLOCCULATION UNDER
MESOPHILIC–THERMOPHILIC TEMPERATURE
TRANSIENTS

Recent research in our laboratory has been focused on assessing the impacts of tem-
perature shifts from 30◦C or 35◦C to 45◦C on the treatment performance of activated
sludge.108 As part of this research, activated sludge deflocculation under such tem-
perature shifts has been identified and studied.109 The impacts of these temperature
transients with respect to deflocculation mechanisms are discussed in the following
sections.

17.4.1 SLUDGE FLOC RESPONSES TO THE TEMPERATURE SHIFTS

The temperature shift stress from 30◦C or 35◦C to 45◦C caused three major responses
in activated sludge flocs, as assessed in continuous sequencing batch reactors (SBRs)
treating pulp and paper mill effluent, and in batch experiments with fresh municipal
sludge. The three responses were decreased or more negative sludge surface charge,108

increased maintenance respiration rates, and sublethal inhibition of metabolism or
decreased substrate removal capacity. Figure 17.1 and Figure 17.2 show the effects of
the temperature shift from 30◦C to 45◦C on increasing maintenance respiration rates
and inhibiting metabolism of activated sludge in batch and continuous experiments,
respectively.

Figure 17.1 and Figure 17.2 present measurements of three specific oxygen
uptake rates (SOURs) conducted to assess the sludge substrate removal capacity:
the mixed liquor standard SOUR, the SOUR of mixed liquor diluted by 10% with
raw wastewater (SOUR10%), and the SOUR of mixed liquor diluted by 50% with raw
wastewater (SOUR50%). The measurement of SOURs in samples that are diluted
with raw wastewater (SOUR10% and SOUR50%) is comparable with traditional
respirometric assays with substrate addition, and has been proposed by Archibald
et al.46 (2001) and Archibald and Young36 (2002) to monitor sludge activity under
different stresses. These measurements allow for a comparative assessment of sludge
oxygen consumption rates associated with the endogenous respiration phase and with
substrate uptake rates under transients and stresses. Details of this are explained
elsewhere.46,51

The decrease in the sludge substrate removal capacity is demonstrated by the
significant decrease in the three sets of SOURs after the temperature shift. The
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FIGURE 17.1 Profiles of (a) standard specific oxygen uptake rates (SOUR), (b) SOUR with
10% feed dilution (SOUR10%), and (c) SOUR with 50% feed dilution (SOUR50%) from
the control reactor at 31◦C and the transient reactor under a shift from 31◦C to 45◦C. The
temperatures in the transient reactor at the moment of sampling are indicated at the top of the
figure. Time= 0 corresponds to the time when the temperature was changed in the water bath.

SOUR10% and SOUR50% after the temperature shift were significantly lower com-
pared with the SOUR10% and the SOUR50% from the control reactor and before the
shift (Figure 17.1b,c and Figure 17.2b,c). The standard SOURs (without feed dilution)
after the shift during the first hours of the reaction phase (Figure 17.2a) were also
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FIGURE 17.2 Typical SOUR profiles during the reaction phase of an operating cycle of an
SBR before and after a temperature shift from 30◦C to 45◦C. (a) SOURs without feed addition;
(b) SOURs with 10% dilution with feed (SOUR10%); (c) SOURs with 50% dilution with feed
(SOUR50%). The 30◦C to 45◦C temperature shift took place on Day 34.

lower than the SOUR before the shift. In the control reactor, at a constant temperature
of 30◦C, the standard SOUR, the SOUR10%, and the SOUR50% remained constant
during the experiments. This was consistent with a healthy sludge under limited sub-
strate conditions with a high substrate removal capacity in the control reactor. The
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control reactor’s SOUR10% and the SOUR50% were greater than the standard SOUR,
indicating that the sludge biomass was under starvation and had a higher substrate
removal capacity.

The SOUR profiles during the reaction phase indicate substrate utilization at the
beginning (<3 h) and starvation at the end (hours 3 to 6 of the reaction phase before the
temperature shift; Figure 17.2). The substrate uptake profiles during the reaction phase
of the SBRs prior to the temperature shifts were consistent with the standard SOUR
profiles. During the reaction phase before the shift, the SOURs10% and SOURs50%
were higher than the standard SOURs consistent with higher oxygen requirements
associated with increased feed. Higher SOURs10% and SOURs50% than SOURs
describe a healthy sludge able to utilize substrate to which it is acclimated. At the
end of the reaction phase, the SOURs10% tended to decrease slightly (Figure 17.2b);
however, the SOURs50% increased significantly (Figure 17.2c), indicating a high sub-
strate removal capacity by starving sludge. Starving conditions are inherent to SBR
operation13 and microbial internal decay or endogenous respiration is associated with
these conditions.35

The set of three SOURs measured during the reaction phase of the SBRs under the
temperature transient showed the inhibition of the sludge substrate removal capacity
and increased respiration rates during the endogenous respiration phase. The tem-
perature stress caused the SOUR to decrease at the beginning of the reaction phase
and to increase at the end of the reaction phase, relative to the control (Figure 17.2a).
This suggests that increased respiration rates are a stress response of the microor-
ganisms to the shift from 30◦C to 45◦C. These increased respiration rates are not
indicative of higher substrate uptake rates, as demonstrated by the reduced SOUR10%
and SOUR50%. The increased respiration rates relative to the control occurred only
at the end of the reaction phase when part of the available substrate had been utilized,
and the sludge is not at its highest substrate removal capacity. This is in agreement
with the higher standard SOUR measured after the temperature shift in the transi-
ent reactor compared to the standard SOURs in the control in batch experiments
(Figure 17.1a).

The activated sludge floc responses and how they could relate to sludge defloc-
culation and impaired treatment performance are presented in Figure 17.3. The
link between increased maintenance respiration rates, more negative sludge surface
charge, and sublethal metabolic inhibition, and sludge deflocculation and treatment
performance can only be hypothesized, and remains a research area in need of further
investigation.

Increased maintenance respiration rates can be explained by increased microbial
maintenance requirements as a sublethal–inhibition stress response to the temperat-
ure shifts. High maintenance requirements and intense metabolism (high biochemical
activity) have been associated with thermophilic organisms.110–112 It is probable that
microorganisms under a heat shock stress may induce an active metabolism to be able
to repair damage by heat.111 Misfolded protein detection is considered to be a mechan-
ism of heat shock response initiating protein folding, degradation, and resynthesis,113

processes which are known to be maintenance functions.114 Variations in microbial
energy maintenance requirements occur via energy loss mechanisms; energy spilling
is a mechanism considered to protect cells from toxicity resulting from sudden sugar
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FIGURE 17.3 Sludge floc responses, sludge deflocculation, and treatment performance
effects of a temperature shift from 30◦C to 35◦C to 45◦C, as identified in research.109

metabolism (as from glucose pulse doses).114 The actual mechanisms of this extra
energy spilling remain unclear and similar microbial energetic mechanisms could be
triggered by heat stress.

The generation of negative sludge charge due to the temperature shift108,109 can
have different causes. The adsorption of solubilized EPS or lysed soluble microbial
products bearing negative charges (e.g., sulfate-, hydroxyl-, and carboxyl-containing
polysaccharides, polypeptides, and humic substances) onto remaining sludge flocs
could have rendered the sludge more negatively charged. EPS biopolymers with
anionic functional groups tend to decrease the sludge surface charge, as experiment-
ally shown by Mikkelsen et al.115 (1996) using an anionic detergent. This adsorption
process is suspected to be collateral to a major cause driving the more negatively
charged sludge. The decrease in sludge surface charge is not an immediate response
and it takes from 1–2 to 8 days to manifest itself.108

The decrease in sludge surface charge may arise from bacterial physiological
stress responses. The degree of unsaturation of fatty acids in the cytoplasmic
membrane is thought to control the cellular stress response to temperature changes.116

Heat shocks could increase cytoplasmic membrane flexibility, which could trigger
microorganisms to increase the levels of saturated fatty acids in the membrane phos-
pholipids to decrease membrane fluidity and cope with increasing membrane fluidity.
Saturation of phospholipids could be achieved by negatively charged groups that
render the cell surface more negatively charged. An increase in saturated fatty acids
in the cytoplasmic membrane, as a primary heat shock sensor, has been correlated
to the heat shock induction of messenger RNA (mRNA) transcripts in yeasts.117

Gaughran110 (1947) reported experiments showing the occurrence of more saturated
fatty acids in bacteria (Bacillus subtilis) and moulds (Aspergillus niger) at higher
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temperatures (e.g., from 14◦C to 38◦C), even above optimal-growth temperatures.
A decrease in cytoplasmic membrane fluidity, transforming the liquid crystalline
membrane into a gel-phase state, results from cold shocks and induces the increase
in membrane unsaturated fatty acids that lower the membrane phospholipid melting
point and add membrane flexibility.116

The so-called “compatible solutes” are known to be synthesized or taken up
from the environment due to hyperosmotic environmental stress, but also due to
cold shocks, desiccation, and heating.118 Although compatible solutes are generally
polar and neutral at physiological pH, negatively charged organic osmolytes (e.g.,
sulfotrehalose, diglycerolphosphate) are used by thermophilic Archaea.118 It is pos-
sible that such compounds accumulate in the sludge flocs when released from some
cells under heat stress and promote more negatively charged flocs. Increased transport
of osmolytes and polymerization reactions are energy demanding cellular processes
that would increase respiration rates due to increased energy maintenance.114

17.4.2 PROPOSED MECHANISMS OF SLUDGE DEFLOCCULATION

The recent research in our group has identified that temperature shifts from 30◦C
or 35◦C to 45◦C cause activated sludge deflocculation, which occurs via polymer
solubilization and floc fragmentation, leading to poor treatment performance.109 In
this section, several mechanisms that could link the occurrence of sludge defloc-
culation with decreased metabolic activity, more negatively charged sludge and
increased maintenance respiration rates are discussed. A summary is presented in
Figure 17.4.

Sludge deflocculation resulting from a temperature shift from 30◦C or 35◦C to
45◦C could be explained by the abiotic change of the physico-chemical charac-
teristics of the sludge flocs and by microbially mediated mechanisms that reduce
microbial substrate removal capacity, increase respiration rates, and decrease sludge
surface charge. Metabolic inhibition leading to decreased sludge substrate removal
capacity could directly induce deflocculation due to a “flocculating-ability shut-off
mechanism.” This would be similar to negative cellular control mechanisms. Other
physiologically mediated mechanisms could render the sludge surface more negat-
ively charged, lead to EPS solubilization, and to the release of soluble products from
the cells.

Microbial metabolism could be an indispensable requirement for sludge floc sta-
bility; therefore, a significant reduction in sludge substrate uptake would dissipate
the sludge flocculating ability. Whatever the actual cellular mechanisms of metabolic
inhibition in deflocculation be, the results from the present study agree with the
findings of Schwartz-Mittelmann and Galil83 (2000) and Wilén et al.81,84 (2000),
in that suppression of metabolism leads to deflocculation. Sludge defloccula-
tion, however, may be governed by different mechanisms under different stress
conditions.

The temperature shifts could also increase the cytoplasmic membrane permeab-
ility. Elevated temperatures may increase the cell membrane proton permeability
and uncouple oxidative phosphorylation, as reviewed by Low and Chase119 (1999).
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FIGURE 17.4 Proposed mechanisms of activated sludge deflocculation under a temperature
shift from 30◦C to 45◦C. SMP — soluble microbial products, HSP — heat shock proteins,
EPS — extracellular polymeric substances.

Increased membrane permeability could cause Na+ stress due to high internal cel-
lular Na+ concentrations, leading to the activation of Na+ (and even K+) extrusion
mechanisms via antiporters, known to be involved in bacterial Na+ and pH stress
responses.120,121 This would cause an increase in the local levels of monovalent
cations in the EPS, as also proposed by Love and Bott100 (2002) under oxidative stress,
and cause sludge floc instability and deflocculation. The activation of respiration-
coupled Na+ extrusion mechanisms121 or futile ion cycles would cause an increase
in respiration rates providing for increased maintenance energy requirements.114,119

This would explain the higher maintenance respiration rates observed after the
temperature shifts during endogenous metabolism.

The accumulation of compatible solutes with negative charges on the flocs and
the increase in saturated fatty acids in membrane phospholipids with negative charges
have been discussed in Section 17.4.1 above as physiological stress responses of
bacteria explaining the decrease in surface charge under the temperature shifts
(Figure 17.4). Also, the temperature upshift may inhibit the expression of adhes-
ive appendages in cells (pili and fimbriae) that are responsible for cell attachment
and are regulated by several environmental factors, including temperature.122,123

At this point in time, the connecting mechanisms between physiological stress
responses to mesophilic–thermophilic temperature shifts and sludge deflocculation
remain unknown.
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The response of the sludge flocs to the mesophilic–thermophilic temperature shifts
could also be abiotic. Sludge physico-chemical changes triggered by the temperature
shifts could include the melting of secondary structures of proteins present in EPS
and in the cellular membrane, and temperature-induced EPS hydrolysis, destroying
the aggregating properties of a fraction of these biopolymers and solubilizing them.
Also, EPS bridging could be compromised by the weakening of hydrogen bonds that
keep EPS flocculated via bridging, and the weakening and rupture of cationic and
polyvalent EPS bridging (e.g., by Mn(II) and Fe(II)). The release of cations from
the rupture of cationic EPS bridging could also promote an increase in the relative
abundance of adsorbed anionic functional groups onto floc EPS, rendering the sludge
more negatively charged. Therefore, the decrease in surface charge could also be a
result of a pure abiotic process. More negatively charged cells could cause further
desorption of EPS due to high electrostatic repulsion, as suggested by Erdincler and
Vesilind 124 (2000). Another abiotic explanation is that increased temperature disturbs
the orientation of water molecules interacting via hydrogen bonds with nonpolar or
hydrophobic molecules or domains, as suggested by Vogelaar et al.77 (2002), which
would agree with the decreased hydrophobicity of the sludge.

The relative extent of deflocculation due to biotic and abiotic mechanisms is
unknown. Nevertheless, the temperature shifts can be postulated to have a greater
impact on deflocculation as EPS solubilization via abiotic mechanisms than biotic
mechanisms governed by active metabolism. This idea is supported by the relatively
large amount of organic biomass detached from sludge flocs due to the temperature
shift from 30◦C to 45◦C vs that detached due to suppression of aerobic metabolism
reported by Wilén et al. (2000).81 Whereas the 30◦C to 45◦C temperature shift caused
an approximate 11% reduction in the total organic biomass (in batch experiments),
only 1% to 2% of the total amount of organic sludge matter detached under suppressed
aerobic metabolism.81 The abiotic mechanisms of the temperature shifts seem pre-
dominant vs those regulated by active metabolism, considering that cell viability was
not significantly affected109 and that a low percentage of viable cells is present in
activated sludge at high SRTs (10% to 15% of MLSS).125

In general, under microbial stress conditions, sludge bacterial lysis may be
involved in the mechanisms of sludge deflocculation as a consequence of inactiv-
ation of cell metabolism and cell death, and as a source of biopolymers that decrease
sludge stability. Although sludge lysis occurred due to the temperature shift from
30◦C to 45◦C, it was marginal109 and would minimally affect deflocculation sig-
nificantly. Under other stress conditions (e.g., toxic shocks or drastic temperature
shifts over 55◦C to 60◦C), however, cell death and lysis may weaken the sludge floc
structure and cause deflocculation by directly affecting cell metabolism.126,127

17.5 SUMMARY AND FUTURE PERSPECTIVES

Engineered microbial systems frequently encounter transient or dynamic con-
ditions. Microbial systems where biomass form aggregates, flocs, or granules
are sensitive to transients, as is the case of anaerobic and aerobic biological
processes treating wastewater. Weakening of microbial aggregate structure and
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disintegration of bioaggregates, that is, deflocculation, appear to be common
responses of suspended biomass to transient operating conditions and environmental
stresses.

Transient conditions leading to poor treatment performance represent a challenge
in biological wastewater treatment due to poor pollutant removal efficiency, high efflu-
ent suspended solids (ESS), and variable overall performance. Some of the impacts
of transients in biological wastewater treatment systems have been identified in this
chapter. For example, substrate and toxic compound perturbations have been related
to high ESS, poor pollutant removal efficiencies, poor sludge settling, and sludge
deflocculation. Biomass deflocculation is of particular interest because it leads to
the loss of biocatalyst, the discharge of suspended solids and of solids-associated
bioactive compounds. Biomass deflocculation in aerobic and anaerobic processes
treating wastewater has been identified to occur under shocks of toxic compounds,
low dissolved oxygen concentrations, and temperature.

Although deflocculation under different transients and stresses in biological treat-
ment systems is becoming a well-characterized phenomenon, the actual mechanisms
whereby deflocculation occurs remain little understood. Some abiotic processes lead-
ing to activated sludge deflocculation have been reported in the literature, such
as the removal of Ca2+ from flocs and Fe(III) reduction to Fe(II) by the pres-
ence of sulfide or iron-reducing bacteria. Many microbially mediated mechanisms
have been proposed to explain biomass deflocculation both in aerobic and anaerobic
processes. These mechanisms are diverse: decreased microbial metabolism, degrad-
ation of EPS, physiological stress responses, and modified floc physico-chemical
properties. However, the biotic mechanisms of sludge deflocculation remain to be
proven.

Recent research in our group has shown that activated sludge deflocculation occurs
due to temperature shifts in the upper limit of mesophilic treatment due to temper-
ature shifts from 30◦C to 45◦C. Activated sludge deflocculation was identified to
take place by the solubilization of extracellular polymeric substances (EPS) and floc
fragmentation, which impaired overall treatment performance. Several mechanisms
that could link the occurrence of sludge deflocculation with inhibition of metabolic
activity, more negatively charged sludge, and increased maintenance respiration rates
were proposed. However, the responses of aggregates of microbial communities, like
that of activated sludge, to transient conditions and deflocculation need to be better
understood. Important areas of future research, where work has already begun, are
the link of microbial physiological stress responses with biomass deflocculation and
poor treatment performance, the characterization of the chemical nature and adhesive
properties of EPS in microbial aggregates under transient conditions, and the char-
acterization of the microbial community structure of flocculent and non-flocculent
biomass.

A better understanding of mixed-culture and bacterial flocculation and defloc-
culation can be achieved by learning from the experience on yeast flocculation.
The more fundamental understanding of how yeast aggregate and the experimental
approaches used to identify the governing forces in maintaining yeast cells floccu-
lated can serve as guidelines for improving the understanding of other microbial
aggregation phenomena.
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18.1 INTRODUCTION

The presence of pathogenic bacteria, viruses, and parasites in recreation waters is a
potential source for the spread of diseases. To protect the public health and the quality
of water resources, wastewater is often disinfected by chemical or physical means
prior to discharge to the receiving water.

Waterborne pathogens might exist as dispersed (or free) organisms or could be
embedded within microbial flocs. In a typical wastewater, microbial flocs vary in
size from several microns up to hundreds of microns. The floc structure acts as
a barrier to the penetration of chemical and physical disinfectants and therefore
reduces the disinfection efficiency. Flocs also provide a vehicle for the trans-
port and spreading of pathogens in the environment. In this chapter we focus
our attention on the ultraviolet (UV) disinfection and the effect of flocs on this
process.

The antimicrobial effects of ultraviolet light were discovered in early 1900s.1

Ultraviolet light is part of the electromagnetic spectrum and is often divided into
four regions, UVA (315 to 400 nm), UVB (280 to 315 nm), UVC (200 to 280 nm),
and vacuum UV (<200 nm).2 It is the high energy UVC photons that are respons-
ible for the germicidal action of light, for example the photon energy at 253.7 nm is
7.8× 10−19 J or 4.9 eV with a high germicidal efficiency.

1-56670-615-7/05/$0.00+$1.50
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Disinfection of water with UV light is considered to be a photochemical process
that results in the alteration of DNA and RNA and therefore prevents microorgan-
isms from reproduction.3 In this process, the main mechanism for the microbial
inactivation is believed to be the formation of pyrimidine dimers (thymine dimers
in the case of DNA). Insufficient irradiation results in partial damage to the nuc-
leic acid that may be either repaired by cellular repair mechanisms or cause mutant
progeny.4

The germicidal effectiveness of inactivation of pathogens exhibits a peak at around
264 nm (Figure 18.1).5 Protein and DNA also absorb strongly in the UVC region.6,7

Therefore, the disinfection of floc-associated pathogens can be adversely affected by
the shielding effect of adjacent microbes and by the UV absorption of extracellular
polymeric substances (EPS) present within the floc matrix. Additionally, flocs can
alter the light intensity field by absorption and scattering of UV light. Thus, the
presence of flocs not only reduces the average ultraviolet dose in the sample but
also modifies the apparent kinetics of disinfection. Figure 18.2 shows the schematic
diagram of such interactions.8
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FIGURE 18.1 Action spectrum of E. coli and DNA absorbance. (From Harm, W., Biological
Effects of Ultraviolet Radiation. Cambridge University Press, New York, 1980.)
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FIGURE 18.2 Interaction of suspended particles with light. (From Snider, K., Tchobano-
glous, G.G., and Darby, J., Evaluation of Ultraviolet Disinfection for Wastewater Reuse
Applications in California. University of California, Davis, 1991.)

18.2 KINETICS OF ULTRAVIOLET DISINFECTION OF
MICROBIAL FLOCS

The kinetics of ultraviolet disinfection governs the scale and the operation of UV
reactors. Therefore, an understanding of disinfection kinetics will help to improve
the design and performance of disinfection processes.

18.2.1 DOSE–RESPONSE CURVES

The kinetics of ultraviolet disinfection is quantified by exposing the sample to various
doses (= UV intensity × time) of UV light and enumerating the survived colonies.
The sample is a stirred liquid suspension and the irradiation is carried out using a
collimated beam apparatus. The purpose of collimating the UV beam is to provide a
parallel beam of light perpendicular to the surface of the sample.

In the case of wastewater disinfection, a common technique for the enumeration of
survived organisms is the membrane filtration method.9 In this method, the irradiated
sample is filtered, cultured in an appropriate medium, and the number of colonies is
counted after an incubation period. A plot of the log of number of colony forming
units (CFU) per 100 ml of the sample versus the applied dose of UV light is called the
dose–response curve. This plot represents the kinetics of inactivation and quantifies
the UV demand of wastewater to achieve a certain level of disinfection.

The shapes of dose–response curves that typically occur are given in Figure 18.3.
The inactivation of dispersed or free organisms usually follows first order kinet-
ics (curve 1). However, in some cases, the inactivation of free microbes results in
an apparent lag or a shoulder at low doses (curve 2). This phenomenon may be
explained by the clumping of microbes to form flocs10 or by the action of cellular
repair mechanisms.3 The most common kinetics for municipal wastewaters is shown
schematically by curve 3. At low doses, the shape of the curve is governed by the UV
response of free microbes. However, at higher doses, the curve exhibits a plateau or a
tailing effect. There is strong evidence that the tailing phenomenon is primarily due to
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the presence of microbial flocs.11 Curve 4 illustrates a case for which the disinfection
kinetics exhibits both an initial shoulder and a subsequent tailing phenomenon.12

Response of wastewater to UV radiation depends on the type of target organism.
The most common indicator organisms used for wastewater disinfection are total and
fecal coliform, E. coli, and enterococci.13 In the present study, all dose–response
data are based on the enumeration of the surviving fecal coliforms unless it is stated
otherwise.

18.2.2 MATHEMATICAL MODELS FOR UV DISINFECTION

Kinetic models are often used for estimating the impact of wastewater quality on the
reactor performance and for effective reactor design. A summary of kinetic models
that are published in the literature is given in Table 18.1.

The one-hit model assumes that a single harmful event (hit) is sufficient to inac-
tivate a biological unit.14 This model represents a Poisson process where the mean
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FIGURE 18.3 Schematic survival curves showing the kinetics of UV disinfection with and
without the presence of microbial flocs.

TABLE 18.1
Kinetic Models for UV Disinfection

Model Equation Reference

One-hit
N

No
= e−kD [14]

Multi-target
N

No
= 1− (1− e−kD)m [14]

Multi-hit
N

No
= e−kD

∑m−1

i=0

(kD)i

i! [14]

Double-exponential
N

No
= (1− β)e−k1D + βe−k2D [3]

Modified two population
N

No
= (1− β)(1− (1− e−kD)m)+ βe−k2D

Cairns et al.
N

No
= (1− β)e−kD +

∑
βre−kTr

µD [15]

Emerick et al.
N

No
= (1− β)e−kD + β

kD
(1− e−kD) [16]

Copyright 2005 by CRC Press



“L1615_C018” — 2004/11/19 — 03:00 — page 389 — #5

Flocs and Ultraviolet Disinfection 389

probability of the survival of a microorganism corresponds to the probability that the
effective cross-section of the organism (a) escapes the incident photons. If N is the
total number of incident photons over area A, then:

Probability of survival = N/No = e−aN/A (18.1)

Or simply:

N/No = e−kD (18.2)

This corresponds to first order kinetics and is a typical representation of free microbe
inactivation, where k is the inactivation constant and D is the ultraviolet dose.

An alternative picture for modeling the microbial inactivation is based on the
presence of multiple “targets” in an organism. In this case, that is known as the multi-
target model, all such targets must receive at least one hit for inactivation.14 Similar
to the one-hit model, the inactivation of each target follows the negative exponential
rule, therefore the probability of the inactivation of such an organism is:

Pr[inactivation] = Pr[1st target is hit]× Pr[2nd target is hit]

× · · · × Pr[mth target is hit]
= (1− e−kD)(1− e−kD) · · · (1− e−kD) (18.3)

The probability of the survival of the organism in the multi-target model is:

N/No = 1− (1− e−kD)m (18.4)

In an alternative approach, the organism contains a single “target” that has to
receive multiple “hits” before it is inactivated. This model is known as the multi-hit
model14 or the series-event model.10 Both multi-target and multi-hit models suc-
cessfully account for shouldered survival curves, but they do not predict the tailing
phenomenon observed in wastewater disinfection processes.

A simple method to account for the tailing of dose–response curve is to consider
the microbial population to consist of two subgroups.3 Both subgroups are inactivated
in a one-hit fashion, but one is more resistant to ultraviolet irradiation than the other:

N/No = (1− β)e−k1D + βe−k2D (18.5)

where β is the fraction of UV-resistant organisms (e.g., floc-associated microbes),
and k1 and k2(<k1) are the inactivation constants. This approach, known as the
double-exponential model, predicts the tailing of dose-response curves, but it cannot
create any “shoulder.” To address this shortcoming, a simple variation of this model is
suggested here, where the UV-sensitive subpopulation follows the multi-target model
while the UV-resistant subgroup obeys the one-hit model:

N/No = (1− β)(1− (1− e−k1D)m)+ βe−k2D (18.6)
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A rigorous model to account for effects of flocs on the UV disinfection was
proposed by Cairns et al.15 This approach considers the interaction of light with free
microbes, floc size distribution, total number of microbial counts associated with flocs,
and transmittance of the flocs to UV. Application of this model requires knowledge of
size distribution of viable flocs. However, since such information is rarely available,
this model has found limited use.

Most recently, Emerick et al.16 proposed that the inactivation of a microbial floc
is controlled by the inactivation of a “critical” organism, and that the fraction of dose
received by this organism is uniformly distributed. According to Emerick et al., flocs
larger than a threshold diameter (about 20 microns) are not inactivated by ultraviolet
irradiation. This model predicts that the survival rate at high doses of UV (D > 20)
is inversely proportional to the UV dose, and cannot account for the shoulder.

18.3 EFFECT OF FLOC CHARACTERISTICS ON
DISINFECTION KINETICS

18.3.1 THE ROLE OF FLOC SIZE

To systematically investigate the effect of floc size on disinfection, UV disinfec-
tion of model samples with narrow floc size distributions was studied.17 Wastewater
samples were collected from the main treatment plant of the city of Toronto located
at Ashbridges Bay and fractionated using 150, 125, 90, 75, 53, and 45 µm sieves.
Three size fractions were chosen for further study with nominal ranges of 150/125,
90/75, and 53/45. Each size fraction was prepared by continuous washing of sieved
particles with distilled water for at least 15 min or until a narrow size distribution is
achieved. A Coulter particle size analyzer, Multisizer 3 (Beckman Coulter, Miami,
FL), was used to count the number concentration of particles and to ensure the effect-
iveness of the fractionation process. Figure 18.4 shows the floc size distribution of the
three fractions obtained using this technique. Each fraction was diluted with distilled
water and 20 ml of diluted sample was transferred into a petri dish for exposure to
UV light. For accurate estimation of UV dose, an IL 1700 radiometer (International
Lights Co., Newburyport, MA) was used to measure the intensity at 33 points within
the region irradiated by the lamp. To correct for the UV absorption of sample, the
absorbance of each sample was determined using Lambda 35 UV/Vis spectrometer
(Perkin Elmer, Boston, MA) at 253.7 nm. Based on these measurements, the exposure
times were determined using the Beer–Lambert law. The sample was irradiated using
a low-pressure collimated beam system (Trojan Technologies Inc., London, Ontario).
The irradiated sample was filtered using a 0.45 µm filter paper and was cultured for
a day in the dark. The number of colony forming units was then counted for each
sample. In addition, a blank sample (nonirradiated) from each fraction was cultured
to determine the concentration of viable microorganisms in the original sample. All
experiments were conducted in replicates.

Figure 18.5 shows the dose–response curves for the three floc size fractions.
Although there is a considerable variability in the results, a distinct increase in the
average UV dose demand with increased floc size is observed. For comparison, the
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FIGURE 18.4 Size distribution of various sieve fractions used for disinfection studies.
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FIGURE 18.5 Dose–response curve for various sieve fractions.

dose–response curve for free fecal coliforms is also shown in this figure. The initial
slope for flocs is significantly smaller than that of free coliforms. This indicates that
there are very few, if any, free microbes in the sieved samples. At higher UV doses,
the slope of dose–response curve decreases as the floc size increases, indicating
an increase in the UV resistance of the larger flocs in the sample. Using nonlinear
regression analysis (Mathematica, v5.1), the double-exponential model parameters
were estimated for the three sieve fractions (see Table 18.2). By increasing the particle
size, both the fraction of resistant flocs (β) and their resilience to the ultraviolet light
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TABLE 18.2
Parameters of Double-Exponential Model (Equation (18.5)) and the
Fraction of Colony Forming Flocs for Various Sieve Fractions

Sieve
fractiona

Floc sizeb

(microns) β

k1
(cm2/mJ)

k2
(cm2/mJ) % Viable (±std.)

150/125 74 0.350 0.115 0.021 11.0 (±0.2)
90/75 45 0.321 0.086 0.026 9.1 (±0.8)
53/45 28 0.235 0.128 0.038 7.0 (±0.4)

a Sieve size in microns.
b Mode of particle size distribution from Coulter particle size analyzer.

increases (i.e., the inactivation rate constant, k2, decreases), emphasizing that larger
particles are harder to disinfect.

For any given size fraction, the ratio of the number of colony forming units
obtained prior to the UV irradiation and the number concentration of particles obtained
from the Coulter analyzer will provide an estimation of the percentage of viable flocs
(Table 18.2). Based on this result, the percentage of colony forming flocs increased
from 7% to 11%, when comparing 53/45 to 150/125 µm sieve fraction. This obser-
vation emphasizes the importance of larger flocs in UV disinfection, that is although
there is smaller number of large flocs in a typical wastewater compared to small flocs,
a larger fraction of them are viable and they are harder to disinfect.

18.3.2 THE ROLE OF FLOC COMPOSITION

Microbes that are embedded in flocs are shielded and receive reduced doses of UV
light. The UV light intensity within a floc depends on the size and composition of
floc. To understand better, the potential effect of floc composition and particularly the
role of EPS on the light penetration into flocs, EPS was extracted from pure cultures
of Klebsiella sp. and its UV absorbance was measured.18

Klebsiella cultures were grown to allow for the formation of flocs. Ethanolic
extraction19 was used to extract EPS from the cultured samples. The broth samples
were collected and the mixed liquor suspended solids (MLSS) was separated by
centrifugation at 9000 rcf and 4◦C for 15 min. The supernatant was decanted and the
sludge pellet was dissolved in ethanol. These solutions were left in parafilm-sealed
containers at ambient conditions for several days for extraction. The solution was then
filtered using Whatman Microfibre GF/A filters and the filtrate was rotary evaporated
under vacuum to remove ethanol. The remaining EPS was weighed and dissolved in
a known amount of ethanol and the UV absorbance of EPS solution was measured
at 253.7 nm using a UV–Vis spectrometer. This measurement was repeated for five
concentrations of EPS.

To investigate the effect of carbon source on the UV absorbance of EPS, the above
procedure was repeated for two different carbon sources, a lactose-fed culture and a

Copyright 2005 by CRC Press



“L1615_C018” — 2004/11/19 — 03:00 — page 393 — #9

Flocs and Ultraviolet Disinfection 393

0

0.1

0.2

0.020 0.04 0.06

EPS concentration, wt%

A
bs

or
ba

nc
e

y = 4.1x + 0.02
R 2 = 0.90

0
0 0.1 0.2 0.3 0.4 0.5

1.0

2.0

EPS concentration, wt%

A
bs

or
ba

nc
e

y = 3.8x + 0.10
R 2 = 0.98

(a)

(b)

FIGURE 18.6 UV absorbance of EPS for (a) glucose-fed samples, (b) lactose-fed samples.

glucose-fed culture. Each test was conducted in replicates. Figure 18.6(a) and 18.6(b)
show the plot of absorbance versus EPS concentration for all runs. The slope of both
curves is about 4 wt%, indicating a strong UV absorptivity for EPS. For comparison,
the UV absorbance of protein (bovine serum albumin) and DNA (calf thymus) at
253 nm are 4.1 and 155 wt%, respectively (estimated based on data reported by
Harm5). The results also indicate that the carbon source has a minimal impact on the
absorbance of EPS produced by Klebsiella sp. as measured by this method.

The effect of EPS on the UV penetration into microbial flocs depends on its
spatial distribution. To illustrate this point, we take the three idealized cases presented
in Figure 18.7. We consider a 100 µm spherical floc with a density of 1 g/cm3

and a porosity of 90%. Assuming an EPS concentration of 50 mg/g MLSS with an
absorbance of 400 cm−1, and assuming that EPS accumulates around a single target
organism within the floc (Figure 18.7a), 55% of the incident UV light would be
absorbed by the EPS before reaching the shielded microbe. On the other hand, if
EPS was assumed to be uniformly adsorbed on the surface of the floc while forming
a thin film around it (Figure 18.7c), only 1% of the UV light will be attenuated in
the EPS layer. Finally, if EPS was homogeneously distributed within the floc volume
(Figure 18.7b), 3% of the UV light will be absorbed by EPS before reaching the center
of the floc. The above models are oversimplifications of the actual distribution of EPS
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(a) (b) (c)Dense
microsphere

Uniformly
distributed

Coating
layer

FIGURE 18.7 Schematic diagram showing the spatial distribution of EPS in a spherical floc:
(a) shielding a single organism in the center of the floc, (b) uniformly distributed within the
floc volume, and (c) coating the surface of the floc. The black circles represent target microbes
and the gray areas represent EPS containing zones.

within microbial flocs, but they emphasize on the importance of the EPS distribution
in the disinfection of flocs.

18.4 CONCLUSIONS

Analysis of microbial flocs collected from a municipal wastewater treatment plant
shows that by increasing the floc size fraction from 53/45 µm to 150/125 µm, the
percentage of viable flocs increases from 7% to 11%. At the same time, the dose
demand of samples to achieve one log inactivation more than doubled, increasing
from ∼25 to ∼60 mJ/cm2 with increased floc size. Analysis of EPS extracted from
pure cultures of a Klebsiella sp. shows that EPS is a strong absorber of ultraviolet
light with absorbance of about 400 cm−1; however, the reduction in the UV light
intensity within the floc due to the presence of EPS could vary from less than 1% up
to ∼55%, depending on whether the EPS was all surface associated (an extreme) or
forming a dense microsphere within the floc (another extreme).
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19.1 INTRODUCTION

The flocculating ability of activated sludge and adhesion of dispersed cell or fine flocs
to large floc surfaces influence the level of effluent suspended solids (ESS), or non-
settleable fine particles, in the final effluent of biologically treated wastewaters.1–8

Proposed mechanisms for floc formation, including charge neutralization, and
polymer- and salt-bridging emphasize the importance of surface properties in floc
interactions.2–5,9–12 Increasing attention has been given to the hydrophobic nature
of sludge floc and its role in bioflocculation. A more hydrophobic surface has
been related to a lower level of ESS.6,13–16 The composition and the properties of
extracellular polymeric substances (EPS), particularly proteins, have been shown
to be major determinants of the physicochemical properties of flocs, including the
hydrophobicity.12,15,17,18
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Microbial flocs are naturally hydrated, due to the presence of large numbers of
hydroxyl, carboxyl, and phosphate groups. Side chains in amino acids, the methyl
groups in polysaccharides, and the long-chain carbon groups in lipids all contribute
to the hydrophobic properties of sludge flocs. Flocs are negatively charged under
neutral pH conditions. The presence of ionizable groups such as carboxyl, phos-
phate, and amino groups in the EPS and cell surfaces is responsible for the density
of surface charge. The zeta potential of sludge flocs is usually in the range of−10 to
−30 mV.2,13,19 Simple measures of the physicochemical properties, including hydro-
phobicity and surface charge, may be reliable indicators for predicting bioflocculation
in the operation of biological wastewater treatment processes.15

The purposes of this study were to evaluate the surface tension of sludge flocs by
using contact angle measurement and Neumann’s equation-of-state, to investigate the
influence of sludge retention time (SRT) on the surface tension of sludge flocs, and to
test the feasibility of using surface thermodynamic concept to predict bioflocculation.

19.2 EXPERIMENTS

19.2.1 ACTIVATED SLUDGE SAMPLES

Activated sludge samples were taken from the laboratory-controlled sequencing batch
reactors (SBRs) fed a synthetic wastewater containing glucose and inorganic salts.
The SBRs were operated at different SRTs (4 to 20 days). Details of the SBR system
are given by Liao et al.15

19.2.2 CONTACT ANGLE MEASUREMENT

Sludge samples collected from the SBRs were first washed with deionized distilled
water twice using a centrifuge at 2000 × g for 5 min each time. Then the washed
sludge samples were dispersed by a Vortex mixer and deposited on a membrane
filter (Black MSI Microsep∗, 0.45 µm) under 400 mmHg vacuum. The sludge cake
was filtered until moist and there were no signs of excess water that could be sucked.
Contact angle of deionized distilled water on sludge cakes was measured on a partially
hydrated sludge cake using the axisymmetric drop shape analysis-contact diameter
(ADSA-CD) technique.20,21

19.2.3 LIQUID SURFACE TENSION

Surface tension of the treated effluent was determined by a CENCO tension-meter
(Sigma Chemical Co., MO) equipped with a 6 cm diameter platinum ring at ambi-
ent temperature (21 ± 2◦C). Prior to surface tension measurement, the effluent was
centrifuged at 15, 000× g for 15 min at 4◦C to remove colloidal particles.

19.2.4 EFFLUENT SUSPENDED SOLIDS

The flocculating ability of activated sludge was evaluated by determining the ESS after
40 min settling of mixed liquor in the SBRs. The mixed liquor suspended solids at dif-
ferent SRTs were maintained at the same level (2000± 150 mg/l). The measurement
of ESS was in accordance with Standard Methods.22
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19.3 SURFACE THERMODYNAMIC MODEL

The surface thermodynamic model predicts that the system free energy is minimized
at equilibrium and adhesion between two surfaces will occur.23,24 Consequently, bio-
flocculation will be thermodynamically favored if the process itself causes the system
free energy to decrease. Ignoring electrostatic interactions and other specific binding,
two hydrophobic surfaces approaching at short distances will result in the surround-
ing bound water layers to overlap with the eventual displacement of the bound water
into the bulk water. This would lead to a decrease in the interfacial free energy and
thus bioflocculation.

The interfacial free energy of the interaction between two identical bacterial cells
(B), immersed in liquid (L) can be described as follows:

�Gflocculation = −2γBL (19.1)

where �Gflocculation is the interfacial free energy of floc formation and γBL is the
interfacial tension for the bacteria (B)–liquid (L) interface. If the total free energy of
a system is reduced (�Gflocculation < 0) by cell interactions, then bioflocculation will
be thermodynamically favored.23,25,26 Neumann et al.26 have demonstrated that γBL
is a function of γBV and γLV (where γBV and γLV stand for the interfacial tension of
bacteria–vapor and liquid–vapor, respectively), and developed an equation-of-state
to describe the relationship among γBL, γBV, and γLV:

γBL = (√γBV −√γLV)
2/(1− 0.015

√
γBV
√
γLV) (19.2)

In conjunction with Young’s equation:

γBV − γBL = γLV cos(θ) (19.3)

A third equation is yielded as:

cos(θ) = [(0.015γBV − 2.00)
√
(γBV + γLV)+ γLV]

[γLV(0.015
√
γBV
√
γLV − 1)] (19.4)

Based on Equation (19.4), the surface tension (γBV) of sludge flocs is determined
by measuring the contact angle of a liquid with known surface tension (γLV). The
change in the interfacial free energy of the system, �Gflocculation, is then calculated
from Equations (19.1) to (19.4).27

19.4 RESULTS AND DISCUSSION

Table 19.1 shows the changes in surface tensions of sludge flocs and effluent, and
the �Gflocculation with respect to SRTs. The surface tension of the effluent at dif-
ferent SRTs was similar and the values were quite close to the theoretical value
(72±1 ergs/cm2) of deionized distilled water at ambient temperature. This is per-
haps not surprising, as the effluent, after centrifugation, contained only water and a
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TABLE 19.1
Contact Angles, Surface Tensions, Interfacial Tensions Associated with
Bioflocculation of Sludges at Different Solids Retention Times (SRTs)

SRT (days)
Contact anglea

(degrees)
γBV

(ergs/cm2)
γLV

(ergs/cm2)
γBL

(ergs/cm2)
�Gbioflocculation

(ergs/cm2)

4 20–29 (25± 3) 64.50–68.40 72± 1 0.28–1.07 −0.56 to −2.14
9 15–23 (17± 4) 67.20–70.12 72± 1 0.47–0.09 −0.18 to −0.94

12 29–31 (30± 1) 63.50–64.50 72± 1 1.07–1.35 −2.14 to −2.70
16 30–47 (36± 7) 54.70–64.00 72± 1 1.2–5.27 −2.40 to −10.54
20 31–45 (37± 6) 55.90–63.50 72± 1 1.35–4.61 −2.70 to −9.22

a 6–8 independent contact angle measurements were conducted at different experimental times at
each SRT.

small amount of soluble chemical oxygen demand (COD) and inorganic salts with a
lower ionic strength (1.5× 10−4 mol/l).15 The presence of small amount of soluble
COD28 and inorganic salts29 has only limited influence on the surface tension of
water.

On the other hand, surface tensions of sludge flocs were significantly different
with respect to SRTs. A lower surface tension was associated with sludge flocs at
the higher SRTs (16 and 20 days), as compared to that at the lower SRTs (4 and
9 days) (Analysis of Variances [ANOVA], p < 0.05). It appeared that a transit range
of SRT (about 12 days) existed for a significant change in surface tension of sludge
surfaces. This was the same for the interfacial tension between sludge surfaces and
treated effluent, as shown in Table 19.1. These results suggest that the surface tension
of sludge flocs and the interfacial tension between sludge surfaces and effluent can
be biologically manipulated through the control of physiological status at a microbial
community level.

A plot of ESS against the�Gflocculation is shown in Figure 19.1. There is a strong
positive correlation between the�Gflocculation values and the effluent suspended solids
(Spearman’s coefficient, rs = 0.85, p < 0.01). A higher ESS is associated with a
higher level of�Gflocculation, which is close to 0, particularly for sludge at lower SRTs.
This is consistent with the prediction of the surface thermodynamic approach in that
dispersed cells and fine flocs will aggregate to form settleable large flocs driven by the
decrease in interfacial free energy (more negative). The large variation of the ESS for a
given value of�Gflocculation, particularly for the higher level of�Gflocculation, indicates
that electrostatic interactions might also be involved in governing bioflocculation
except for hydrophobic interactions.

The results from this study provide firsthand information on the surface tension
of sludge flocs and its relationship to bioflocculation in a well-controlled laborat-
ory activated sludge system. A higher SRT produces a sludge surface with a lower
surface tension. A strong positive correlation was found between the interfacial free
energy of bioflocculation and the level of ESS, indicating the importance of surface
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FIGURE 19.1 Relationship between the surface free energy of bioflocculation
(�Gflocculation(ergs/cm2) and the level of ESS (mg/l).

thermodynamics in explaining sludge floc formation. To date the characterization
of the physicochemical properties of microbial floc, particularly hydrophobicity and
surface charge, has been an academic activity. Given the relative ease of measuring
hydrophobic properties (e.g., microbial adhesion to hydrocarbon and contact angle
measurement) and surface charge (e.g., colloidal titration) of flocs, properties that can
be correlated to bioflocculation and floc structure,15,16,30 such determinations may be
of greater value in assessing sludge separation properties than the emphasis given to
the role of filamentous bacteria.31

19.5 CONCLUSIONS

The surface tension of sludge flocs can be influenced by changes in SRT. A
higher SRT produces a sludge surface with a lower surface tension. A strongly
positive correlation was found between the �Gflocculation and the level of ESS,
implying the importance of surface thermodynamics in explaining sludge floc
formation.
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20.1 INTRODUCTION

The workshop, Flocculation in Natural and Engineered Systems, held in September,
2003 at the Canada Centre for Inland Waters provided a unique perspective of floccu-
lation processes through the integration of current knowledge obtained from natural
and engineered systems. This multidisciplinary workshop incorporated scientists who
work in freshwater and saltwater environments, and engineered systems. This allowed
for a cross communication of ideas from disciplines that have largely remained isol-
ated in their study of flocculation processes. This integration of ideas and methods
provides researchers from different disciplines and work environments with differ-
ent motivations in their effort to answer the very different questions dictated by the
environment of investigation. The different approaches to the study of flocculation
presented in this chapter allow individuals to look at it from an alternative perspective.
With an integrated approach, new opportunities arise for flocculation research within
all three environments.

As can be seen from the preceding chapters, flocculation plays an essential role
in mediating the physical, chemical, and biological properties of not only the sus-
pended flocs themselves, but also of the aquatic or engineered system as a whole.
As such, the flocculation process has significant environmental and socioeconomic
implications. For example, flocculation plays an important role in sediment associ-
ated contaminant fate and effect, reduces reservoir capacity and fisheries habitat due
to increased sedimentation, is used as a remediation strategy for oil spills and toxic
algal blooms, and dictates the efficiency of wastewater treatment systems. While
untold billions of dollars are spent each year on issues for which flocculation is the
key process, our understanding of the underlying mechanisms is still developing. The
goal of this workshop was to improve our knowledge of flocculation and its role in
what appear at first glance to be very different environments. The free exchange of
methods, models, and ideas between researchers has identified areas of convergence
and divergence within the study of flocculation. The workshop demonstrated that, in
general, the important variables in the flocculation process are the same regardless
of environmental constraints (freshwater, saltwater, or engineered systems). Appar-
ent differences lie in the perceived relative importance of these variables and in the
specific approach used for their assessment.

It is clear that there are three basic principles and one emerging issue which are
supported in all three environments. The principles are (1) that flocculation is agreed,
at its most simplistic level, to be the aggregating together of smaller particles to form
larger particles; (2) that successful aggregation occurs through mechanisms described
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by the basic coagulation theory; and (3) that the substantive physical behavioral impact
of flocculation is the modification (generally increasing) of the downward flux of
sediments. The biology of flocculated sediment, particularly the microbial activity,
is quickly emerging as an important issue; bacterial activities modify much of the
physical, chemical, and biological behavior of the sediment particles and the system
as a whole. The biological aspects of flocculation have, of course, always been an
important issue in engineered systems (e.g., wastewater treatment) but are only in the
last few decades being explored within the freshwater and saltwater environments as a
significant mechanism influencing the flocculation process. Beyond these three prin-
ciples and the emergence of biological activity as an important aspect of flocculation,
all other aspects of this complex phenomenon were generally agreed to be ruled by
site-specific parameters culminating in unique structures and chemical and biological
behaviors within the medium of transport. This chapter summarizes the outcomes of
the workshop and guides us toward a better understanding of the unifying principles
of flocculation.

20.2 UNIFYING PRINCIPLES OF FLOCCULATION

The workshop was structured so that three focus areas were addressed for each envir-
onment of study. They were modeling, physicochemical, and biological aspects of
flocculation. Based on specialty, delegates were divided into three breakout sessions
to address one of these focus areas. Each focus group contained researchers from the
freshwater, saltwater, and engineered systems to ensure a cross communication of
ideas between environments and to facilitate an understanding of the unifying prin-
ciples of flocculation. Each focus group was provided the following five common
questions to ensure continuity for the final plenary session:

1. What are the common and different theories and principles used in each
environment of study to address the focus topic?

2. What methods of parameter analysis are common and different between
each environment of study to address the focus topic? What are the
important parameters to be addressed?

3. How have field and laboratory studies been employed to address the
focus topic and what are the similarities and differences between the
environments of study?

4. Is there latitude to employ theories, methods, analysis, etc. not commonly
used in one environment of study to another?

5. Are there emerging issues?

The following sections summarize the discussions focused on these five questions
during the plenary session.

20.2.1 COMMON OR DIFFERENT ISSUES AND PRINCIPLES

Given the environmental and disciplinary differences of the researchers working in
each system, it is not surprising to see that there are many different issues or prin-
ciples considered by each. This section discusses those principles or issues for which
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there was agreement on their significance within flocculation research within all three
environments.

20.2.1.1 Definition of a Floc

While the simplistic definition of flocculation provided earlier is agreed upon, the
expansion from this basic level to more complex structures is driven by system spe-
cific conditions including the dominant particle types or the constituent particle of
focus. A wide range of constituent particles enter into flocculation and these are
summarized in Chapter 2. Many of these were discussed within the workshop with
differences evident between systems of focus. While not always the case, generally
freshwater researchers were concerned more with the inorganic fraction of the floc
particles due to the need to assess mass transport within rivers and lakes. The saltwater
researchers dealing with estuaries, continental shelf, and open-ocean settings tended
to focus on both the inorganic and organic fractions, while the engineering researchers
were almost exclusively concerned with the biological fraction due to the focus of
wastewater treatment. Examples of floc differences with regard to environments are
aggregates delivered to rivers via overland flow or eroded from the bed (Chapters 3
and 4), marine snow (Chapter 11), estuarine turbidity maxima (Chapter 10), and
engineered microbial flocs (Chapters 14, 17, and 19). All researchers from all envir-
onments of study, however, realize the importance of organic and inorganic colloids
and microbial activity within their flocculation studies.

20.2.1.2 Coagulation Theory and Floc Kinetics

Coagulation theory is fundamental to the study of flocculation in all environments.
The principle of small individual particles adhering and forming larger faster sinking
particles underlies the study of sedimentation in all three disciplines. Within the
workshop, it was obvious that the initial starting point of coagulation had been refined
within each of the different environments to enable researchers to understand better
the process they were studying. Much of the work being carried out in freshwater and
saltwater ignores the initial onset of coagulation and concentrates more on the behavior
of established floc kernels. Most of the attention in those fields lies within the realm
of physics (particle transport and collision) rather than chemistry (destabilization of
particles to make them sticky). In contrast, the initiation and control of coagulation
is an essential part of engineered systems.

20.2.1.3 Modeling within the Smoluchowski Framework

The majority of the modeling efforts for flocculation are centered on the Smoluchow-
ski framework. The principles captured within the Smoluchowski framework appear
to be universal, and the major emphasis within the workshop was on further develop-
ment and application of these principles within respective disciplines. It was evident,
however, that within engineering systems, modeling of the flocculation process is
not extensively applied. This divergence from natural system modeling is due to the
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process-oriented nature of engineered treatment systems (e.g., wastewater). Modeling
which is performed in this environment tends to be based on the plant operation rather
than on flocculation specifically.

The freshwater and saltwater disciplines share a common interest in modeling the
formation of flocs in suspension (Chapters 8 and 12). Both disciplines require floc
models to determine the subsequent transport and deposition of suspended material.
Due in part to the somewhat recent realization that flocculation is an essential factor
in freshwater, the majority of the modeling work has been carried out in marine envir-
onments. The roots for model development in the saltwater discipline are found in the
classic case of flocculation at the saltwater interface of rivers. This simple, chemical-
based aggregation was well suited to application of the Smoluchowski framework,
hence significant advances were made. The need to reconcile the rapid vertical trans-
port of carbon in the open ocean and the presence of abundant flocs in freshwater
has forced researchers in both areas to consider biologically mediated aggregation in
their models (Chapter 13).

20.2.1.4 Settling Dynamics

Research from all environments places a strong emphasis on the understanding of
floc settling dynamics. This is based on the knowledge that the ostensible effect of
flocculation is the modification of the downward flux of sediments. Understanding,
modeling, and controlling settling dynamics has environmental, social, and economic
benefits. Examples stemming from the workshop include the removal of sediments
and contaminants from engineered systems (Chapter 19), the development of estuarine
turbidity maxima (Chapter 10), and infilling of reservoirs and destruction of habitat
due to increased sedimentation (Chapter 4).

20.2.1.5 Hindered Settling

Hindered settling is a principle that applies mostly to the engineered system; how-
ever, it is also an issue within saltwater systems that have high sediment load. In
the engineered system, microbial floc formation and gravity sedimentation of the
synthesized biomass in secondary clarifiers of activated sludge plants are considered
to determine the overall efficiency of this secondary wastewater treatment process.
Hindered settling has plagued the activated sludge process since its inception and is
related to solids separation problems, such as microbial bulking and foaming, set-
tling difficulties of microbial flocs, and difficult dewatering of the sediment sludge.
Hindered settling in engineered systems is most often reflective of a buoyant property
due mostly to the trapping of water, bubbles, and filamentous microorganisms (e.g.,
algae and bacteria) between and within floc particles.

Hindered settling within saltwater systems occurs when at high concentrations the
return flow of water around settling particles creates an upward drag on neighboring
particles. At sufficiently high concentrations, hindered settling can keep sediment
fluidized and prevent settling. In saltwater systems, hindered settling can lead to the
development of extremely high concentrations, near bottom sediment layers, that can
reduce boundary layer turbulence.
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20.2.1.6 Suspended Solids Concentration

While agreed to be an important issue in all environments, it takes on different
significance within each. Within the natural systems, suspended solids concentration
is important in the modeling of flocculation due to its impact on collision frequency,
maintenance of maximal floc size, loading of receiving water bodies, and burial rates
among others. Within engineering facilities such as those of wastewater treatment,
suspended solids concentration is a critical parameter related to the maintenance of
a specific sludge volume (important for effective operation), to an optimization of
sludge dewatering properties, and to an optimization of settling characteristics within
clarifiers. See Chapter 19 for further discussion.

20.2.1.7 Emphasis on Gross Morphology

The reflection of gross morphology on an individual basis or through grain size dis-
tributions is employed more within flocculation research from the freshwater and
saltwater systems. This is attributed to the needs for assessing particle transport and
as such a need to understand how floc structure influences floc transport. In the engin-
eered systems, the gross structure of flocs tends to be less important than the overall
mass characteristics of sediment within, for example, activated sludge systems. The
exception to this is, however, seen in research efforts centered on the development of
a “designer” floc which will have specific physical, chemical, and biological charac-
teristics and which will optimize a given engineering requirement. For example, the
formation of a population of more compact flocs with good settling characteristics
and low water content will improve dewatering performance (Chapters 2, 3, 4, and 5).

20.2.1.8 Microbial Activities

The speciation of the microbial component, the microbial optimization of their own
environment and EPS (extracellular polymeric substance) production are all related
to microbial activities within the floc. Within the majority of wastewater engineering
applications, the activity of the microbial component is paramount to the develop-
ment and behavior of flocs within the system (Chapters 14 and 15). The principle of
the great importance of microbial activity within natural flocs has only more recently
been explored (Chapters 2 and 6) with the saltwater research being more advanced in
this regard than the freshwater systems, due largely to the microbial research involved
in marine snow investigations. Microbial activity is fast becoming the dominant phe-
nomenon of interest within flocculation research in both natural systems because of
its strong influence on the physical, chemical, and biological activity of the sediments
and system as a whole (Chapters 2 and 6).

20.2.1.9 Floc Stability

Stability is a critical principle within flocculation research in all environments due
to its obvious influence on particle transport, erosion, and engineered system per-
formance. While floc formation is fairly well constrained, floc breakup under applied
stress is not well understood. As such, it was agreed that one of the greatest needs
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in flocculation research is the need to develop methods to measure properly this
floc characteristic (see Section 20.2.2.5). Such characterization would aid greatly
in the effective modeling of flocculation processes within all three environments
(Chapter 16).

20.2.1.10 Response to Stressors — Function and Structure

In essence this is the heart of all flocculation research regardless of environment.
Traditionally within the natural environments, research is centered on a sediment’s
response to an applied or changing shear stress with concomitant influence on floc
development and transport (Chapter 5). This is particularly true for the modeling
aspect of flocculation research (Chapter 8). From the engineered system, however, the
stressors are often related more to nutrient or contaminant fluxes which can modify
the performance of a system by influencing floc structure and biological activity
(Chapter 17) (physical shear is obviously also an issue). The use of a stressor such
as ultraviolet radiation has been used successfully in disinfection (Chapter 18). More
recently, researchers studying natural systems are beginning to assess the interaction
of contaminants with flocs. This is an emerging issue within floc models which
require additional parameters to predict spatial and temporal contaminant changes
within sediment systems.

20.2.1.11 Chemical Gradients

The realization that chemical gradients may be set up within a floc via diffusional or
advective processes is primarily restricted to engineered systems where contamination
interaction is a large and expanding area of research. Analysis of gradients within
natural systems stems largely from biofilm research (Chapter 6) where such issues
are important at sediment water interfaces. It is now understood that many of the
processes occurring in biofilms also occur in flocs. In essence flocs can often be
considered suspended biofilms (Chapters 2, 6, and 14).

20.2.2 COMMON OR DIFFERENT PARAMETERS AND THE METHODS

USED TO INVESTIGATE THEM

There are numerous parameters that are measured in the study of flocculation. The
majority of these are common among all three environments of study. As expected,
because of the very different physical, chemical, and biological constraints within
these environments, there is disagreement on the relative importance of these para-
meters. There is a movement away from relying on bulk measurements to assess
sediment characteristics, to that of assessing individual flocs within a population to
gain a much more in-depth understanding of how floc structure will influence floc
behavior or system performance as a whole.

Following are the most important floc parameters influencing flocculation, as
agreed upon by the delegates, and the relative importance of each parameter to each
environment. There are some standard methods for the assessment of these paramet-
ers; however, different approaches are often taken by researchers who are driven by
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constraints imposed by external variables and by the accessibility of state-of-the-art
technologies. Often location, concentration, and size differences (e.g., colloid versus
particulate) lead to a requirement for different methods. Rather than provide in-depth
discussion on the various methods for the measurement of these variables, the reader
is referred to Chapter 1 for an overview and insight into the methods applied to the
study of flocculation.

20.2.2.1 Floc Size

Floc size is the most common parameter which is used within all environments and
is often manifested as a distribution (by volume or number) or as a statistical rep-
resentation of a distribution such as median size or maximal floc size. Complicating
the parameter of floc size is that measuring or even defining it is problematical and
not uniform between disciplines and researchers. Different physical properties (e.g.,
equivalent spherical diameter, longest dimension) are often used to reflect floc size
distributions. In addition different instruments measure a physical property differ-
ently, resulting in potentially dissimilar results. Caution must also be taken when
characterizing flocs by volume distributions only, due to the overriding influence that
a few large particles can have on the distribution. Often an insignificant number of
particles (relative to the total number) can represent significant volumes of the total
sample. Nonetheless, floc size is a key component of any model for the prediction
of sediment transport, deposition, and erosion. Floc size will also have an impact on
filter feeding organisms and on the trapping efficiency of gravel beds; it will also have
a bearing on sludge volume within wastewater treatment systems. Chapters 3, 4, 5,
9, 17, and 18 all utilize floc size as in important part of the research investigations.

20.2.2.2 Settling Velocity

While floc size is the most common physical characteristic measured, settling velocity
is the most common behavioral characteristic measured. It is also the most critical
parameter for transport models and is generally measured using in situ or laboratory
settling columns. It is acknowledged that older methods such as Owens tubes, which
determine settling velocity from clearance rate, must be used with caution since they
are based on the derivation of Stokes’ equation that assumes solid spherical units.
Flocs, as amply demonstrated in this book, are not solid spherical units. Differences
between settling velocities derived from settling columns can vary from in situ velo-
cities by an order of magnitude. The critical role of settling velocity in modeling
sediment transport and the assessment of an engineered system’s efficiency can be
seen in Chapters 4, 5, 8, 10, and 11.

20.2.2.3 Density and Porosity

Density and porosity are two variables which are highly related and which will have
an effect on the transport characteristics of the sediment (Chapters 3, 4, and 5).
As porosity increases, density decreases primarily due to an increase in pore water.
Engineers are very much aware of this parameter as it will dictate the dewatering
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efficiencies for sludge removal. Particle density is also a critical variable for most
modeling efforts regardless of environment. There is no standard direct measurement
of these two parameters. Generally they are estimated, based on measuring the settling
velocity of known size particles and then using Stokes’ equation (or a derivation
thereof with a correction factor) from which the density is derived. Porosity has been
derived by a mass balance between the dry floc density, wet floc density, and the
water density (Chapter 1). Direct measurements of porosity are irrelevant due to the
tortuous nature of pores as dictated by the extracellular polymeric substances (EPS)
matrix within flocs (Chapter 2).

20.2.2.4 Shape (Fractals)

The shape of a floc is often used to help explain the settling and transport behavior of
flocs. Most often this is done by using a shape factor such as roundness or sphericity
as a correction factor for data from settling equations such as Stokes’ law. Fractal
dimensions are also used and these are believed to be a more sensitive assessment of
particle shape and roughness. There are many variants on assessing fractal dimension,
with the majority based on the slope of the line between surface area and perimeter for
a population, or individually as the change in perimeter with incremental increases
in measurement steps around the floc. There are many more variations for which the
reader is referred to Chapters 4 and 5.

20.2.2.5 Strength

This parameter relates back to the stability issue from Section 20.2.1.9. There is no
defined standard method for the measurement of floc strength or a standard unit of
measurement. Atomic force microscopy (AFM) is one technique which demonstrates
promise in this regard (Chapter 16); however, other means for the characterization
of stability are needed. The majority of stability work performed to date has been
based on the correlation between measures of shear and floc size (Chapter 5). This
relationship has been restricted to laboratory studies where often unrealistic shears
are applied. A field method of assessing floc stability is critical. It must, however, not
be based on the assessment of changes in volume distributions as these are severely
biased toward larger flocs and will provide erroneous relationships (Chapter 1).

20.2.2.6 Stickiness

This parameter is similar to strength in that there is no standard unit of measure-
ment or method of measurement. Once again AFM is fast becoming the method
for its assessment (Chapter 16); however, it is not ideal as it can be very expens-
ive to use. Occasionally, carbohydrates, uronic acids, or other EPS components are
used as a surrogate variable to suggest a degree of stickiness within a population
of flocs. Assessment of individual floc stickiness is still, however, an elusive, but
highly sought after, variable. Stickiness and a tendency to flocculate are related. In
this regard, some progress has been made to show relationships between floccula-
tion, system free energy, and the physicochemical properties of floc. The level of
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effluent suspended solids in biologically treated wastewaters is a strong indicator of
flocculation and is related to the physicochemical properties of microbial floc formed
in the aeration tank of wastewater treatment systems. Increasing experimental evid-
ence indicates that hydrophobic interactions play an important role in flocculation
(Chapter 19).

20.2.2.7 Microbial Ecology

Microbial ecology is currently receiving a great impetus from environmental gen-
omics and the use of specific probes in conjunction with analytical microscopy
(Chapters 1, 6, and 15). Environmental genomics is a genetics-based, interdiscip-
linary field of research that seeks to understand external factors affecting organisms
when they are exposed to environmental stresses, such as contaminants and patho-
gens. Host responses to these stresses include changes in gene expression and genetic
products, changes that culminate with alterations in host phenotype, including host
EPS composition.

Until recently it has been very difficult to determine the true level of diversity
of microorganisms in both natural and engineered ecosystems. However, advances
in molecular biology have now made it possible for microbiologists to use novel
tools in studies of the ecology, diversity and evolution of microbes. The advantage
of using molecular techniques is that bacterial cells present in a complex microbial
community can be detected and classified without any necessity for their cultiv-
ation. Thus, comparative sequence analysis either provides researchers with the
phylogenetic framework for unequivocally placing unknown bacteria, or allows the
development of tools such as fluorescent in situ hybridization (FISH) DNA probes to
identify the large number of uncultured bacteria seen under the microscope in natural
environments. However, the limited number of probes that can be applied in one
hybridization experiment becomes a distinct bottleneck when this technique is used
for community analysis where a high level of phylogenetic resolution is required.
The fact that many of the molecular methods described are not widely accessible to
all, as well as the difficulties in mastering these methods, presents challenges to floc
researchers wishing to fully employ these in their studies.

20.2.2.8 Surface Properties

More emphasis is being placed on the structure, composition, and the physicochemical
properties (e.g., surface properties) of flocs and the suspending medium as these may
strongly influence the behavior (e.g., bioflocculation, settling properties, biosolids
management, or contaminant removal) of biomass. The role of surface properties in
floc interactions is particularly important in understanding microbial floc formation
(Chapter 19). The proposed mechanisms for microbial floc formation can be classified
into five types: (1) charge neutralization; (2) hydrophobic interaction; (3) polymer
bridging; (4) salt bridging; and (5) the surface thermodynamic approach. The poly-
mer bridging mechanism has received the greatest attention (Chapters 7 and 9); it
involves the entanglement and adsorption of microorganisms and other particles by
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the EPS. The differences between these models lie in which of the surface properties
is considered to be most important, and how a particular parameter is affected by
nutritional and environmental conditions.

A wide variety of methods have been applied to examine the gross morphological
properties of flocs, their ultrastructure and physicochemical properties (including
hydrophobicity and surface charge), and the composition of their EPS (Chapter 1).
Greater emphasis in the future should be directed to applying these methods across all
floc types, as well as to increasing the standardization of methods and techniques, for
permitting comparative analysis of different properties among different floc types. The
desired outcome will be to have reliable tools and a comprehensive knowledge of floc
that can enhance cost and energy efficiencies, optimize processes and sustainability,
and manage better the risks related to important flocculation-mediated environmental
processes in environmental and engineered systems.

20.2.2.9 Large Number of Common Variables

There are a host of common standard variables for the three environments of study.
These typically are pH, temperature, DOC, POC, BOD, COD, and ionic strength and
do not need elaboration in this chapter.

20.2.3 FIELD AND LABORATORY STUDIES

A discussion on the similarities and differences of field and laboratory studies between
environments demonstrated a strong split in needs. Generally within the engineered
systems, research into flocculation is exclusively lab based, given the nature of the
requirements. Within the natural systems (freshwater, saltwater), there tends to be an
emphasis on field work; however, there is still some important experimental laborat-
ory work oriented ostensibly around modeling issues. Laboratory experiments often
take the form of flume work (Chapter 5) or shear related experiments (Chapter 8). Of
course any modeling efforts generated from laboratory experiments will need to be
validated within the field. The greatest difficulty in using laboratory studies to rep-
resent the “real world” is in scaling the findings from the laboratory to the field. This
difficulty in transferability is likely to be related to scaling differences in turbulence
intensity between the two environments (laboratory versus field) and the impossibility
of accounting for the myriad of uncontrolled variables within the field. Nonetheless,
natural and engineered laboratory experiments do allow for the assessment of the
dominant mechanisms influencing flocculation.

The single most difficult issue, regardless of a field or laboratory approach, is the
sampling of flocs for investigation. The issue lies around maintaining the integrity of
the flocs during sampling, transport, and analysis. It was interesting to note differences
in the focus of the groups studying natural systems and those studying engineered sys-
tems. While natural systems studies concentrated more on in situ studies, engineered
systems were far advanced in the study of individual flocs. The difference in emphasis
may reflect the difference in the stability of the flocs in natural and engineered
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systems. While flocs from batch reactors and other controlled and recirculating sys-
tems are relatively robust, flocs in both marine and freshwater systems are ephemeral,
making transport to the lab extremely problematic. Generally, flocs are presumed to
be inherently unstable and prone to break up. Floc stability changes, and changes to
resulting morphological correlates of stability, can occur quickly during storage of a
sample prior to analysis; no bulk storage prior to analysis is recommended. Methods
are now available which transplant laboratory stabilization techniques (common to
microscopy) to the field, thus allowing minimal perturbations and prolonged sample
storage prior to analysis. Stabilization is, however, only feasible for small sample
populations. Sampling of flocs in the natural systems is made more difficult due to
uncontrollable external variables such as weather and spatial and temporal variations.

Through the preceding chapters, this book provides an extensive cross-section of
both field- and laboratory-based work. It is evident that both approaches are required
and need to be integrated in order to more fully understand the complex issues of
flocculation in natural and engineered systems.

20.2.4 LATITUDE FOR LINKAGE OF FRESHWATER, SALTWATER, AND

ENGINEERING PRINCIPLES, METHODS, AND ANALYSIS

From the workshop and from the preceding chapters, it is evident that there is signi-
ficant latitude for overlap in the use of principles, methods, and analysis between the
freshwater, saltwater, and engineered systems. The greatest potential for the transfer
of technology is with regard to microbiology. As stated earlier, it was agreed that
the microbial consortia play a large role in controlling floc structure and behavior.
The engineered system has been the leader in the assessment of floc microbiology
and, as such, lends great potential to assist the freshwater and saltwater environments
in developing methods and indices that would provide further insight into floccula-
tion processes for these environments. Specifically, areas that could be developed
are genomics, molecular, and microscopic methods within freshwater and saltwater
systems.

Further, it was also agreed that there was scope for integrating the rapidly evolving
approaches of nanotechnology, and surface and materials science into all systems.
Scanning transmission x-ray microscopy, using synchrotron radiation, has shown
great potential to map floc architecture and chemistry at high resolution in three dimen-
sions. Atomic force microscopy is a promising new tool for measuring the interaction
forces between one colloidal particle and another. Advanced optical microscopies,
including confocal laser scanning microscopy, are permitting the integration of topo-
graphical, chemical, and three-dimensional structural information, with molecular
and ecological determinants that determine floc characteristics.

Often models have remained somewhat mutually exclusive to the environment
or issue that they were used to investigate. Many if not all of these models have at
least some common components or assumptions. Given this realization, it was dis-
cussed that a base-line sediment transport model with a common modeling framework
would be of great advantage for the investigation of floc related issues. Such a base
model would greatly improve cross linkages between environments and allow for
transfer of technology between environments for expanded and improved assessment
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capabilities. Such an approach would also make it easier to integrate models for a
more holistic look at the greater environment. For example, it was agreed that great
utility would be achieved if models of rivers, estuaries, continental shelves, and open
oceans could be linked given their real world connection.

Finally, it was agreed that the natural systems have traditionally dominated the floc
research approach which uses in situ technology to investigate floc form and behavior.
In situ methods for measuring particle sizing and settling velocity are becoming
common place (see Chapter 1) and often use direct observation (video) or indirect
(laser particle sizing) methods to make assessments in a temporal or spatial context.
It was agreed that the potential exists to implement similar systems in-line or in-tank
for many engineered systems such as wastewater and drinking water treatment.

20.2.5 EMERGING ISSUES AND CHALLENGES

While microbiology is an area of commonality, it is still an emerging issue, particularly
within the freshwater and saltwater environments. Issues which will require further
development reside in the efforts to deal with heterogeneity and diversity of the floc
microbial population and their impact on floc behavior. In particular, we must ascertain
which bacterial species play the most important roles in creating floc architecture,
and which environmental signals modulate their efforts. Within the engineering field
there is the need to optimize particle specific conditions toward the development of the
“designer floc.” The designer floc will be the product of a bioengineered system for
promoting the formation of flocs which are functionally adept at achieving a desired
result such as specific contaminant removal or effective settling.

Contaminant interactions with sediments and flocculated particles, in particu-
lar, are poorly understood. This was effectively born out of the traditional bulk
sample approach to contaminant concentration assessments. The effective microscale
biogeochemical pathways and mechanisms which mediate the uptake, transforma-
tion and fate of contaminants in aquatic and engineered system flocs remain largely
unknown. In order to develop and initiate effective contaminated sediment remedi-
ation strategies, it is essential that the microscale processes of contaminant interaction
be ascertained. Further, little is known about the interactions of pathogens and
hosts within flocs and how the floc influences pathogen viability, proliferation, and
activation within sediment water systems.

Further emerging issues relate to source area identification of sediments and
the role that flocs formed in the water column versus aggregates formed in the ter-
restrial environment (water stable soil aggregates) play in the transport of sediment
and associated contaminants. Further, there is a lack of knowledge on how a floc’s
biogeochemical characteristics influence bed sediment development and biogeo-
chemical characteristics, particularly in terms of biofilm development, contaminant
assimilation and transformations, and bed stability.

The advancement of floc research in all environments will continue to benefit from
the development of in-situ techniques, as these methods allow for the unobtrusive
real-time assessment of changes in floc population characteristics. In so doing, water
managers can adjust protocols to provide for a more effective management of water
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resources. Such management could pertain to sediment remediation efforts or to
wastewater treatment system operations.

Contaminated sediment and aquatic remediation are increasingly employing floc-
culation principles. For example, promoting flocculation of oil with clay has been
successfully used for oil spill remediation, thus adding it to a list of available strategies
for environmental clean up. Other technologies are emerging which also embody floc-
culation as an integral part of the technology, such as the addition of clay to toxic
algal blooms to promote flocculation and thereby reduce their impact on commercial
fisheries. There is great potential for flocculation research to aid in the development
of other remediation technologies in the future.

Finally floc strength is realized to be a critical characteristic in relation to sediment
and contaminant transport; however, there is no suitable method of measuring it. This
in conjunction with the microbial activity of flocs was viewed as the most urgent
challenge facing flocculation researchers.

20.3 CONCLUSION

Sediments within both natural (freshwater and saltwater) environments and engin-
eered facilities play significant environmental, economic, and public health roles
in society. The majority of priority pollutants including heavy metals and organic
contaminants (such as PAHs) are associated with sediment particles. The beneficial
use impairment of many aquatic environments, including every area of concern as
defined within Remedial Action Plans of the Great Lakes basin of North America
and elsewhere internationally, is related to contaminated sediments. These bene-
ficial use impairments include swimming, boating, fishing, esthetics, odor, and
benthic community impacts. Substantial sums of money are invested each year
in the remediation of contaminated sites in an attempt to increase beneficial uses.
Within engineered systems such as drinking water and wastewater treatment facil-
ities, the removal of solids is the key aspect of treatment and, as such, here too
significant sums of money are invested to provide the most efficient operating system
possible.

Within both natural and engineered systems, when sediment issues are in ques-
tion it is inevitable that flocculation will be a dominant process that will contribute
to, or control the issue. This is because the majority of cohesive sediments within
natural systems are transported and eroded within a flocculated state and the floc
is the model form of solids for most engineered systems. Given that the structure
of a floc will influence its physical (transport), chemical (uptake and transformation
of contaminants), and biological (community dynamics and biochemical activities)
behavior, it is not surprising that flocculation plays a dominant role in influencing
the environmental, economic, and public health impacts of sediments. While this
is widely accepted, there is still a fundamental lack of knowledge related to many
aspects of the flocculation process and the resultant floc and as such our abilities to
manage water resources are impaired.

Through the sharing of information between researchers of different disciplines
and environments, the workshop has contributed to improving our knowledge of
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the greater flocculation process and impact within the freshwater, saltwater, and
engineered systems. The workshop has demonstrated the strengths and weaknesses
within floc research in the three environments and has pointed to the need for contin-
ued collaboration between researchers. Of particular note is that cross-environment
multidisciplinary studies would be of great benefit in ascertaining the universality
of flocculation processes and impacts. Presently such cross-environment studies are
very limited in scope. Continued development of new and innovative methods which
can be effectively used between environments will be essential to the advancement
of flocculation research.

The contributors to the Workshop on Flocculation in Natural and Engineered
Systems have provided herein some integral elements to advancing our understanding
of flocculation processes; however, the work has only just begun. By integrating
resources, expertise, and ideas, researchers will continue to advance our knowledge
in this vitally important environmental, economic, and public health issue.
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