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Coagulation and flocculation are commonly used in drinking water treatment 

as a means of destabilizing and aggregating particles and promoting adsorption of 

dissolved organic carbon (DOC).  In practice, jar tests are used to determine optimal 

conditions for the removal of turbidity and DOC.  However, beyond the inferences 

that can be made with respect to turbidity removal during the sedimentation (and/or 

coarse filtration) step, little attention is paid to details of the particle size distribution 

(PSD) and the morphology of the aggregates that are formed.  These physical 

properties can strongly influence the efficiency of downstream processes (e.g., 

sedimentation, granular media filtration, and membrane filtration).  A greater 



quantitative understanding of how coagulation conditions influence the size 

distribution and morphology of floc formed during water treatment is necessary.  For 

example, the optimal PSD for efficient removal in sedimentation is likely very 

different than the desired PSD for direct filtration using membranes. 

Experiments were conducted using monodisperse polystyrene microspheres, 

polydisperse synthetic water (kaolin clay and humic acid), and natural waters.  The 

focus the experimentation was to develop a new methodology for characterizing 

aggregate morphology and to apply that method to evaluate the influence of physical 

and chemical conditions on the resultant PSD, fractal dimension, and removal of DOC 

during coagulation.  Samples were collected and analyzed using a Coulter Counter 

Multisizer 3 and a Brightwell Technology DPA 4100-D digital particle analyzer.  

PSDs based on solid volume (Coulter Counter) and maximum Feret’s diameter (DPA 

4100) allowed the determination of the fractal dimension using a modification of the 

two-slope method developed by Jiang and Logan (1996).  

Results from experiments conducted using latex microsphere destabilized in 

0.6M NaCl show that distinguishable changes in the PSD and floc morphology due to 

changes in the mixing conditions can be observed using the methodology described in 

the following chapters.  Microsphere coagulation was conducted at three distinct 

mixing conditions: flocculation, breakup, and regrowth.  Flocculation mixing resulted 

in a dramatic reduction of primary particles as large porous floc were formed.  These 

floc were characterized by a low three dimensional fractal dimension, D3 , implying 

that the floc were loosely packed and had a low density.  Restructuring was observed 

during breakup mixing that saw large floc broken up into multiple smaller and more 



compact floc, as characterized by an increase in D3.  Regrowth allowed the floc size to 

recover from the restructuring of the breakup mixing phase, with the resultant floc 

being characterized by a D3  between that observed for the flocculation and breakup 

phases.  Enhanced alum coagulation of synthetic and natural waters produced fragile 

floc which were difficult to characterize in terms of the fractal dimension as measured 

using the methodology validated using the latex microspheres.  The difficulty in 

analyzing the large alum floc was likely caused by breakup during measurement.   

The results show that coagulant pretreatment significantly alters the size 

distribution of the feed water.  Optimizing the coagulation conditions with respect to 

specific downstream processes has the potential to increase efficiency and decrease 

operational and maintenance costs. 
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Title:  The Effect of Coagulation Conditions on Floc Size Distribution and 

Morphology: Implications for Downstream Treatment Processes. 

1.0 INTRODUCTION 

1.1 Background 

The use of coagulation and flocculation of particles as pretreatment processes 

has long been standard in the treatment of drinking water from surface water sources.  

The purpose of coagulation is to destabilize particles by reducing the repulsive forces 

that particles that prevent particles from colliding and forming aggregates.  

Coagulation can be achieved through the use of various chemicals, such as high ionic 

strength electrolyte (e.g., NaCl), inorganic salts (e.g., alum and ferric sulfate) or with 

polymer compounds.  The choice of chemical and/or the dosage used will change the 

mechanism of destabilization (e.g., compression of the double layer, charge 

neutralization, sweep floc, and inter-particle bridging).  Once the particles are 

destabilized, flocculation mixing (and detention time) is used to increase the number 

of collisions between particles through fluid shear, Brownian motion and differential 

sedimentation (Cornwell and Bishop 1983). 

In recent years, the growing use of membrane filtration as an alternative to 

traditional particle removal processes (e.g. sedimentation and granular media 

filtration) has changed the role that coagulation and flocculation can play in the 

treatment of drinking water.  In the past, coagulation pretreatment was utilized to form 

large, dense aggregates in order to increase the settling velocity and improve removal 

efficiency of sedimentation.  Increasing the particle size improves the removal 
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efficiency of granular media filtration because the larger particles are more easily 

removed by the filter media. Coagulation is also primarily used to remove natural 

organic matter (NOM), which has been shown to be a precursor to the formation of 

disinfection by-products (DPBs) during chlorine disinfection which have been shown 

to be carcinogens.  Coagulation can also be used to adsorb inorganic metals such as 

arsenic from drinking water.   

With membrane filtration, pretreatment is commonly used to (1) prevent the 

formation of DPBs and (2) improve the performance of the membranes by removing 

NOM from the feed water through adsorption onto solid precipitates formed during 

coagulation, preventing the NOM from adsorbing to the membrane pores (Howe and 

Clark 2006).   

Coagulant pretreatment for membrane filtration can take many forms, 

including in-line coagulation, direct membrane filtration, and conventional 

pretreatment. In in-line coagulation coagulants are added with little or no flocculation 

occurring prior to filtering.  Direct membrane filtration is characterized by coagulation 

and flocculation prior to membrane filtration without the use of sedimentation or some 

other solids removal process.  Conventional pretreatment contains coagulation, 

flocculation, and sedimentation process that are useful at reducing the solids load to 

the membrane filters by removing any large floc.  Beyond the pretreatment processes 

available, each one the configurations mentioned above can be paired with membranes 

operating as either submerged membranes where water is drawn through the 

membrane via vacuum or pressurized membranes that use a pressure gradient to push 
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the water through the membranes.  Each combination of pretreatment method and 

membrane process could result in very different size distributions and removal 

efficiencies. 

1.2 Problem Statement 

To date, no set of viable guidelines have been established for optimizing 

pretreatment (coagulation and flocculation) with specific attention to membrane 

filtration as the downstream treatment process.  Little research has been conducted 

regarding ideal conditions for the optimization pretreatment for membrane filtration, 

and many of the guidelines are, at best general “rules of thumb.”  There is little 

empirical evidence to show that the optimal coagulation conditions and PSD for 

membrane treatment is similar to those for traditional processes and it is quite likely 

that the conditions for optimal membrane filtration are very much different from the 

conditions required for traditional process operations. 

1.3 Significance 

Membrane filtration is becoming a favored method for water treatment as cities 

strive to cope with the combination of increased demand, an aging infrastructure, 

limited available land for construction, and more stringent treatment requirements.   

Membrane filtration has been shown to be a good option to address many of 

these problems; however, continued problems with fouling and associated increase in 

energy use as well as maintenance costs associated with membrane filtration remain a 

significant hurdle that has yet to be addressed.  Specifically, issues regarding the cause 
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and prevention, or at the very least mitigation of membrane fouling is a concern for 

industry as it results in lost production capacity and increases the operations and 

maintenance cost associated with treatment (Alspach et al. 2008).   

Fouling is commonly broken into two categories, cake fouling is the result of 

the buildup of filter cake on the membrane surface that restricts the flow of water to 

the membrane as it grows and compresses.  While cake fouling can greatly contribute 

to reduced membrane performance, regular cleaning by air scouring or backwashing is 

usually sufficient to remove the cake layer.  The other common fouling mechanism, 

adsorptive fouling, which is caused by natural organic matter (NOM) that is small 

enough to clog the physical openings or pores through the membrane, thus reducing 

the hydraulic conductivity of the membrane (Alspach et al. 2008; Howe and Clark 

2006).  Adsorptive fouling is much more problematic because the cleaning procedures 

are much more intensive, often requiring the use of chemical reagents to remove the 

foulants (Lawler and Benjamin 2006).   

1.4 Objectives 

In order to gain a more fundamental understanding of how coagulation 

conditions and process configurations influence the size distribution and morphology 

of floc formed during coagulation pretreatment.  The objectives of this were as 

follows:  

1. Develop and test an improved methodology for characterizing floc 

morphology based on the use of the three dimensional fractal 
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dimension, D3, as quantified through dual measures of the aggregate 

size distribution based on  characteristic length and volume  

2. Use the developed methodology to examine the influence of water 

quality and coagulation conditions on the size distribution and 

morphology of floc formed during coagulation. 

1.5 Approach 

The objectives of this work were achieved through the use of jar tests that 

simulated various mixing conditions (e.g. flocculation, breakup, regrowth) that could 

be reasonably expected to occur during full-scale treatment.  Analysis was performed 

on three types of source waters, (1) monodisperse latex microsphere that were 

destabilized in NaCl, (2) a synthetic water containing polydisperse colloids (kaolin 

clay) and humic acid that was coagulated with alum, and (3) alum coagulation of raw 

river water collected from the Albany-Millersburg membrane drinking water treatment 

facility.  Floc size distributions based on characteristic lengths were characterized 

using a DPA 4100 particle analyzer (Brightwell Technologies) and size distributions 

based on aggregate volume were measured using a Multisizer III Coulter Counter 

(Beckman Coulter).  Treatment efficiency for jar testing was quantified by measuring 

the removal of turbidity and dissolved organic carbon (quantified as UV254) relative to 

initial raw water measurements. 

The remainder of this thesis is divided into the following chapters: Chapter 2 

contains relevant background material regarding coagulation, flocculation, and fractal 
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theory and a review of literature regarding methods of fractal analysis and the 

influence of floc morphology on membrane filtration; Chapter 3 describes the 

experimental and analytical methods used; the results are provided and discussed in 

Chapter 4; and the conclusions and recommendations for future work are presented in 

Chapter 5. 
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2.0 BACKGROUND 

2.1 Coagulation  

2.1.1 Purpose of Coagulation  

Coagulation is defined as the process of chemically altering small colloidal 

particles in order to cause the particles to approach each other and form larger 

aggregates made up of many particles (Cornwell and Bishop 1983).  Flocculation 

refers to the physical process by which coagulated particles form aggregates as a result 

of particle-particle contact (Cornwell and Bishop 1983). 

Coagulation of small particles is typically an essential step in the process of 

removing solids during water and wastewater treatment.  The process involves the 

transformation of a large number of small particles into a small number of very large 

aggregates (Nason 2006).  Changing the size distribution in this manner can 

dramatically increases the efficiency of many downstream particle removal processes 

such as sedimentation and granular media.  The size distribution and morphology of 

aggregates also influences the efficiency of membrane filtration processes.  Having a 

better understanding of the characteristics of the aggregates and the formation process 

should allow further optimization of the treatment processes.  

Another reason coagulation is commonly used is for the removal of natural 

organic matter (NOM).  NOM removal is desired for multiple reasons: first, the 

presence of NOM has also been linked to the formation of carcinogenic disinfection-
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by-products (DPBs) during chlorine disinfection; second, NOM and can lead to 

decreased performance of membrane filtration due to adsorption to the filter material; 

third, the presence of NOM can be ascetically undesirable as NOM can cause water to 

be colored (AWWA 1999; Howe and Clark 2006).  The presence of NOM will also 

play a large role in the coagulant dose required for particle destabilization.  In natural 

systems, NOM can be present in soluble form as dissolved organic carbon (DOC) and 

particulate form, adsorbed to particle surfaces where it acts as a stabilizing agent 

(AWWA 1999; Lawler and Benjamin 2006).  NOM has been recognized as the major 

source of the surface charge of particles, and as a result can greatly influence the 

coagulant dose required for charge neutralization and sweep floc (Lawler and 

Benjamin 2006).  

2.1.2 Coagulation Mechanisms 

Destabilization of particles is often necessary during drinking water treatment 

to overcome the repulsive forces that act between particles.  There are four recognized 

methods to particle destabilization, and they include: (1) compression of the diffuse 

(double) layer, (2) charge neutralization, (3) enmeshment or “sweep floc”, and (4) 

adsorption and interparticle bridging (Lawler and Benjamin 2006; Tchobanoglous and 

Schroeder 1987). 

Destabilization by double layer compression is achieved by increasing the 

ionic strength through the addition of inorganic electrolytes, such as NaCl.  

Compression occurs as the availability of counter-ions increases, reducing the 
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thickness of the diffuse layer that surrounds the particles.  By reducing the net energy 

of interaction between two particles is reduced, increasing the likelihood of collisions 

between particles (Lawler and Benjamin 2006).  However, the use of inorganic 

electrolytes cause compression of the double layer is not a practical destabilization 

method because it results in the formation of high salinity water that would require 

further treatment to remove the high concentration of salts (e.g., NaCl).  

Charge neutralization is facilitated by neutralizing the surface charge by 

adjusting the pH or through the addition of a coagulant.  The extent of destabilization 

by charge neutralization is controlled by the stoichiometry of the total surface charge 

of the suspension (Lawler and Benjamin 2006). As a result, the dose required charge 

neutralization is dependent on the concentrations of particles and NOM.   

The third destabilization mechanism used is the addition of inorganic salts 

(e.g., alum) at a concentration that exceeds the solubility limit and results in the 

formation of a solid precipitate.  The original particles serve as adsorption sites for the 

coagulant and are caught up in the  precipitate as it forms (Lawler and Benjamin 

2006).  These floc are often referred to as sweep floc because they sweep smaller 

particles from the water by entrapping them into the larger floc structure (Lawler and 

Benjamin 2006).    

Particle destabilization by adsorption and interparticle bridging is achieved 

through the addition of high molecular weight synthetic polymers.  In this method, a 

long polymer chain adsorbs to the surface of two particles that forms a bridge between 
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the particles (Lawler and Benjamin 2006).  Polymer coagulants form strong link 

between two particles that is difficult to break, because of this, interparticle bridging is 

useful in situations where high hydraulic shear is likely (Lawler and Benjamin 2006). 

The work described in the following chapters focused on coagulation methods 

that utilized the first three mechanisms; compression of the double layer using NaCl, 

as well as charge neutralization and sweep floc formation using alum.   

2.1.3 Coagulation Conditions 

Two distinct aggregation regimes have been identified to characterize the type 

of floc formed during particle destabilization and are a function of the probability of 

aggregation as a result of collision. 

Diffusion limited colloid aggregation results from complete destabilization of 

the particles so that there is no repulsive barrier present (Waite 1999).  As a result of 

their destabilized nature, the particles aggregate upon contact and form more open, 

tenuous structures that have a relatively low density (Tang et al. 1999; Waite 1999). 

Reaction limited colloid aggregation is the result of aggregation of particles 

that are only partially destabilized, and as such still possess a repulsive double layer.  

Floc formed due to RLCA are characterized by a more compact structures formed as a 

result of decreased probability of the particles to stick together upon contact. Under 

these conditions, particles must colloid many times before actually sticking together, 

and as such, are more likely to penetrate deep inside an aggregate as opposed to 

sticking to the outer surface (Tang et al. 1999; Waite 1999). 
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2.2 Characterization 

2.2.1 Particle Size Distributions 

Particle suspensions encountered in natural and engineered systems are usually 

heterodisperse systems with the particles that cover a broad range of particle sizes and 

particle number.  Plots of the particle size distribution (PSD) are used to describe the 

size and amount of particulate matter present in a water sample.   

The cumulative distribution in terms of particle diameter, N (dp), is used to 

describe the concentration of particles greater than or less than a given size, where 

concentration is typically presented in units of particle number per cubic centimeter, 

#/cm3.  When presented as the cumulative number of particles greater than a specific 

particle size, N(>size), the expression is written as: 

  

  
max

,( )
i

p k i
i k

N d N
=

> = ∆∑  (2.1) 

Where i and k are indices of the particle sizes; dp,k is the upper size limit of the 

kth bin; ∆Ni is the number concentration of particles of size i (i.e., between sizes dp,i 

and dp,i+1); and imax is the index of the largest particle size analyzed (Jiang 1993).  

Typically, the cumulative distribution has limited use as a visual aid because small 

variations in the distribution are often masked (Lawler and Benjamin 2006). 
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 The particle size distribution function, PSDF is the commonly preferred 

method used to express the particle size distribution is the discrete form of the PSDF is 

expressed as:  

( )p
p

N
n d

d

∆=
∆

 (2.2) 

So that n (dp) is in units of #/cm3µm.  Because of the range of particle sizes and 

number concentrations that are commonly encountered with natural and engineered 

systems, the PSDF is frequently expressed on a logarithmic scale as the logarithm of 

the PSDF vs. the logarithm of the particle diameter to allow the presentation of the 

entire distribution over several orders of magnitude.  When the PSDF and particle 

diameters are arithmetically distributed,  compression of data occurs because of the 

range of particle diameters and particle sizes that are presented (Nason 2006). 

2.2.2 Fractal Dimension 

The term “fractal” is often applied to complex and irregular objects that cannot 

be adequately described by Euclidean geometry.  We encounter fractal objects 

throughout our daily lives, with mountains, clouds, and rivers being recognized as 

naturally occurring fractal objects (Meakin 1988).  Two types of fractal objects have 

been defined: self-similar fractal objects that are scale-invariant, and self-affine fractal 

objects that are more complex systems such as mountain topography (Meakin 1988).  

While colloidal aggregates formed in natural or engineered systems are not truly scale-

invariant, it is common practice to apply the principles of self-similar fractal geometry 
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to aggregates through the use of an average or statistical self-similarity over a discrete 

size range (Meakin 1988).  The focus of this work is limited to the use of the simpler, 

self-similar fractal to describe colloidal aggregates that are studied in the following 

chapters.   

The application of fractal theory to natural and engineered systems provides an 

approach to characterizing aggregates that, because of their highly irregular and 

disordered nature, cannot be accurately described using Euclidian geometry where 

projected area and aggregate volume are proportional to characteristic length squared 

and cubed, respectively (Li and Ganczarczyk 1989)).  A representation of a fractal 

aggregate is shown in Figure 2.1. 
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Figure 2.1 Self similar nature fractal aggregate. 

Adapted from (Li and Logan 1997). 

 

The representation shows how the aggregates are formed by the flocculation of 

principal clusters, which in turn were formed by smaller aggregates and so on until a 

primary aggregate of primary particles is reached.  There is self similarity between the 

increasingly large aggregates in terms of scale.  A benefit of fractal theory is that 

scaling relationships appear as an extension of the concepts of Euclidean geometry 

that are relatively easy to comprehend and interpret.  The fractal dimension plays the 

same role as the integer dimensions do in Euclidean geometry (Jiang and Logan 1996; 

Li and Ganczarczyk 1989; Tang et al. 1999); an example is given below of the 

Euclidean and fractal relationships between volume and length. 

33Euclidean:              Fractal: D   V l   V l∝ ∝  
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Where l = the characteristic aggregate length, V = solid volume, and D3 = the three 

dimensional fractal dimension. 

Fractal dimensions are a useful method used to characterize the morphology of 

aggregates formed during water/wastewater treatment because the magnitude of the 

fractal dimension can describe how properties such as porosity change with size or 

coagulation conditions (Jiang and Logan 1996; Tang 1999). 

2.2.3 Determination of Fractal Dimensions 

Two-Slope Method 

Multiple methods have been developed to calculate the three types of the 

fractal dimensions, D1, D2, and D3.  Jiang and Logan (1996) developed a unique 

technique referred to as the “Two-Slope” method.  This method was developed to 

determine the three-dimensional fractal dimension, D3, based on comparison of the 

slopes of two independent forms of the cumulative distribution, in terms of length 

shown in equation (2.3) and volume as shown in equation (2.4):  

( ) lS
lN l Al=  (2.3) 

 

   

( ) vS
vN v A v=  (2.4) 
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In which N(l) and N(v) are the cumulative (number greater than size) size 

distributions based on length and volume, respectively; Al and Av are empirical 

constants; and Sl and Sv are exponents of the respective of the cumulative size 

distributions.  The cumulative distributions based on aggregate length and solid 

volume are compared over regions of the distributions that describe the same 

population of particles.  Because of this, the Two-Slope method is independent of the 

steady state requirements typical of some other fractal analysis techniques.  

Measurement of the same population of aggregates means that the two independent 

cumulative size distributions, N (l) and N (v), are equal.  Combining equations 

equation (2.3) and equation (2.4) produces  

l vS S
l vAl A v=  (2.5) 

The occupied volume of an aggregate is a function of the aggregate length (l) 

and D3 as given by equation (2.6) 

3

333
0 0 3

D
Dv l lDξ −= Ψ  (2.6) 

Where ψ = ζξ/ξ0 is a constant that contains the aggregate shape factor and the 

primary particle shape factor, (ξ) and (ξ0) respectively and a packing factor, (ζ).  l0 is 

the length of the primary particles.  Substituting equation (2.6) into equation (2.5) and 

recognizing that exponent on the characteristic length, l, is the same on both sides of 

the resulting equation yields equation (2.7) following simplification. 
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3l vS D S=  (2.7) 

The three dimensional fractal dimension, D3 is then calculable from the ratio of 

the slopes of the log transformed cumulative size distributions based on length and 

volume using equation (2.8), which represents the Two-Slope method. 

3
l

v

S
D

S
=  (2.8) 

The Two-Slope method was utilized by Jiang and Logan (1996) to investigate 

the effect of ionic strength on fractal dimension under both laminar and turbulent 

mixing conditions.  Latex microspheres were destabilized in NaCl, while mixing was 

conducted using a Couette cell for laminar mixing and a standard 6-paddle jar test 

mixer to examine turbulent mixing conditions.  Particle characterization based on 

aggregate volume was conducted using an Elzone 180 particle counter (Particle Data 

Inc, Elmhurst, IL) equipped with a single 48 µm aperture.  Length measurements used 

to determine the length-based PSDs were determined by examination of filtered 

solution using optical microscopy and digital image analysis.  Samples were deposited 

onto a black polycarbonate filter that was subsequently fixed to a microscope slide 

with oil.  The slides were examined using a microscope equipped with a CCD video 

camera that captured images of the aggregates retained on the filter.  Image analysis 

software was used to analyze the images to determine the projected area and the 

maximum Feret’s diameter. 
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 The method developed by Jiang and Logan presents some issues that could be 

improved upon to increase the applicability of this method.  Characterization of floc 

length was performed using image analysis on floc retained on a polycarbonate filter.  

It is probable that this method of isolation and removal resulted in unknown changes 

to the floc structure that would be difficult to discern from structural changes resulting 

from experimental conditions.  Furthermore, the authors did not give close attention to 

the error that could have arisen from use of the 48 µm aperture for particle volume 

measurements.  Based on application size range of between 2 and 20% of the orifice 

diameter (recommended by the authors), only floc smaller less than 10 µm could be 

accurately measured while minimizing the potential for breakup.  However, the 

cumulative length distribution suggests that aggregates much larger than this were 

formed during the tests.  Analysis of particles beyond the size limit likely would have 

skewed the cumulative volume distribution by artificially raising the low end of the 

size distribution.  Use of the cumulative distributions for analysis using the two slope 

method assumes that the cumulative distributions are linear; however this was rarely 

the case.  Because of this, the authors were limited to using only the lower end of the 

size distribution for fractal analysis.   

Light Scattering 

A popular technique for determining D3 is through the use of light scattering 

techniques; the most popular of this class of techniques is small-angle laser light 

scattering (SALLS).  In this method, a beam of light with intensity I0 is passed through 

the sample.  The incident beam is scattered as it strikes aggregates in suspension; the 
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scattered light is detected by an array of photosensitive detectors arranged at different 

angles (Gregory 2009; Jarvis et al. 2005b; Waite 1999; Wang et al. 2008).  For each 

detector, the wave number Q is determined, where Q represents the magnitude 

between the incident and scattered light beam in the medium, given by equation(2.9): 

4 sin( / 2)n
Q

π θ
λ

=  (2.9) 

Where n is the refractive index of the suspending medium, θ is the scattering 

angle, and λ is the wavelength of the light (Jarvis et al. 2005b; Waite 1999).  The light 

intensity detected at vector Q, I(Q), is related to both Q and D3 by equation (2.10):   

3DI Q−∝  (2.10) 

Using the power law relationship in equation (2.10), D3 can therefore be 

determined from the slope of the log-log plot of I(Q) and Q, which results in a straight 

line when the floc that adhere to the power law relationship.  As Jarvis et al. (2005b; 

2008) report, the power law relationship only holds true when Q, in units of m-1, is 

much larger than the radius of the primary particles, Rpart, and much smaller than the 

radius aggregates, Ragg, analyzed: 

1 1

agg part

Q
R R
≪ ≪  (2.11) 
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While light scattering has been shown to be capable of analyzing relatively 

large floc, it has been shown that fractal analysis by the SALLS method breaks down 

for large aggregates because the light intensity deviates from the power law 

relationship shown in equation (2.11) due to light being scattered by the whole 

aggregate rather than primary particles (Jarvis et al. 2005b; Waite 1999).  This 

breakdown of the power law relationship results in a log-log plot of I(Q) versus Q that 

does not produce a straight line (Waite 1999).   

A major limitation of the SALLS method is the restriction to small floc sizes.  

Deviation from the power law relationship occurs for floc sizes outside of the limit set 

by equation (2.11), resulting in a curved distribution.  For NOM floc, an upper size 

limit of 3 µm was determined while an upper limit of 1.6 µm was determined for latex 

microsphere floc (Jarvis et al. 2005b).  These results suggest that the SALLS method 

is poorly suited for analysis of large floc and should be limited to analysis of what the 

authors refer to as microflocs.    

Other Methods 

Another method that has been used to calculate D3 is floc settling.  Floc 

settling experiments are typically performed on aggregates that are 100s of microns in 

diameter (Jarvis et al. 2008).  The premise of floc settling work is that there is a power 

law relationship the settling velocity and floc diameter for fractal objects (Gregory 

2009).  The primary disadvantage of using floc settling velocity to determine D3, is the 

need to incorporate the numerous factors that affect settling velocity (e.g., drag, floc 
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permeability, floc density) which can all greatly influence the rate of sedimentation of 

floc (Gregory 2009). 

2.3 Fractal Dimensions 

Jiang and Logan (1996) used the two-slope method to investigate the effect of 

NaCl concentration on the fractal dimension of microsphere aggregates.  Laminar 

shear was produced using a concentric cylinder mixing device.  Laminar shearing 

experiments were conducted using four NaCl concentrations ranging from 0.15 to 0.60 

M and shear rates between 0.5 to 15 S-1.  In general, the results of the laminar shear 

experiments suggest that the fractal dimension is inversely proportional to the NaCl 

concentration.  The lowest D3 values were calculated for aggregates destabilized in 0.6 

M NaCl; while a concentration 0.15M NaCl concentrations produced floc with a 

fractal dimension between 1.94 and 1.89±0.19.  Within an accepted error of 10 

percent, the authors did not find that the fractal dimension was influenced by 

variations in the laminar shear rate.  Turbulent shearing experiments were conducted 

at NaCl concentration of 0.05, 0.15, 0.25, and 0.5 M.  Fractal dimensions for floc 

formed under turbulent mixing conditions were found to be independent of the NaCl 

concentration, with D3 found to be 1.83±0.18 when particles were destabilized in 0.05 

M NaCl and 1.77±0.18 for destabilization in 0.5 M NaCl. 

The two-slope method was also used by others to characterize the fractal 

dimension of latex microsphere floc.  Tang et al. (1999) examined the fractal 

dimensions for aggregates formed by destabilization of 1.28 µm latex microspheres in 
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a high ionic strength solution of 1 M McIlvaine buffer at a pH of 3.8, corresponding to 

the isoelectric point for the microspheres.  The fractal dimension, D3, was determined 

to be 1.72±0.13 for particles with maximum lengths between 4 and 18 µm (Tang et al. 

1999).  This suggests that the floc formation under the test conditions had a very 

loosely packed structure.  This type of aggregation is referred to as diffusion limited 

colloid aggregation DLCA, resulting from the highly destabilized nature of the particle 

solution.    

In another study, Tang et al. (2000) examined the effect of breakup of 

aggregates formed by destabilization of 1.28 µm latex microspheres in 1 M McIlvaine 

buffer and 0.2 M NaCl.  As discussed above, destabilization using the 1M high ionic 

strength buffer resulting in aggregation characteristic of DLCA conditions, while the 

0.2 M NaCl electrolyte was used to form aggregates via the reaction limited colloid 

aggregation (RLCA) regime.  Exposure to a shear rate of 1711 s-1 did show a 

significant impact of floc morphology.  Floc formed using the buffer were found to 

have a D3 value of 1.75±0.01, which agrees well with the previous study highlighted 

above.  When exposed to increased shear force, D3 increased to 1.8, suggesting that 

the density of the floc increased as the floc became more compact.  Floc formed by the 

RLCA mechanism were characterized by a higher D3 that remained constant on 

exposure to shear forces, with D3 calculated as 2.02±0.01 prior to shearing and 

2.01±0.02 after shearing. 

While the Two-slope method was used for fractal analysis, Tang et al. also 

investigated the impact that the sizing technique had on the resulting size distribution.  
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Size distributions were generated using image analysis, a Coulter Counter equipped 

with a 30 µm aperture, and light scattering.  The distribution generated by analysis 

using the Coulter Counter reported smaller mean diameters than the other two 

methods.  The authors determined that this was likely the result breakup of floc during 

analysis with the Coulter Counter.  There were also differences between the size 

distributions generated from the other two methods, though not as severe as that 

observed with the Coulter Counter. 

Analysis of biosolids sampled from different processes during wastewater 

treatment were found to have a very consistent fractal dimension (Waite 1999).  

Fractal analysis using the SALLS method for BNR mixed liquor, waste activated 

sludge, and digested sludge was found to have D3 values of 2.22±0.01, 2.12±0.02, 

2.24±0.01 respectively.    

The effect of breakup and regrowth of floc formed during coagulation of 

natural water was studied by Jarvis et al. (2005b).  The study investigated the impact 

on the structure of NOM floc coagulated using ferric sulfate, alum, and 

polyDADMAC (a high molecular weight polymer coagulant) by fractal analysis using 

the SALLS method.  The structure of floc formed using these three coagulants was 

compared to the structure of model colloid microspheres destabilized in 1 M NaCl in 

terms of fractal dimension and floc size.  

Jarvis et al. found distinct differences in the fractal dimensions for floc formed 

using the different coagulants.  Flocculation mixing resulted in the most compact floc 

being formed through alum coagulation, with a D3 value of 2.43.  Floc structure 
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became more open with the use of ferric sulfate and polymer, with D3 values 

determined as 2.21 for the ferric sulfate floc and 2.17 for the polymer floc.  For 

breakup mixing, the lowest D3 was for ferric-NOM floc with D3 value of 2.25, while 

the alum and polymer coagulants produced floc with D3 values of 2.45 and 2.55 

respectively (Jarvis et al. 2005b). 

2.4 Influence of Coagulation Condition and Process Variables 

2.4.1 Presence of NOM 

The presence of NOM was observed to decrease the median floc size using 

ferric sulfate compared to coagulation when NOM is absent (Jarvis et al. 2005b).  The 

reduction in the size of the floc is caused by adsorption of NOM onto the hydrolysis 

precipitates.  The results also suggest that the Fe-NOM floc are more resistant to 

breakup due to the presence of NOM within the floc, helping to bind the particles 

together (Jarvis et al. 2005b).   

NOM floc formed by charge neutralization showed limited ability to recover 

from breakup caused from shear.  This result differs from charge neutralization in the 

absence of NOM where complete recovery is often achieved (Jarvis et al. 2005b).  

2.5 Membrane Filtration 

The use of membrane filtration in drinking water treatment has led in a change 

in how pretreatment with coagulation and flocculation are best utilized.  There are two 

primary goals when using coagulation pretreatment for membrane filtration: (1) to 
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reduce NOM precursors responsible for the formation of disinfection by-products 

(DPBs) and (2) to reduce particulate and adsorptive fouling (AWWA 1999; Escobar et 

al. 2005).  

There are several possible process configurations and the choice of 

configuration can greatly affect the floc morphology and the effectiveness of 

pretreatment at meeting treatment goals.  Membrane filtration systems can be operated 

as submerged systems, where there the membrane filter is placed in the feed water, 

which is drawn across the membrane by a vacuum.  The other alternative is for the 

membrane filter to be operated as a pressurized system  where the feed water is 

pumped through the membrane (AWWA 2005).  These two different operational 

configurations can have a large impact on the floc morphology; for instance, 

pressurized membrane systems require the feed water to pass through a pump that 

would quite likely result in breakup of aggregates formed as a result of coagulation. 

Common coagulation pretreatment configurations include in-line coagulation, 

direct membrane filtration, and conventional pretreatment.  In-line coagulation is 

characterized by coagulant addition with little or no time for flocculation to occur; as 

such, the floc formed during in-line coagulation are likely to be small floc that would 

not be likely to settle well (AWWA 2005).  Pretreatment utilizing direct membrane 

filtration systems utilize coagulation and flocculation but do not possess a  solids 

removal phase (AWWA 2005).  Because no solids are removed with direct membrane 

filtration, the membrane filter would receive the full impact of the solids loading.  

This would likely result in increased cake fouling, requiring more frequent cleaning in 
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order to maintain performance.  Conventional pre-treatment systems utilize 

coagulation coagulant addition followed by flocculation and a solids removal step 

(e.g., sedimentation or screening).  Conventional pre-treatment configuration is best 

suited for systems where enhanced coagulation doses that would be required because 

of high turbidity or NOM levels.  The high coagulant doses would result in the 

formation additional solids, which could lead to decreased membrane performance.  

Removal of the solids prior to filtration would lessen the solids load to the membranes 

(AWWA 2005).   

2.6 Summary 

To date, our knowledge of the how to best use pretreatment to optimize 

particle and NOM removal in order to improve the efficiency of membrane filtration is 

based largely on observed trends from pilot or full scale operation.  There is 

significant room to improve our basic understanding of how coagulation and process 

configurations improve membrane performance by creating a more filterable water 

that will reduce fouling due to the formation of a dense cake layer as well as fouling 

due to NOM.  Our understanding of the interactions between NOM-floc and 

membrane filtration is limited.  Research suggests that fouling is likely caused by a 

specific fraction of NOM, but result have been fairly inconclusive at identifying that 

fraction. (Howe and Clark 2006).    

Past research has shown that floc morphology can be well characterized by 

fractal analysis and that D3 can be determined through multiple methods (e.g., Two-
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slope, SALLS, floc settling).  Past methods for fractal analysis have often been limited 

to small floc.  Because of this, there has been limited success in characterizing floc 

that would be typical in real world applications such as coagulation pretreatment 

during the treatment of drinking water.  



3.0 EXPERIMENTAL METHODS 

3.1 Introduction 

The objective of the experimental work was to develop a method of particle 

characterization that could be used to investigate the effect of coagulation conditions 

on the floc size distribution and morphology in terms of the three dimensional fractal 

dimension, D3.  Descriptions of the experimental design, analytical methods, data 

analysis, and method for calculating the fractal dimension are presented here. 

3.2  Experimental Design 

3.2.1 Jar Testing 

Jar Testing was conducted using a Phipps and Bird, model 7790-300 (Phipps 

and Bird, Richmond, VA) paddle mixer with flat blade paddles of 7.5 cm by 2.5 cm.  

Both circular 1L and square 2 L B-KER2 (Phipps and Bird, Richmond, VA) beakers 

were used during this research.   

When working with new source water (e.g., natural water or an untested 

synthetic water recipe), a full jar test was performed following standard jar testing 

procedures in order to determine the effect of alum dose on removal efficiency and 

optimum dose.  For the full jar tests, jar one (far left) was kept as a control and did not 

receive a coagulant dose, the remaining five jars received an alum dose, increasing in 

concentration from left to right. 
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Jar test experiments consisted of three distinct phases, a rapid mix phase to 

disperse the coagulant throughout the jar that was conducted at 100 rpm for 30 

seconds.  Following the rapid mix, the mixer speed was reduced to between 25 to 35 

rpm for 30 minutes in order to provide gentle mixing that would promote flocculation.  

Following the rapid mix and slow mix phases, the mixer was turned off and moved to 

allow the jars to settle for one hour.  During this stage, any dense particles or large 

aggregates formed during the flocculation stage would settle out of solution.  

Following sedimentation, samples were collected for analysis of pH, turbidity, 

UV254, and the PSD. 

During preliminary jar testing, it was recognized that solids were accumulating 

directly under the paddle.  Because of the geometry of the rectangular paddles, a dead 

zone would develop, with little or no velocity gradient and aggregated material would 

collect and settle in this dead zone regardless of paddle height.  The collection of mass 

in the dead zone made it impossible to collect a representative sample for particle size 

analysis.  As a result, it was impossible to attempt a reasonable mass balance 

calculation from collected samples when mass was obviously being lost in the active 

system.  Another concern was that it was impossible to hypothesize what effect re-

suspension of the settled aggregates would have on and the floc characteristics.  A 

simple solution was devised, whereby a stainless steel cone; 3 cm by 2 cm (base × 

height) was placed in test jars in order to eliminate the dead zone.  As shown in Figure 

3.1, the cones were placed in the center of the base of the beaker, directly under the 

paddle; the result was that, while the paddle was forced to be raised higher in the water 
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column because of the placement of the cone, it successfully prevented particles from 

settling in the small dead zone beneath the paddle.   

 

Figure 3.1 Single jar test setup with cone. 

 

Based on preliminary jar tests, optimum and non-optimum coagulant doses 

were identified for detailed examination.  Single-jar experiments were performed at a 

single coagulant dose and the measurements necessary for determination of the 

particle size distribution and floc morphology were conducted.   Samples were 

removed from the jar test vessel and analyzed using a Multisizer III Coulter Counter 

(Beckman Coulter, Fullerton, CA) and a DPA 4100 digital particle analyzer 

(Brightwell Technologies, Ottawa, Canada) .   
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In single-jar tests, the period of slow mixing was typically followed by a 

breakup mixing phase.  During this phase of the jar test, the coagulated floc was 

subjected to a high shear rate.  The purpose of the breakup phase was to simulate the 

type of forces that could be exerted on the aggregates due to pumping, as might occur 

in a treatment process such as membrane filtration.  Following the shearing event, 

samples were collected and processed on the Coulter Counter and DPA4100 to 

characterize changes in the particle size distribution and fractal dimension.  Multiple 

different shearing setups were attempted to identify a procedure that worked 

consistently; methods included operating the paddle mixer at 100 rpm for 30 seconds 

or placing the beaker on a magnetic stirrer with a one-inch stir bar and mixing for 30 

seconds.  In the magnetically stirred tests, the beaker was either left on the magnetic 

stirrer at the high mixing rate or returned to the paddle mixer operated at a slow speed 

to prevent sedimentation while samples were collected for the PSD and morphology 

analysis.  The reason for the different breakup phase setups was to attempt to find a set 

of mixing conditions that would effectively restructure the aggregates during the 

breakup mixing, but would not continue to change the floc size distribution during the 

time necessary to collect and run all of the necessary samples. 

Finally, in some tests, regrowth of the sheared floc was investigated by 

exposing the sheared aggregates to a second flocculation phase.  Again, samples were 

collected to investigate changes in the floc size distribution and morphology as a result 

of the changing mixing conditions. 
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3.2.2 Microsphere Jar Test Mixing Time 

Equation (3.1), from Serra et al. (2008) was used during the latex microsphere 

jar tests to set a minimum mixing time.  Serra et al. found that equation (3.1) was a 

good estimator for the minimum time required for a pseudo steady state particle size to 

be achieved in jar testing.   

0 25tGΦ =   (3.1) 

Where t is the mixing time (in seconds), G is the velocity gradient (s-1), and Φ0 is 

initial particle volume fraction.  Steady state conditions with respect to particle size 

were desired because of inconsistencies in early microsphere jar test.    

3.2.3 Reagents 

Coagulants 

Two methods were used to induce coagulation of particles during jar tests.  For 

experiments conducted using latex microspheres, coagulation was caused by adding 

the particle suspension to a beaker containing 1-L of 0.6M NaCl electrolyte.  

Experiments using synthetic or natural water sources were coagulated by addition of 

alum [ ]2 4 3 2Al (SO ) 16H O⋅  to the water.  For these experiments, alum and sodium 

hydroxide (NaOH) doses were measured from stock solutions, placed in clean Qorpak 

jars, and kept separate until added to a beaker containing the raw water.   
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Microspheres 

The microspheres used were 2 µm diameter monodisperse latex microspheres 

manufactured by Interfacial Dynamics Corporation, IDC (Eugene, OR).  These 

particles were specifically chosen because the manufacture does not use a surfactant in 

the manufacturing process.  The IDC microspheres have a density of 1.05 g/cm3 and 

are packaged at a stock concentration of 4% (weight/volume).  

Prior to use, the stock bottle containing the microspheres was placed in an 

ultrasonic bath for 20 minutes.  Following sonication, a determined volume of the 

stock suspension was diluted ten-fold with distilled-deionized (DDI) water and 

sonicated for a further 20 minutes.  The purpose for this intermediate step was to 

prevent rapid coagulation by adding the stock suspension to a high strength 

electrolyte, where rapid destabilization would result in high rates of localized 

aggregation prior to complete mixing (Jiang and Logan 1996). 

Synthetic water 

To minimize the variability in water quality inherent in natural sources, and to 

allow the systematic evaluation of the effects of water quality parameters on 

coagulation behavior, synthetic water was developed.  The recipes for the high DOC 

and low DOC synthetic waters, shown in Table 3.1 and Table 3.2 were modified from 

Choi and Dempsey (Choi and Dempsey 2004).  The synthetic water contained kaolin 

clay to provide solids that could be aggregated, calcium chloride was added to 

increase the ionic strength of the DI water used, alkalinity was provided through the 
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addition of sodium bicarbonate, and DOC in the form of dissolved humic acid was 

used to simulate organic material present in natural waters that can affect various 

treatment processes such as coagulation and membrane filtration. 

Table 3.1 High DOC synthetic water recipe. 

Kaolin 10.1 mg/L
Humic Acid 5 mg/L
CaCl2 0.5 mM
NaHCO3 0.8 mM  

 

Table 3.2 Low DOC synthetic water recipe. 

Kaolin 10.1 mg/L
Humic Acid 1 mg/L
CaCl2 0.5 mM
NaHCO3 0.8 mM  

 

 The benefit of using synthetic water was that complexity could be added or 

removed from the experiments sequentially as needed to determine the effects of 

individual constituents. 

Real water 

Raw water was collected from the Albany-Millersburg Joint Water Treatment 

Plant, which utilizes membrane filtration technology to treat water from the North 

Santiam River.  The raw water was collected from one of two locations, either the 

plant intake that fed an onsite pilot plant or from a raw water sampling port located in 
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the treatment facility’s wet lab.  These locations were utilized because they provided 

access to the raw water prior to any coagulant addition (if it was occurring).  Four 20 

liter plastic carboys of water were collected on April 3, 2009 and were transferred 

back to the lab and placed in a refrigerated room kept at a constant 6°C. 

3.2.4 UV254 

Measurement of UV254 by UV spectrophotometer was used as a surrogate 

measurement for DOC because the fraction of organic matter that is removed by 

coagulation (and can also lead to the formation of disinfection by-products) absorbs 

UV light in proportion to the concentration  (APHA 2005; AWWA 1999).  Two 

spectrophotometers were used during this study, an HP 8453 spectrophotometer 

(Hewlett-Packard) equipped with a PC loaded with HP’s UV-Visible characterization 

software (Rev. A.02.04) and a DU 530 Life Science UV/VIS spectrophotometer 

(Beckman Coulter).  While not as accurate as a measure as DOC, UV254 analysis 

provided an immediate and rapid analysis that allowed the relative DOC 

concentrations in the sample water to be quantified.  

Prior to every use, the spectrophotometer was blanked using DDI water; all 

subsequent UV254 measurements are reported relative to this blank.  Samples were 

collected from the test jar using a 10mL syringe and filtered through a 0.22 micron 

nylon filter to ensure that any attenuation was caused by DOC and not particulate 

matter. 
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Each water sample was measured in triplicate.  Between different water 

samples, the cell was rinsed with one cell volume of the next water sample to flush 

any contaminant from the previous water.   

3.2.5 Turbidity 

Samples were also collected for analysis of turbidity using a Hach 2100P 

portable battery powered turbidimeter.  The turbidimeter was calibrated prior to each 

use following the manufacturers protocol that uses four turbidity standards of <0.1, 20, 

100, and 800 nephelometric turbidity units (NTU).  Each standard was gently mixed 

using a rocking/rolling motion to disperse the particulate matter and prevent 

introduction of air bubbles that could interfere with the measurement.  Samples were 

collected using a 10-mL glass graduated broken tip pipette in order to reduce shear 

forces and prevent breakup of the aggregates.  Samples were gently drawn up the 

pipette using a pipette bulb and gently dispensed into a clean turbidity vial.  The 

bottles were then capped, gently mixed, and wiped clean with a lint-free tissue. 

Using the auto range feature, samples were processed in triplicate to obtain a 

mean turbidity value.  Between each run, the bottle would be removed, gently mixed 

using the same rolling motion, and wiped clean. 

3.3 Coulter Counter 

One of the particle analyzers used in the course of this research was a Coulter 

Counter (Multisizer III, Beckman Coulter).  For the purposes of this research the 
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Coulter Counter was used to count and size particles or floc suspended in a weak 

electrolyte solutions consisting of 2% NaCl (by mass).  The instrument operates by 

providing a constant current between two electrodes separated by aperture tube orifice 

submersed in the electrolyte/sample solution.  The resistance created by the electrode 

separation and the conductive electrolyte results in a voltage, according to Ohm’s 

Law.  As a particle passes through the orifice, the particle displaces a volume of 

electrolyte equal to the volume of the particle.  The displacement of the electrolyte 

causes an increase in the resistance between the two electrodes resulting in a voltage 

spike that is directly proportional to the volume of the particle.  (Beckman Coulter 

2002; Nason 2006). 

3.3.1 Calibration 

Each aperture is capable of measuring particles between 2% and 60% of the 

aperture diameter; however, in order to prevent breakup of the fragile floc, the data 

range was further restricted to particle sizes between 2% and 40% of the aperture 

diameter.  Dividing the size range into 130 logarithmically spaced bins, resulted in a 

bin spacing of ∆log (dp) of 0.01.  An external calibration spreadsheet was used to 

convert the aperture bin numbers to a particle size.  The calibration procedure utilized 

four separate monodisperse size standards (Beckman Coulter) with diameters ranging 

between 2% and 40% of the aperture diameter.  The size standards were added 

sequentially to a sample jar of clean electrolyte with a measurement conducted after 
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Figure 3.2 Coulter Counter calibration standard curve.
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3.3.2 Electrolyte 

Particle characterization by the Coulter Counter requires the sample to be 

electrically conductive to ensure that a strong electrical signal is measured.  To this 

end, it is necessary to dilute the samples into a high purity electrolyte.  The electrolyte 

was required to be particle free to prevent interference during sample analysis by 

artificially increasing the particle concentration. 

The electrolyte was a mixture of NaCl and sodium azide that was prepared in 

4-liter batches that were continuously filtered in a recirculating batch filtration 

apparatus.  The NaCl provided the conductivity and the sodium azide was used to 

prevent microbial growth.  Two filtrations systems were operated side by side in order 

to maintain a sufficient supply of electrolyte.  Electrolyte was prepared by dissolving 

80 g NaCl and 2 g sodium azide into 2 L of deionized (DI) water, resulting in a 4% 

NaCl solution.  The solution was then vacuum filtered through a 0.45µm filter 

(Millipore), followed by a 0.22 µm filter (Millipore).  Next, the filtrate was diluted to 

a working concentration of 2% using DI and transferred to the filtration apparatus, 

shown in Figure 3.3, which was preassembled just prior to transferring the electrolyte 

to the filtration apparatus.   
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Figure 3.3  NaCl electrolyte apparatus. 

 

Typical preparation of the filtration apparatus consisted of removing the in-line 

filter, soaking the individual components in a bleach solution for ten to fifteen 

minutes, then rinsing thoroughly with DI and DDI water and drying on a drying rack.  

Once the components were dry, the components were reassembled using Teflon tape 

on the threaded hose adapters and filter body to prevent leaking.  A 0.05 µm and 0.22 

µm membrane filter were stacked one on top of the other and two halves of the filter 

body were reassembled and reconnected to the filtration apparatus.  Occasionally, 
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more thorough cleaning was required.  In these instances, all Tygon® tubing was 

replaced and any glassware was thoroughly washed and rinsed, soaked in a solution of 

10% HCl.   

Electrolyte was filtered for a minimum of 48 hours prior to use.  Premade or 

unused electrolyte was continually filtered until needed.  When the volume of the 

electrolyte in the filtration apparatus decreased to the point where proper circulation 

was hindered or the volume was insufficient for a future sampling session the 

electrolyte was transferred to a two liter Nalgene bottle and stored at room temperature 

for future use as diluent for the Coulter Counter.  Because the diluent never passes 

through the electrical sensing zone it is not necessary for the diluent to be filtered to 

the same extent as the electrolyte used to dilute the samples. 

For experimental conditions where particle concentrations were low, larger 

sample volumes were required to achieve the desired particle counts.  In these cases, 

the sample volume required can become large enough compared with the electrolyte 

volume that dilution effects (with respect to the electrolyte) couldn’t be ignored.  In 

these instances, a solution of 16% NaCl (weight/volume) that had been twice filtered 

through a 0.22 µm filter was used as the electrolyte.  Here, a small volume of 

electrolyte (5mL for a 40 mL sample and 10mL for an 80 mL sample) was added to 

the sampling bottles.  Next, the necessary sample volume was added to the bottle and 

the solution was diluted to 40 mL or 80 mL with DDI water; the resulting suspension 

(electrolyte + sample + DDI) contained 2% NaCl. 
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3.3.3 Operation 

Because of size limitations for each aperture, it was necessary to use three 

apertures (100 µm, 200 µm, and 400 µm) to capture the entire distribution.  Clean 

electrolyte blanks were run for each aperture that would be used to determine a 

background particle count for the electrolyte.  The blanks would be used for all of the 

samples that would be run on that day and would be used in the data analysis 

spreadsheet to correct for any particles that were measured as a result of the 

electrolyte.  During this process, the differential number for each bin would be 

corrected by subtracting any particle counts in the corresponding bin from the blank.  

As discussed in the previous section, it is necessary to dilute the sample into 

electrolyte to maintaining proper electrical conductivity during analysis.  Dilution is 

also necessary to achieve the proper particle concentration during analysis; Table 

3.3shows the range of target counts for each aperture. 

Table 3.3 Coulter Counter size and particle count range. 

 

 

 

Aperture Tube
Lower Limit 

(µm)
Upper Limit 

(µm)

Target     

Counts

Target   

Blank 

Counts

100 µm Hi-res 2 40 10,000 - 18,000 <300

200 µm Hi-res 4 80 9,000 - 13,000 <100

400 µm   8* 160 4,000 - 8,000 <100

*Threshold limit, measurements below 10 µm were ignored.
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The dilution ratio plays an important role in the analysis.  If the particle 

concentration is small, then too few particles counted and the data becomes scattered 

and difficult to interpret.  At the same time, statistical significance is lost because as a 

result of the small number of particles counted.  At the other end of the spectrum, a 

particle concentration that results in particle counts significantly beyond the specified 

range can result in increased coincidence, which occurs when two or more particles 

pass through the orifice at the same time and are counted as a single larger particle.  

Also, as particle concentration increases, the likelihood of clogging increases (Nason 

2006). 

3.3.4 Data Representation 

Raw Coulter Counter data was exported as a comma delimited file (.csv) that 

included relevant sample information such as the sample name, date/time, size range 

as well as the raw data in the form of bin number, lower bin diameter, and the 

differential number (particle counts).  The raw data was imported into a data analysis 

spreadsheet that was designed to handle up to three sample runs per aperture for the 

100, 200, and 400 µm apertures.  For each sample, the differential number for the 

sample and a clean electrolyte blank was imported.  User defined info included the 

analytic volume sampled during the run, the sample volume diluted into the electrolyte 

and the volume of electrolyte.  From this data, a dilution factor was calculated and 

used to determine a differential particle concentration of the original sample for each 

bin, corrected for the blank and the dilution.  Using the differential concentration and 
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intercept value determined from the calibration previously described, the various 

forms of the particle size distribution were determined, including the particle size 

distribution function, PSDF and the cumulative size distribution which were described 

in detail in section 2.2.1.  Examples of the two forms of the size distribution 

determined using Coulter Counter measurements are shown below in Figure 3.4 and 

Figure 3.5. 

 

Figure 3.4 Example of the volume based PSDF. 
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Figure 3.5 Example of the volume based cumulative size distribution. 

 

The PSDF represents the incremental change in the number concentration of 

particles ∆N, over an incremental change in particle diameter ∆dp, shown on the 

abscissa as the logarithm of the particle diameter.  The data from each aperture run 

was combined; a single run from each aperture was selected that provide the optimum 

transition between aperture tubes.  The raw PSDF plots for each aperture, shown in 

Figure 3.6 were used to choose the best sample run for each aperture tube and to adjust 

the particle size where the aperture tube transition occurred.  The cumulative 

distribution represents the total number of particles that have a volume greater that the 

size indicated on the abscissa (Lawler and Benjamin, 2006).   
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Figure 3.6 Raw volume PSDF for each aperture. 

 

It is important to note that the length scales reported on the abscissa of the 

volume and length PSDF are different measures, even though both are reported as 

particle diameters.  In order to avoid confusion, the Feret’s diameter obtained from the 

DPA 4100 is referred to as dp,l, while the particle diameter based on equivalent 

spherical diameter as measured by Coulter Counter analysis are referred to as dp,v.  All 

discussion of dp in the following chapter refers to dp,l unless stated otherwise. 
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3.3.5 Sample Handling 

Prior to collecting samples, approximately 50 mL of electrolyte would be 

wasted from the filtration apparatus to cleanse the effluent line.  Then, enough clean 

bottles to complete the required analysis for the day would be rinsed with a small 

volume of electrolyte to remove any particles or residue that remained even after 

washing; the same electrolyte was used to rinse all of the bottles.  If the bottles didn’t 

appear to be clean, or contained residue from cleaning, they were replaced with a 

clean one.  The bottles were then filled with clean electrolyte.  After filling, the bottles 

were capped to prevent contamination and allowed to sit until needed to ensure that 

any air bubbles were removed.  The bottles used for the Coulter Counter samples were 

either 60 or 120 mL Qorpak wide mouth bottles with Teflon lined caps; the size used 

depended on the aperture tube used because the larger aperture tubes required larger 

sample volumes. 

Samples were gently collected from the jar testing apparatus using broken tip 

graduated glass pipettes to avoid damaging the fragile aggregates present in the 

sample.  The samples were then gently dispensed into wide mouth Qorpak bottles 

prefilled with electrolyte.  To help prevent breakup, the samples were dispensed below 

the electrolyte surface.  The samples were then gently mixed by hand using a gentle 

rocking/rolling motion in order to disperse the sample evenly throughout the 

electrolyte (Nason 2006). 
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3.3.6 Problems and Issue 

The 400 µm aperture often had problems with high noise levels (occasionally 

approaching 12 microns) and artificially high counts at the low end of the distribution 

(typically below 10 µm).  Effort was made to achieve a low noise level through 

repeated cleaning but often, the lowest noise level that could be achieved was between 

8.5 and 10 µm.  In these cases, the threshold was still set to 8 µm and the distribution 

range was maintained between 8 and 160 µm so that the calibration was still valid; 

however, the values below 10 µm were typically discarded in the creation of the 

combined PSDF by extending the use of 200 µm aperture tube data.  It was found that 

briefly placing the aperture tube in a solution of 10% nitric acid for four to eight 

minutes when noise or blank counts were observed to be abnormally high greatly 

improved the noise level and blank counts, often allowing noise levels of below 8 µm 

and blank counts below 300 to be achieved.  It is still unclear what the cause of the 

high low-end counts was as no apparent pattern could be observed relating to handling 

or dilution ratio and the phenomenon didn’t always occur. 

Using the preview feature, which initiates the sampling process without 

recording particle counts allows the user to judge the particle concentration.  In the 

case of the 400 µm aperture, which often had apparent clogging issues, it provided a 

way to delay the sampling process until the concentration level had dropped to a 

normal level which helped minimize count spikes.  Typically, when the preview was 
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initiated, the concentration level on the 400 µm aperture would be 30% but would 

drop and stabilize at some level below 10% after a few seconds. 

The full sample run time for the 400 µm aperture was 60 seconds, which was 

found to correspond to an average sample volume of approximately 36.9 mL.  The 400 

µm aperture was typically operated in 30 second half runs.  This was done because it 

was found that this helped minimize/reduce the effects of low end count spikes and at 

the very least allowed the possibility of collecting a partial (30 second) sample.  

Between the half runs, the sample was removed and gently mixed to re-suspend any 

particulates present.  The exported half run data was then combined prior to importing 

into the data analysis spreadsheet. 

3.4 Brightwell DPA 4100 

A second particle analyzer, a DPA 4100 (Brightwell Technologies, Inc 

Ontario, Canada) was also used to characterize particles; the DPA 4100 operates by 

counting particles based on projected area.  A flowcell located between a synchronized 

light source and an on-board CCD-camera was attached to a sampling syringe and a 

peristaltic pump.  The camera captured images of particles that passed through the 

flowcell’s field of view as the sample was drawn through the flowcell by the 

peristaltic pump; these images were saved and processed using Brightwell’s MFI 

shape analysis software to determine particle properties based on the particle’s 

projected area. 
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3.4.1 Validation 

The instrument performance in terms of counting and sizing particles was 

verified using monodisperse latex microspheres (Brightwell Technologies) .  Analysis 

of the size standards on both the DPA 4100 and the Coulter Counter made it possible 

to have two independent measures of the resulting particle size distribution which was 

necessary to determine the floc morphology.  Comparing the two size distributions for 

the monodisperse size standards showed that both instruments were capable of 

creating particle size distributions that were closely matched in terms of particle sizes 

and number concentration.   

3.4.2 Sample Handling 

A benefit of the DPA 4100 is that sample preparation is minimal for particle 

analysis.  Because of the reasonably high particle concentration limit, listed in Table 

3.4, dilution was rarely required.  Samples were gently withdrawn from the 

experiment vessel using a wide mouth glass pipette and transferred to a mounted 

sampling syringe connected by a peristaltic pump to the flowcell.  When the particle 

concentration of the sample exceeded the manufactures concentration limit, the sample 

was diluted in DDI water or a self-similar carrier solution such as NaCl electrolyte.  

The concentration limits listed below in Table 3.4, are the manufacturer’s 

recommended limits to minimize the occurrence of coincidence measurements, or the 

count of multiple particles as a single particle (Brightwell Technologies 2008). 
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Table 3.4 Concentration limit for low- and high- magnification flowcells. 

 

3.4.3 Operation 

Once the position was correct it is necessary to perform an illumination 

optimization.  This process verifies that the light source is functioning properly and 

that the flowcell is clean enough to proceed with imaging.  The software will not allow 

the user to proceed until the illumination optimization is performed.  The other 

purpose of the optimization procedure is that it filters imperfections or smudges on the 

flowcell. 

The instrument was configured to save one image per second with the sample 

volume dispensed during analysis ranging between one and three mL depending on 

the particle concentration of the solution.  Along with specifying the volume to be 

dispensed during analysis, a pre-sample flush volume was set to ensure that the sample 

would be drawn into the flowcell prior to initiating image collection.  Typically, a 

flush volume of 0.25 mL was sufficient to ensure the initial images collected were of 

the sample and not the remnants of a previous sample or DDI water rinse. 

Two flowcells were available for use, a low-magnification flowcell capable of 

measuring particles between 2 and 400 µm, and a high-magnification flowcell for 

Particle Size Low-Mag Flowcell High-Mag Flowcell

2.5 µm 175,000 825,000

5 µm 75,000 650,000

10 µm 20,000 300,000

Particle Concentration                         

#/ml
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particles between 0.75 and 100 µm.  Typically, the low magnifications flowcell was 

used because of its ability to handle larger particles and the fact that the size range 

more closely corresponded with data from the Coulter Counter.  Furthermore, the 

larger sample volumes resulted in higher, more accurate particle counts for large 

aggregates.  The low magnification flowcell was also less likely to have problems with 

air bubbles being trapped within the flowcell. 

3.4.4 Shape Analysis 

Shape analysis was performed on the images in order to determine the 

maximum Feret’s diameter of each floc particle present in the image.  The maximum 

Feret’s diameter is the longest chord length of an object and is calculated during shape 

analysis within Brightwell Technologies MFI software.  The maximum Feret’s 

diameter is determined using an algorithm that measures Fmax, the maximum x 

dimension in terms of pixels between a particle’s perimeter pixels.  Next, the particle 

is rotated 0.5 degrees and a new Fmax is determined, the algorithm runs 360 iterations, 

rotating the particle through 180 degrees, calculating Fmax for each 0.5 rotational 

increment.  After the algorithm has run through all of the iterations, the largest Fmax is 

the maximum Feret’s diameter (Brightwell Technologies). 

Only particles that were fully within the image frame were analyzed and 

measured using the shape analysis.  Any particles on the edge of the frame were 

automatically discarded because their full dimensions could not be determined.  The 

analyzed volume was determined by the volume per frame as determined by the 
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dimensions of the field of view (F.O.V.) and the number of images captured.  For the 

low magnification flowcell, the volume per frame was calculated to be 9.856×10-4 

cm3, while for the high magnification flowcell the volume per frame calculated to be 

3.1×10-5 cm3.  The data was saved in two forms.  For determination of the PSDF, a 

table that included the measured Feret’s diameter for each particle was exported as a 

.csv file.   

3.4.5 Data Representation 

It was found to be useful to save the maximum Feret’s diameter in two forms; 

the first was to export a table of the raw data to be used to develop a PSDF.  The 

second form was to create a histogram of the particle counts vs. maximum Feret’s 

diameter and then to save the chart data to be imported into a DPA data analysis 

spreadsheet.  The reason for saving the two different datasets is that for development 

of the PSDF, it is beneficial to have logarithmically spaced bins as opposed to 

arithmetically spaced bins; this is described in more detail in the next section.  Using a 

similar process to that used to develop the cumulative distribution for the Coulter 

Counter data, the cumulative distribution based on Feret’s diameter was developed 

using the DPA data analysis spreadsheet.   

3.4.6 Problems and Issues 

A drawback with the MFI software is that all data is exported with 

arithmetically spaced bins, such as 0.25 µm.  As discussed by Lawler and Benjamin 

(2006), this has the result of compressing data at the low end of the size distribution 
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while spreading distribution out at the upper end because the same weight is given to 

bin width, ∆dp for small particles as it is for large particles. However, it is clear that 

the difference between particles with diameters of 2 µm and 2.25 µm is much greater 

than for particles with diameters of 200 µm and 200.25 µm.  Dividing the particle size 

range into logarithmically spaced bins resolves this issue by increasing the bin spacing 

as size increases.  As a result, the same weight is given to ∆dp for particles between 2 

µm and 2.25 µm as for particles between 200 µm and 225 µm.  Through this process, 

it was possible to enhance the resolution of the particle size distribution at the upper 

end of the size distribution. 

Other limitations of the MFI software that could not be remedied are that the 

raw particle sizes are not reported, instead a mid bin size is reported.  The result is that 

any subsequent use of the data will be using a “rounded” value, not the true 

measured/calculated size.  Also, in order to obtain the maximum Feret’s diameter, the 

user is required to accept the manufactures Threshold Level.  During shape analysis of 

the monodisperse latex microspheres it was found that the default Threshold Level 

accurately sized the particle diameter.  However, when shape analysis was performed 

on the irregular floc formed during coagulation there was the perception that the 

default Threshold Level resulted in an overestimation of the floc size. 
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3.5 Fractal Analysis 

Calculations of the three dimensional fractal dimension, D3, were conducted by 

comparing the two forms of the cumulative distribution, based on the maximum 

Feret’s diameter and volume as developed by Jiang and Logan (1996).   

Recalling from Chapter 2, D3 is the fractal dimension that describes the power 

law relationship between an objects’ characteristic length and the objects’ volume, as 

shown in equation (3.1).  

3D
pV d∝  (3.1) 

Where V represents the aggregate volume and dp represents the maximum Feret’s 

diameter which is used as the characteristic length.  Taking the log of equation (3.1) 

results in the relationship described in equation (3.2). 

3log( ) log( )pV D d∝ i  (3.2) 

Invoking the equation for a line in the form of y = mx + b, it is clear that D3 describes 

the slope of a line for a plot of log (dp) vs. log (V).  Therefore, it is necessary to obtain 

corresponding measures of the aggregate volume and maximum Feret’s diameter.  

Values for aggregate volume are obtained from the abscissa of the volume based 

cumulative size distribution shown in Figure 3.7.  The measure for the corresponding 

maximum Feret’s diameter can be obtained from the length based cumulative size 

distribution shown in Figure 3.8. 
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Figure 3.7 Cumulative distribution based on aggregate volume. 

 

 

Figure 3.8 Cumulative distribution based on length (max. Feret's diameter). 

 

log (v) (v in µm3)

log dp (dp in µm)

lo
g 

N
(>

d p
)



57 

 

 

The log (dp) vs. log (V) distribution, shown in Figure 3.9 is formed by 

matching the volume and diameter at which the cumulative number of particles is 

equal, such that:  

N( ) N( )pV d> = >   (3.3) 

 

 

Figure 3.9 Log (dp) vs. log (V) distribution. 

 

log dp
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3.6 Error Analysis 

3.6.1 Confidence Interval 

Error analysis was performed on the slope of the log (dp) vs. log (V) 

distribution by performing regression analysis on the distribution to obtain the 95 

percent confidence interval for the mean slope, D3.  The 95 percent confidence interval 

represents the range in which 95 percent of the values of the slope are expected to be 

between. In the results, D3 is reported along with the 95 percent confidence interval 

for the distribution range. 

3.6.2 Potential Sources of Error 

Comparability of the Size Distributions 

The suitability of both the Coulter Counter and the DPA-4100 to accurately 

measure the size and concentration of a particle suspension was initially assessed 

using 4.3 µm latex microspheres suspended in DDI water.  The purpose of this 

experiment was to investigate whether the Coulter Counter and the DPA-4100 could 

make comparable determinations of the total number concentration of an idealized 

suspension prior to advancing to coagulation experiments.  Analysis with the Coulter 

Counter estimated that there were 137,960 particles.  While analysis with the DPA-

4100 found that there were 133,500 particles.   The difference in the measured number 

concentrations was approximately 3 percent, clearly indicating that the differences in 

the concentrations measured by the two instruments are small.  
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Coulter Counter 

The Coulter Counter was calibrated using a combination of monodisperse latex 

microspheres to correlate a channel number to a particle volume.  Care must be taken 

to ensure that the calibration is performed accurately, if not it is possible that 

systematic sizing errors would result.  This would result in inaccurate representation 

using the PSDF and cumulative size distribution. 

It is also necessary for the particle concentration of the suspension to be within 

the particle count range for aperture used as listed in Table 3.3.  If the suspension 

contains too many particles the likelihood of coincidence increases.  When 

coincidence occurs, two or more particle pass through the aperture tube 

simultaneously and are size together as a single, larger particle.  Coincidence would 

result in lower number concentrations of small particles and artificially increase the 

number concentration of larger sized particles.  During fractal analysis, this would 

cause an increase in D3 by incorrectly matching floc with a low dp,v to floc with a 

larger dp,l because the analysis is based on the cumulative number of particles greater 

than a given size. 

Coincidence was minimized by using careful sampling procedures that ensure 

that the proper sample and electrolyte dilution was used to yield a sample with the 

proper number concentration.  The target particle count ranges listed in Table 3.3 were 

used to ensure statistical significance (lower end) and limit the likelihood of 
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coincidence (upper end).   Triplicate sampling for each aperture was also beneficial in 

identifying irregularities in the size distribution due to coincidence and breakup.  

Breakup of large floc as they pass through the orifice is a problem.  The results 

of the alum coagulation of the synthetic and natural water show that the alum floc are 

fragile in nature and care must be taken to minimize the occurrence of breakup.  

Breakup of the floc will artificially increase the number concentration of the lower end 

of the size distribution corresponding with the breakup of the larger particles in 

suspension.  The sampling of large floc can also lead to the aperture becoming 

clogged.  When clogging occurs, particles that are stuck are repeatedly counted as a 

separate particle, leading to significant spikes in particle counts.  Typically the count 

spike is easily detectable and requires the sample to be rerun following unclogging or 

cleaning to remove the obstruction.  However, if the spike was small and/or unnoticed, 

the size distribution would contain an artificially high number concentration for the 

particle size causing the obstruction.  Such an event would affect the accuracy and 

usefulness of the collected data.  Both breakup and clogging can lead to spikes in the 

number concentration, these spikes will lead to incorrect pairing of the length and 

volume based cumulative size distributions causing the log (V) - log (dp) to be curved 

instead of linear. 

The use of multiple apertures helps to minimize any error due to breakup in the 

orifice.  The multiple measurements help to identify any differences in the size 

distribution that could result from breakup.  In general, data from the largest aperture 
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was used for analysis, because breakup was less likely to occur in the larger aperture 

during Coulter Counter analysis.  The error due to breakup was also reduced by 

collecting three separate samples for each aperture.   

There is the potential for error arising from the accuracy of the size 

measurement by the instrument itself.  The manufacturer reports that the Coulter 

Counter has a standard error of ±3% for the measured particle volume and a standard 

error of ±1% for the calculated spherical equivalent (Beckman Coulter 2002). 

DPA 4100 

The flowcell has a fixed geometry, if any particle larger than the flow channel 

entered the flowcell it is likely that particle breakup, deformation, or some degree of 

clogging would occur.  This would affect the size, shape, and number concentration of 

the floc present in the suspension. 

The enforced Threshold Limit discussed in Section 3.4.6 also represents a 

potential source of error that still needs to be addressed.  If it turns out that the 

Threshold Limit is not optimized for sizing floc particles, then it is possible that the 

determined size is being overestimated.  This would create a shift in the size 

distribution to larger diameters.  A shift in the length based size distribution would 

also present a source of error in the fractal analysis, as the two measures of the 

cumulative size distribution would not represent the same particle population. 
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When a floc size is determined through shape analysis, the particle is assigned 

to an appropriately sized bin.  The bin represents a size range that is used to group 

similarly sized particles.  A limitation of the user software is that only the mid bin size 

are reported, not the raw floc size.  For example, Table 3.5 shows that utilizing a bin 

width of 0.25 µm, as was typical during this work, all particles within a bin would be 

reported as having the same diameter.   

Table 3.5 Reported mid bin diameters. 

 

 

The result is that all the particle diameters reported are actually average 

diameters for the bin size.  Subsequent use or analysis of the data (e.g., determination 

of the PSDF or fractal analysis) is therefore based on the average mid bin size and not 

the actual particle size.  An example of a source of error from using the average mid 

bin diameter data relates to the logarithmic transformation of the arithmetically spaced 

bins discussed in detail in Section 3.4.6.  Performing a logarithmic transformation of 

bin sizes enhanced the resolution of the particle size distribution at the upper end of 

Actual Diameter 
(µm)

Assigned Bin 
Range

Reported Diameter 
(µm)

2.05 2.00 - 2.25 2.13
2.10 2.00 - 2.25 2.13
2.24 2.00 - 2.25 2.13
2.01 2.00 - 2.25 2.13
2.16 2.00 - 2.25 2.13

Note: These are not actual values, they are only          
used to illustrate the sizing technique.
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the size distribution.  However, the logarithmic transformation was performed on the 

average mid bin diameter, not the actual particle parameters.   

During analysis using the DPA 4100, a sample is drawn from a sampling 

syringe, through the flowcell using a peristaltic pump.  The pumping speed of 0.22 

mL/minute is predetermined by the manufacturer to provide the proper flowrate 

through the flowcell (Brightwell Technologies 2008).  There is potential that this 

pumping action is sufficient to cause breakup of large floc as the floc pass through the 

flowline from the syringe and the flowcell.  This breakup would result in artificially 

increasing the number concentration of the suspension. 

The possibility of coincidence occurring is an issue that must be addressed 

when using the DPA 4100.  The manufacturers reported concentration limits, shown in 

Table 3.4 are in place to limit the likelihood of coincidence.  When coincidence 

occurs, two or more particles that are in close proximity with each other are sized as a 

single particle.  This misrepresentation would affect the number concentration and the 

size distribution by incorrectly reporting a larger number of large floc than actually 

present.  

As with any instrument, there is also some inherent accepted standard error 

associated with analysis using the DPA 4100.  In the performance specifications for 

the low magnification flowcell, the manufacturer reports that the determination of the 

particle size is accurate to within ±0.5 µm for particles smaller than 5 µm and ±5% for 

particles 5 µm in diameter and larger (Brightwell Technologies 2008).     
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Sampling 

The sampling process for removing floc from the jar test apparatus also 

represents a possible source of error.  Breakup of the large fragile floc during pipetting 

due to shearing if the suspension is either withdrawn or dispensed abruptly.  Broken 

tip pipettes were used to slowly and steadily remove and dispense the floc suspensions 

in order to reduce the shear forces and minimize floc breakup.  Careful mixing by 

rocking/rolling was used to limit breakup by any violent mixing and to ensure that the 

sample was thoroughly dispersed prior to analysis.  However it is still possible that 

breakup can occur, resulting in an inaccurate floc size distribution.   

Accurate analysis is dependent on the assumption that a representative sample 

is being used to determine the size distribution.  The ability to collect a representative 

sample typically decreases as floc size increases because large floc are only present in 

very low number concentration.  This can be overcome, in part, by collection of larger 

sample volume; however this must be balanced with other factors such as sample 

dilution in order to minimize the occurrence of coincidence.   
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4.0 RESULTS AND DISCUSSION 

4.1 Introduction 

As stated in Chapter 1, the objectives of this work were to (1) develop and test 

an improved methodology for characterizing floc morphology based on the three 

dimensional fractal dimension, D3, using dual measures of the size distribution based 

on characteristic length (maximum Feret’s diameter) and volume and (2) use the 

fractal analysis method to examine the influence of water quality and coagulation 

conditions on the floc formed during coagulation.   

Development and testing of the method was accomplished through use of a 

well-characterized model colloidal system consisting of latex microspheres 

destabilized in a high ionic strength electrolyte (0.6M NaCl).  Following preliminary 

experiments with microspheres, coagulation experiments were performed on synthetic 

waters and natural source waters using alum as the coagulant.  The purpose of these 

tests was to further validate the fractal analysis methodology and to examine the 

influence of water quality (e.g., turbidity and DOC concentration) and coagulation 

conditions (e.g., coagulant dose and mixing) on effluent size distributions and floc 

morphology.  Previous work has shown how effluent size distributions and floc 

morphology can play a significant role in the efficiency of many downstream 

processes (e.g., membrane filtration, sedimentation, or granular media filtration).  By 

optimizing coagulation conditions in terms of both improved water quality and floc 

morphology and size distribution, it may be possible to create a set of guidelines for 
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creating optimum floc that are ideally suited to specific unit processes (e.g., membrane 

filtration, sedimentation, or granular media filtration).    

4.2 Latex Microspheres 

4.2.1 Effect of Coagulation Condition 

A series of experiments were conducted utilizing 2µm latex microspheres 

(IDC, Eugene, OR) dispersed in 0.6M NaCl electrolyte to test the methodology for 

measuring fractal dimensions and to investigate the effect that mixing conditions had 

on the PSDF and morphology of aggregates formed by the destabilization and 

flocculation of the microspheres.  Three distinct mixing phases, hereafter referred to as 

flocculation, breakup, and regrowth, were investigated and particle characterization 

was conducted using the Coulter Counter and DPA 4100 after each phase.  The mixing 

phases were chosen to investigate the influence of distinct process configurations: 

flocculation represents slow mixing that is used to facilitate floc growth by promoting 

collisions between particles; breakup simulates shear induced breakup of floc as a 

result of pumping that may occur in the transfer between process trains (e.g. from a 

flocculation basin to a low pressure membrane filter); finally, regrowth represents the 

subsequent re-aggregation potential that exists if the coagulated water is allowed to re-

aggregate after breakup.  

Results from a representative experiment are shown in Figure 4.1which 

presents the PSDF based on the maximum Feret’s diameter (DPA 4100), while Figure 
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4.2 presents the PSDF based on particle volume (Coulter Counter).  Both plots show 

that significant changes took place as a result of the altered conditions caused by the 

three mixing phases.   

 

Figure 4.1 Length PSDF for microsphere jar test. 

 

The initial sample in Figure 4.1 was collected and analyzed immediately after 

the 30 second rapid mixing that dispersed the microsphere solution through the jar test 

vessel.  As shown by the reasonably wide distribution of the initial sample in Figure 

4.1, flocculation occurred very rapidly in the highly destabilized electrolyte.  Visual 

inspection of the images collected during analysis of initial sample showed that the 
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largest particles, notably the largest particle located at log (dp,l) of 2 are not aggregates, 

but rather unidentifiable contaminants present in the sample.  

 

 

Figure 4.2 Volume PSDF for microsphere jar test. 

 

The gentle mixing characteristic of flocculation processes resulted in a 

dramatic change in the particle size distribution.  Figure 4.1clearly shows that after 30 

minutes of mixing there was a significant decrease in the number of small particles 

(log (dp,l) < 0.9; dp,l < 8 µm), along with a corresponding increase in the number and 

size of large aggregates (log(dp,l) > 1.0 ; dp,l > 10 µm). 
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The PSDF plots reveal that exposing flocculated aggregates to increased shear 

rates resulted in an increase in the number concentration of aggregates in the middle of 

the distribution and a corresponding decrease in the maximum size observed during 

the flocculation phase.  These trends are evidence that large floc were broken up as a 

result of increased shear stress.  Figure 4.1shows that this increase in particle size 

occurred for particles with maximum Feret’s diameters between approximately (log 

(dp,l) > 0.8; dp,l > 6) and (log (dp,l) < 1.5; dp,l < 32 µm), without a corresponding 

decrease in the number of aggregates smaller than 6 µm.  This is further evidence that 

the increase observed was the result of breakup of large floc and not formation of new 

aggregates from flocculation of primary particles.  This form of breakup has been 

described as “large scale fragmentation”, which results in large floc being broken up 

into similarly sized smaller floc without an increase in the number concentration of 

primary particles and is thought to be the result of tensile stress acting normally across 

the whole floc (Jarvis et al. 2005a). 

As Figure 4.1shows, the reduction in mixing speed that was associated with 

regrowth resulted in a decrease in the number concentration of small to medium-sized 

floc (log (dp,l) < 1.5; dp,l < 32 µm) compared to the PSDF following breakup, with 

much of the size distribution returning to something similar to what was observed 

following flocculation.  However, regrowth did not result in floc growth to the same 

extent as was originally seen under the flocculation conditions.  There was also a 

reduction in small particles and floc with sizes (log (dp,l) < 0.8; dp,l < 6 µm) compared 

to the number concentration observed during flocculation and regrowth. The observed 
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reduction in the number concentration and reduction in the size of the largest floc 

compared to the flocculation condition, indicate that particle mass accumulated in the 

middle of the size distribution during the process of breakup and regrowth. 

The volume PSDF in Figure 4.2 deserves some additional explanation 

regarding comparison with the length PSDF.  First, no initial samples were collected 

and run on the Coulter Counter because of the time associated with sampling and 

changing out apertures, which as discussed in the Chapter 3, typically took more than 

an hour.  For this reason, it was decided that the rapidly changing conditions within 

the jar test vessel prohibited an accurate initial measurement of the entire PSDF using 

the Coulter Counter.  Second, the volume-based Breakup PSDF shown for the 

microsphere experiments are shown without the low end of the distribution.  This was 

caused by poor overlap between the 100 µm and 200 µm apertures, most likely 

resulting from the combined effects of aggregate breakup during analysis and 

changing conditions following breakup whereby regrowth likely occurred during 

collection of the breakup samples.  Due to the poor overlap, the 100 µm aperture was 

not used during the analysis of the breakup phase during this experiment.  This was 

seen as acceptable because the loss of data affected the low end of the distribution 

with (log (dp,l) > 0.3; dp,l > 2 µm) and (log (dp,l) < 0.6; dp,l < 4 µm), where aggregates 

(primarily doublets and triplets) were not expected to exhibit a fractal nature.  
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4.2.2 Fractal Analysis 

Fractal analysis was performed on the size distributions measured after each 

mixing phase following the procedure laid out in Chapter 3.  The fact that the log (V) 

vs. log (dp,l) distributions in Figure 4.3 are linear over much of the distribution for the 

three mixing phases is evidence that the floc population is reasonably estimated by a 

single D3.  Determination of the fractal dimension of the three mixing phases over the 

entire distribution between approximately (log (dp,l) > 0.8; dp,l > 6 µm) and (log (dp,l) < 

1.7; dp,l < 50 µm), provided in Table 4.1 shows that D3 did change between the three 

mixing phases.  Flocculation mixing resulted in floc characterized with a D3 of 

2.12±0.03.  Upon exposure to breakup mixing conditions, floc restructuring occurred 

resulting in an increase in D3 to 2.38±0.02, which characterizes the smaller floc 

formed from breakup of larger aggregates.  When the system was returned to the slow 

mixing conditions of the flocculation phase, floc regrowth occurred as seen in the 

PSDF above.  Regrowth resulted in a small decrease in the fractal dimension, to 

2.34±0.02.   
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Figure 4.3 Log (V) - log (dp) distribution for microsphere Test 1. 

 

Table 4.1 Microsphere fractal dimension. 
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While the entire distributions are reasonably well described by a single fractal 

dimension, there is a certain amount of curvature observed in the log (V) vs. log (dp,l) 

distributions which suggests that there is variability in D3 with particle size. From 

Figure 4.3 it appears that the differences between the three mixing phases are most 

pronounced for floc sizes below log (dp,l) 1.2.  Above log (dp,l) 1.2, the fractal 

dimensions are fairly similar for the three mixing phases.   

Focusing on the size range between (log (dp,l) > 0.8; dp,l > 6 µm) and (log (dp,l) 

< 1.2; dp,l <16 µm), D3 was calculated for the flocculation phase as 1.85±0.02, 

suggesting that the floc formed were highly porous.  The calculated D3 is slightly 

higher than the value of 1.72 obtained by Tang et al. for floc sizes between 5 µm < dp,l 

< 25 µm formed using 1.28 µm latex microspheres as the primary particles (Tang et al. 

1999).   The D3 calculated is very comparable for the range of 1.77 to 1.83 obtained by 

Jiang and Logan for microsphere floc between dp,l > 3.1 µm and dp,l < 6.1 µm formed 

by destabilization of 0.92 µm latex microspheres in NaCl (0.05 M to 0.5 M) using a 

paddle mixer operated at a mixing intensity of 16 s-1 (Jiang 1993; Jiang and Logan 

1996). 

Following breakup, D3 for (log (dp,l) < 1.2; dp,l < 16 µm) was calculated be to 

2.51±0.03, reflecting that the morphology of the aggregates had been significantly 

altered by the shearing process.  The increase in D3 paired with the decrease in floc 

size observed in Figure 4.1 and Figure 4.2 indicate that the resulting floc were both 

smaller and more compact, a trend observed in previous studies (Jarvis et al. 2005a; 
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Spicer et al. 1998; Waite 1999).  The breakup D3 of 2.51±0.03 is higher than the value 

of 2.05 calculated for 0.3 µm latex microspheres destabilized in 1 M NaCl after 

breakup (Jarvis et al. 2005b).   However, it is quite similar to the value of 2.5 obtained 

by Spicer et al. (1998) for large latex-alum floc exposed to turbulent conditions.   

As described above, the regrowth conditions resulted in significant growth of 

larger floc and resulted in a D3 value of 2.05±0.03 for particles (log (dp,l) < 1.2; dp,l < 

16 µm).  This result suggests that while floc were able to re-aggregate and the floc size 

distribution largely recovered from the breakup phase, the aggregates that formed 

during regrowth were more compact than the floc formed during the original 

flocculation phase.  This isn’t surprising as floc formation after breakup is influenced 

by aggregation of small floc (instead of primary particles) that have a higher fractal 

dimension than the initial flocculation phase.   

4.2.3 Repeatability 

The microsphere and NaCl jar test described above was repeated to investigate 

the accuracy and repeatability of the PSDF characterization and fractal analysis 

procedure.  The repeatability of the breakup mixing phase is presented here; additional 

discussion of the repeatability of the flocculation and regrowth mixing phases is 

presented in the appendix.   

Figure 4.4 and Figure 4.5 present comparisons of the volume PSDF and the 

length PSDF from the breakup mixing phase of two latex microsphere experiments.  

The results of the two experiments are very consistent in terms of both particle 
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concentration and PSDF for both instruments.  This suggests that the experimental 

method and setup used to characterize the floc size distribution was conducted in a 

reproducible manner and that under controlled conditions, determination of the PSDF 

can be consistently and accurately determined with the DPA 4100 and the Coulter 

Counter.    

 

Figure 4.4 Repeatability of volume PSDF. 
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Figure 4.5 Repeatability of length PSDF. 
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The 100 µm aperture PSDF for Test 1 and Test 2 showed increased particle 

concentrations than the corresponding 200 µm aperture.  This is surprising considering 

the consistent results that were obtained during the flocculation and regrowth that 

contained a higher number concentration of larger floc.  A possible explanation is that 

because of the protocol used to shear the samples and the time required to make the 

measurements that substantial regrowth occurred in the time between required to 

collect and run the 100 µm samples, causing a reduction in the number concentration.  
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During breakup, the jar was removed from the paddle mixer and placed on a magnetic 

stirrer for 30 seconds and then returned to the paddle mixer operating at a slow speed 

to maintain particle suspension, which would allow time for regrowth to occur.  

The remarkable linear nature of the log (V) vs. log(dp,l) for the breakup mixing 

phase, seen Figure 4.6, also shows that the microsphere floc formed as a result of 

breakup mixing conditions were well characterized by a single fractal dimension. This 

suggests that the morphology of floc formed during breakup does not change 

significantly as a function floc size.  D3 for the two microsphere breakup experiments 

were found to be 2.38±0.02 for Test 1 and 2.36±0.01 for Test 2.  The magnitude of 

variation in D3 that was an observed in Test 1 for sizes below (log (dp,l) < 1.2; dp,l < 16 

µm) was not observed in Test 2, where D3 was found to be 2.39±0.05.  
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Figure 4.6 Repeatability of fractal analysis. 

 

The results for the fractal analysis of flocculation and regrowth phases 

produced inconsistent results.  Fractal analysis of the flocculation mixing phase for 

Test 2 resulted in a highly curved distribution, suggesting that the two forms of the 

cumulative distribution were poorly matched.  While analysis of the regrowth phase of 

test 2 resulted in a fairly linear distribution between log (V) vs. log(dp,l) with a D3 

value of 3.53, which isn’t possible as it is greater than 3. 
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4.2.4 Extended Flocculation  

Due to the somewhat inconsistent results that were observed during the 

flocculation and regrowth phases of the first two microsphere jar tests, it was decided 

to run an extended flocculation experiment.  The purpose of this experiment was to 

examine changes in the size distribution and floc morphology with time at constant 

mixing conditions.  During this test, conditions were held as close to constant as 

possible for 6 days (144 hours), with samples collected after 7, 24, 48, and 144 hours 

of mixing. 

The volume and length PSDF provided below show the changes in the 

distribution that occurred as a result of the extended mixing.  The first sampling event 

was after 7 hours of steady flocculation mixing and was chosen because it 

corresponded to the mixing times used in the three phase microsphere experiment 

discussed earlier.  The time was much greater than the 1.5 hours estimated to be 

required to reach pseudo steady state according the method used by Serra et al., as 

described in Chapter 3.   
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Figure 4.7 Comparison of flocculation volume PSDF. 
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Figure 4.8 Comparison of flocculation length PSDF. 

 

Figure 4.7 and Figure 4.8 show that the largest floc observed in both PSDF 

plots during the test were observed after 7 hours of mixing.  As mixing continued, the 

large floc were broken up, with the maximum floc size decreasing between the sample 

collected at 7 hours and 48 hours of mixing.  Corresponding to the breakup of the 

largest floc, there was a steady increase in the number of floc present in the mid range 

of the distribution, between approximately (log (dp,l) > 1.0; dp,l > 10 µm) and (log (dp,l) 

< 1.7; dp,l < 50 µm).  This suggests that the observed increase in the number 

concentration of particles in the mid range of the distribution were primarily the result 
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of the breakup of the larger floc rather than continued aggregation of smaller primary 

particles.   

Both PSDF plots suggest that aggregation continued during the course of the 

experiment, with a noticeable reduction in the number concentration for particles (log 

(dp,l) < 1.2; dp,l < 16 µm) between 48 and 144 hours.  It is interesting that there was a 

narrowing of the peak observed at the mid range of distribution that occurred with 

time, implying there was a buildup of mass in the mid range of the distribution 

between (log (dp,l) > 1.2; dp,l > 16 µm) and (log (dp,l) < 1.6; dp,l < 40 µm).  This 

suggests that extended flocculation mixing had a normalizing affect on the floc size, 

resulting in similarly sized floc.  Evidence of this effect are seen in both the decrease 

in the number concentration at the low end of the distribution as particle aggregation 

occurred, and the reduction in the number concentration at the upper end of the 

distribution as large floc were broken up into multiple, similarly sized smaller 

aggregates.   

Both PSDF plots show that the size distribution changed very little change in 

the PSDF between 48 hours and 144 hours of mixing.  This is evidence that under the 

test conditions of this experiment, the time to reach pseudo steady state was greater 

than 48 hours, not 1.5 as suggested by the calculation method presented by Serra et al. 

(2008).  In fact, longer times are probably necessary to reach a pseudo steady state in 

terms of the lower end of the distribution which was seen to change significantly in the 

final 100 hours rather than the first 48.    
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The tabulated solids balance and particle concentrations for the four sampling 

events are provided in Table 4.2. Both instruments recorded a decrease in the particle 

concentration between the samples collected after 7 and 24 hours as aggregation of 

small particles occurred.  During this time, the solids balance remained reasonably 

constant, suggesting that there was little loss of mass occurring from particles settling 

and that the samples collected were representative of the test conditions.  Comparison 

of the samples collected after 24 and 48 hours again showed a significant decrease in 

the number concentration as measured by the DPA 4100, but an increase was observed 

in the number determined from the Coulter Counter measurements.  The number 

concentration obtained with the Coulter Counter agrees with the trends seen in the 

PSDF, and supports the observation that the increase in the number concentration in 

the mid range was the result of breakup of larger floc into smaller aggregates.   

 

Table 4.2 Extended flocculation jar test solid balance and particle concentration. 

Solid Balance (μm3/mL) 2.90E+07 3.04E+07 3.12E+07 2.31E+07

Particle Concentration 
(DPA 4100)

(#/mL) 53,480 46,110 41,890 23,710

Particle Concentration 
(Coulter counter)

(#/mL) 58,010 33,710 42,310 33,370

Extended Flocculation Test

7 hrs 24 hrs 48 hrs 144 hrs
Parameter Units
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A decrease was observed in the number concentration between 48 and 144 

hours, this corresponds to the decrease observed in both forms of the PSDF for sizes 

(log (dp,l) < 1.2; dp,l < 16 µm).  The solids balance in Table 4.2 for the sample collected 

after 144 hours suggests that there was a loss in mass that occurred between 48 and 

144 hours.  This is a reasonably small decrease in the solids balance, the simplest 

explanation of which is that the formation of larger floc made it more difficult to 

collect a representative sample from the jar test vessel. 

Figure 4.9 shows the comparison of the log (V) vs. log (dp,l) distributions for 

four sampling events.  The distribution shows that the fractal dimension was changed 

during the course of the experiment, most notably during the first 24 hours.  In 

general, fractal analysis showed that D3 decreased as mixing time increased, which 

suggests that the floc present were becoming less compact with exposure to 

flocculation mixing.   
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Figure 4.9 Comparison of log (V) - log (dp) distributions. 

 

The curvature of the distributions suggests that the fractal dimension varied as 

a function of floc size.  As Figure 4.10 shows, the log (V) vs. log (dp,l) plots are most 

varied at the lower end of the distribution (log (dp,l) < 1.5; dp,l < 32 µm), but consistent 

above log (dp,l) 1.7 suggesting that above 50 µm, shear forces exerted on the floc 

played a dominant role in effecting the floc morphology.   
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Figure 4.10 Log (V) - log (dp) below log (dp) 1.5. 

 

Figure 4.10 shows that for floc (log (dp,l) < 1.5; dp,l < 32 µm), the floc 

morphology continued to change over the course of the experiment.  Fractal analysis 

for the first sample collected after 7 hours shows regions of varying distribution, 

suggesting that the fractal dimension changing.  It is also possible that this varying 

slope of the distribution is an artifact of the analysis procedure produced by poor 

agreement between the two measures of the PSD.  The remaining three samples were 

much more linear, implying that the floc present during those sampling times were 

very similar in their morphology.   The results of fractal analysis shown in Table 4.3 

reveal that the fractal dimension decreased with time, from a value of D3 of 2.52±0.12 
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after 7 hours to 1.73±0.05 after 144 hours of mixing.  The increase in the number 

concentration of small aggregates between (log (dp,l) > 0.8; dp,l < 6 µm) and (log (dp,l) 

< 1.2; dp,l < 16 µm) observed in the PSDF explains this decrease in the fractal 

dimension.  The highly destabilized conditions provided by the NaCl resulted in 

diffusion limited colloidal aggregation (DLCA) which would the formation of more 

tenuous structures as floc are formed by collisions between particles and the outer 

edges of existing aggregates (Tang 1999).    

Table 4.3 Extended flocculation fractal dimensions. 

 

 

Figure 4.11 highlights the log (V) vs. log (dp) distributions for floc (log (dp,l) > 

1.7; dp,l > 50 µm).  Linear regression shows that D3 for the four samples are quite 

similar for sizes greater than 50 µm, with D3 ranging from a value of 1.21±0.02 for the 

sample collected after 7 hours of mixing to 1.28±0.03 for the sample collected after 

144 hours of mixing.  Also evident is that the fractal dimensions of the larger floc (log 

(dp,l) > 1.7; dp,l > 50 µm) are noticeably lower than D3 observed for floc dp,l < 50 µm, 

suggesting that the floc in this size range are characterized by a lower fractal 

dimension. 

D 3

± 95% 
CI

D 3

± 95% 
CI

D 3

± 95% 
CI

D 3

± 95% 
CI

0.8 < log (d p, l ) < 1.5 2.52 0.12 2.13 0.03 1.93 0.04 1.73 0.05

1.5 < log (d p, l ) < 1.7 2.27 0.07 1.98 0.05 1.86 0.03 1.53 0.03

log (d p, l ) > 1.7 1.21 0.02 1.17 0.02 1.04 0.02 1.28 0.03

Size Range
7 Hrs 24 Hrs 48 Hrs 144 Hrs
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Figure 4.11 Log (V) - log (dp) comparison above log (dp) 1.7. 
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4.3 Synthetic Water 

The influence of water quality on coagulation conditions and floc morphology 

was investigated using a controllable source synthetic water was meant to minimize 

variability between samples.  The benefit of using the synthetic water was that it made 

it possible to investigate the impact of a specific constituent such as DOC (presented 

below) by altering the recipe to increase or reduce the concentration in the raw water.  

Jar testing was performed using alum to determine the coagulant dose required to 

achieve various rates of removal (e.g., optimum removal) for turbidity and DOC (as 

measured by UV254) for high and low DOC synthetic waters.  Once the removal 

efficiency was determined, three experiments were conducted to determine the impact 

that coagulant conditions and water quality had on the floc size distribution and floc 

morphology using the methodology laid out above using latex microspheres.  Table 

4.4 outlines the conditions for which particle characterization was conducted. 

Table 4.4 Synthetic water coagulation conditions. 

Synthetic Water 

Type
Coagulant Conditions

Test 1 High DOC Optimum dose

Test 2 Low DOC Optimum dose

Test 3 High DOC Non-optimum dose  
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The conditions for the three experiments shown in Table 4.4 were chosen 

because jar testing showed all of these conditions to produce very good UV254 removal 

with varying levels of turbidity removal.  Test 1 and Test 2 investigated the impact of 

DOC on coagulation conditions and floc structure under enhanced coagulation 

conditions, for optimum removal of both turbidity and UV254.  Test 3 represents an 

under-dosed situation that resulted in good removal of UV254 but little or no removal 

of turbidity.   

4.3.1 Jar Testing 

A jar test was performed on high DOC synthetic water to determine the 

optimum coagulant dose.  As Figure 4.12 shows, the optimum alum dose based on 

turbidity and DOC removal for the high DOC synthetic water occurred at 55 mg/L (as 

alum).   
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Figure 4.12 High DOC synthetic water jar test. 

 

The results of the jar test also show that a substantial amount of DOC (as 

measured by UV254) was easily removed at low alum doses and that there was a steady 

decrease as alum dose increased.  Turbidity however, was observed to increase 

significantly over much of the testing dosage range; at a dose of 40 mg/L (as alum) 

there an approximate 40% increase in the turbidity compared to the raw water.  This 

phenomena is quite typical of under-dosed systems where the addition of aluminum 

sulfate results in the formation of aluminum hydroxide (Al(OH)3), but at a 
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settleable.  Clearly, the precipitate formed at under-dosed conditions is still effective at 

adsorbing DOC, although not to the same extent as in the sweep-floc regime observed 

at a coagulant concentration of 55 mg/L (as alum) and above.  Below 55 mg/L, no 

visible floc formation occurred. 

The results of the jar test on the low DOC synthetic water, shown in Figure 

4.13, reveal similar trends as those seen in the high DOC synthetic water.  As much as 

70% removal of UV254 was achieved with little or no turbidity removal.  

 

 

Figure 4.13 Low DOC synthetic water jar test. 
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Compared to the high DOC water, it was observed that removal of UV254 and 

turbidity occurred at dramatically lower coagulant dosages for the low DOC water.  

Considering that only the concentration of DOC was altered for these experiments, 

this suggests that DOC plays a significant role on the coagulation process.  As 

reported by Jarvis et al. the primary removal route for organic content appears to be 

through adsorption via charge neutralization (2005a).  Interactions between aluminum 

and NOM can greatly impact the extent of flocculation, with NOM removal under 

charge neutralization condition resulting from precipitation of Al-NOM species 

(Lawler and Benjamin 2006).  As a result, higher levels of DOC require more 

aluminum in order to neutralize the charge caused by the DOC.   

Using the results from the alum jar tests, it was decided to investigate the 

optimum coagulation dose for the high DOC and low DOC waters that had resulted in 

almost complete (greater than 90%) removal of both UV254 and turbidity. The 

optimum dose was determined to be 55 mg/L (as alum) for the high DOC synthetic 

water and 15 mg/L (as alum) for the low DOC water.  The optimum coagulant doses 

were further examined because the conditions represent the “optimum” coagulation 

conditions with respect to traditional processes (e.g., sedimentation) where formation 

of large floc is preferential to provide efficient settling.  In terms of membrane 

filtration however, the increased removal of turbidity seen at the higher coagulant 

doses, would result in an increase in the solids load sent to the membrane filters.  

Unless removed through conventional pretreatment (flocculation and sedimentation), 
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the added solids will likely contribute substantially to reversible fouling by formation 

of a thicker cake layer (AWWA 2005). 

The third experiment was conducted using an under-dosed condition to 

coagulate the high DOC synthetic water.  Based on the results of the jar test, a non-

optimum dose of 40 mg/L (as alum) was chosen for further analysis.  Under this 

condition, coagulation resulted in more than 80% removal of UV254, while a 40% 

increase in turbidity with respect to the raw water.  In terms of membrane filtration, 

the high DOC, under-dosed coagulation condition would be expected to result in 

reduced solids loading (compared to the high DOC enhanced coagulation) of the 

membrane filters combined and significant removal of DOC via adsorption prior to 

filtration.    

A major limitation of membrane filtration is fouling of the membrane filters, 

which can occur by two mechanisms, reversible and irreversible fouling.   Reversible 

fouling is associated with the buildup of solid on the membrane surface that creates a 

cake with low hydraulic conductivity; typically, backwashing or air scouring is 

sufficient to remove the cake layer.  Irreversible fouling is caused by adsorption of 

organic material within the membrane pore and required chemical cleaning to remove. 

An optimum coagulant dose will result in removal of most of the colloidal material 

and adsorption of DOC onto the large alum floc that form.  In terms of treatment, a 

reduction in irreversible fouling would be expected because DOC would be adsorbed 

to the floc instead of being capable of penetrating the pore space.  The larger floc may 
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form a cake layer on the membrane that is initially more porous than would have been 

observed by treatment of the colloidal solids.  However, the added particle mass 

(precipitated aluminum hydroxide) will likely contribute to additional particulate 

fouling.  It should also be noted that a significant motivation for DOC removal in 

many treatment processes is to prevent the formation of disinfection by-products 

(DPBs), which are formed from reaction of organic matter with chlorine (AWWA 

1999).  

4.3.2 Floc Characterization 

Figure 4.14 shows the length PSDF for the flocculation an  breakup mixing 

conditions for for the high DOC synthetic, coagulated at an optimum dose of 55 mg/L 

(as alum).  The volume PSDF, presented in Figure 4.15 shows the corresponding 

measurements collected using the Coulter Counter.  Both PSDF plots show that 

breakup mixing conditions caused a dramatic increase in mass between (log (dp,l) > 

1.0; dp,l > 10 µm) and (log (dp,l) < 2.3; dp,l < 200 µm). 
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Figure 4.14  High DOC-Optimum dose length PSDF. 

 

The formation of sweep floc resulting from the high alum dose resulted in the 

formation of very large floc as measured with the DPA 4100.  The distribution in 

Figure 4.14 suggests that the increase in the number concentration of particles was the 

result of breakup of larger floc as shown by the consistent number concentration for 

particles (log (dp,l) < 1.0; dp,l < 10 µm). 
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Figure 4.15 High DOC-Optimum dose volume PSDF. 

 

The lack of agreement between the flocculation and breakup samples at the 

low end of the dp,v PSDF.  The dp,v PSDF suggests that the number concentration 

increased as a result of breakup, which disagrees with the data collected from the DPA 

4100.  The sharp rise in the number concentration for the breakup sample, suggests 

that this inconsistency is due to breakage occurred as floc passed through the orifice of 

the 100 µm aperture. 
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The PSDF shown in Figure 4.16 compares the flocculation mixing phase for 

the three synthetic coagulation experiments. 

 

Figure 4.16 Synthetic water flocculation PSDF. 
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explained by the increased formation of Al(OH)3 precipitate experienced at the higher 

alum dose. 

The second trend that is observed from comparison of the flocculation PSDF is 

that the under-dosed High DOC (40 mg/L) experiment resulted in significantly worse 

removal of small particles (log (dp,l) < 1.0; dp,l < 10 µm).  This isn’t surprising as the 

jar test results showed an increase in turbidity when under-dosed and there were few 

floc visible during the test. 

 

 

Figure 4.17 Synthetic water breakup PSDF. 
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Breakup resulted in the buildup of solids in the mid size range for each of the 

three experiments, with minimal changes observed at the low end of the distribution.  

The low DOC (15 mg/L) experiment is the exception, which resulted in a decrease in 

the number concentration for sizes (log (dp,l) < 1.0; dp,l < 10 µm).  Comparing the 

results from the two high DOC experiments, the high DOC (55 mg/L) experiment in 

general resulted in the formation of larger floc sizes after breakup compared with the 

high DOC (40 mg/L) experiment.  However, Breakup of the under-dosed high DOC 

(40 mg/L) resulted in significant buildup of mass in the mid size range compared with 

the high DOC (55 mg/L) experiment. 

Comparison of the two optimum dose experiments show that the high DOC 

(55 mg/L) experiment resulted in both a higher number concentration and a wider size 

distribution range than observed with the low DOC (15 mg/L) experiment.  This is 

further evidence of the higher solids content that resulted from the much higher alum 

dose needed to achieve removal of both UV254 and turbidity. 

The high DOC (55 mg/L) experiment, conducted to examine the coagulation 

conditions at the optimum dose, shows that those conditions not only resulted in the 

formation of the greatest number of aggregates (log (dp,l) > 10; dp,l > 100 µm).  These 

conditions also resulted in the creation of the largest aggregates that were observed in 

any of the three experiments.  Particle characterization of the low DOC synthetic 

water results showed that even though the experiment was conducted at the optimum 

coagulant dose for turbidity and DOC removal, fewer primary particles were 
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aggregated and smaller aggregates formed.  This was caused by a reduction in sweep 

floc formed; the lower alum dose associated with the low DOC water likely resulted in 

a decrease in the solids that were formed by precipitation of aluminum hydroxide 

limited the ability to form large floc. 

In addition to the optimum dose conditions, it was desired to see how the 

aggregate characteristics changed under non-optimum coagulation conditions of the 

high DOC water.  For the purposes of this experiment, a dose of 40 mg/L (as alum) 

was chosen based on results of the high DOC jar test 

Figure 4.16 also shows that over the rest of the distribution the non-optimum 

dose experiment resulted in dramatically lower removal of small particles (log (dp,l) < 

1.0; dp,l < 10 µm) compared to the two optimum dose experiments.  This translated 

into a reduction of particle mass present in the mid range of the distribution between 

(log (dp,l) > 1.0; dp,l > 10 µm) and (log (dp,l) < 2.0; dp,l < 100 µm), as there were few 

aggregates present.   

The results of the floc size distribution can be used to make predictions about 

the distribution resulting from coagulation pretreatment for different membrane 

filtration configurations, such as in-line coagulation-membrane filtration and 

conventional pretreatment-membrane treatment as well as submerged versus 

pressurized filtration.  The size distribution resulting from the flocculation mixing 

phase could be expected to be similar to the distribution formed during in-line 

coagulation where flocculation occurs without any sedimentation prior to filtration.  
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During in-line coagulation, initial improvements in the performance of the membranes 

could be expected because the floc would provide a more porous filter cake.  

However, past experiments are contradictory as whether it is more advantageous for 

membrane filtration.  Howe and Clark saw consistent improvement in membrane 

performance when enhanced coagulation was used, while low alum doses frequently 

resulted in decreased performance (Howe and Clark 2006).  While Wang et al. (2008) 

found that higher alum doses resulted in increased formation of hydrolysis products 

that resulted in higher cake resistance.  It was suggested that alum doses be kept at a 

minimum to provide better removal of humic substances without the increasing the 

solids load to the membrane filter.    

In conventional pretreatment, coagulation is combined with a flocculation 

stage and solids removal process such as straining or sedimentation.  Conventional 

pretreatment would be well suited for source waters such as the high DOC synthetic 

water if enhanced coagulation was required.  Because enhanced coagulation for 

removal of DOC as well as turbidity requires much higher coagulant doses are 

required, this can lead to significant solids being formed (AWWA 2005).    

The breakup mixing phase was meant to simulate the effect that pumping has 

on floc formation.  Pumping can occur during the process flow to move the water to 

the membrane system or be part of the membrane system itself as during pressurized 

membrane filtration.  The breakup observed during experimentation suggests that the 

benefits gained through enhanced coagulation and formation of sweep floc would be 
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reversed because floc size is likely to be reduced by shear forces resulting from 

pumping.    Under conditions where only DOC removal is desired, a similar system as 

that simulated in the high DOC (40 mg/L) experiment may be ideal because there was 

very good removal of UV254 at a reduced coagulant dose and coagulant dose wasn’t at 

a high enough dose to cause large floc to form..   

4.3.3 Fractal Analysis 

Application of the fractal analysis procedure to the synthetic water 

measurements that contained alum floc proved problematic.  As seen in Figure 4.18 

the plot of log (V) vs. log (dp,l) reveal flocculation and breakup distributions of 

varying curvature, an indication that the cumulative distributions in terms of length 

and volume were not being matched correctly.   
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Figure 4.18 Optimum dose log (V) - log (dp,l) distribution for low DOC synthetic 
water. 

 

Figure 4.19 show the log (V) vs. log (dp,l) plots for the optimum dose for the 

high DOC synthetic water, while Figure 4.20 shows the distribution for the non-

optimum dose.  The result of fractal analysis on both water types produced 

distributions very similar to those observed for the optimum dose for the low DOC 

water shown above.  The flocculation and breakup distributions in Figure 4.19 and 

Figure 4.20 each contain ranges that are quite linear; however, calculation of the slope 

of these regions produced D3 values that were less than 1.0 and much greater than 3.0.  
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These are not valid estimates of D3, which by definition of the three dimensional 

fractal dimension must lie between 1 and 3, with 3 representing a solid sphere.   

 

Figure 4.19 Optimum dose log (V) – log (dp,l) distribution for high DOC synthetic 
water. 
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Figure 4.20 Non-optimum dose log (V) - log (dp,l) distribution for high DOC synthetic 
water. 

 

The non linear distributions observed in these log (V) vs. log (dp,l) are likely 

caused by dramatic differences in the cumulative distributions measured by the 

Coulter Counter and the DPA 4100.  The volume and length PSDF, shown in the 

appendix show that similar distributions were observed for the respective samples; 

however, the volume PSDF consistently measured more particles, likely due to 

breakup of large aggregates during analysis with the Coulter Counter.  As such, 

different parts of the length and volume distributions were matched based on 

cumulative number (N>size), with the result that a large aggregate volume was 

incorrectly paired with a small aggregate length.  
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There are two distinct trends that appear in Figure 4.18, Figure 4.19, and 

Figure 4.20.  First the shear forces exerted during breakup resulted in a reduction in 

the volume measured for a corresponding length. The second trend that can be 

observed relates to the alum dose and the relative size of floc that were formed.  

Sweep floc formed in the optimum dose conditions seen in Figure 4.18 and Figure 

4.19 appear to result in more varied results than the non-optimum condition shown in 

Figure 4.20 that was characterized by a greater number of smaller floc (Figure 4.16 

Figure 4.17).   

Of the three synthetic water coagulation experiments, the floc formed during 

high DOC (40 mg/L) experiment were most similar to the floc observed during the 

microsphere flocculation experiments.  This would suggest that the large floc that are 

typical of sweep floc conditions are not accurately measured by one, or both of the 

instruments.  The size distributions obtained from measurements with the Coulter 

Counter have been shown to display characteristic that suggest breakage was 

occurring in the Coulter Counter during sampling of alum floc.  It is also possible that 

deformation or breakup during analysis with the DPA 4100 could occur as the flowcell 

has a physical size limit for particles that can be measured.  
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4.4 Albany Raw Water 

Raw river water was collected from the influent of the Albany-Millersburg 

membrane water treatment facility (Albany, OR).  The source water for the plant is the 

South Santiam River.  The water quality parameters shown in Table 4.5 indicate that 

the source water is characterized by low turbidity and low DOC.  Because of the low 

turbidity and DOC content in the source water, the use of coagulants for solids 

removal is limited to seasonal demand such as winter storms when large amounts of 

sediment as well as DOC are washed into the river.  The primary use of coagulant 

pretreatment at the Albany-Millersburg plant is to remove DOC in order to prevent 

formation of DPBs.  

 

Table 4.5 Albany raw water. 

Parameter
pH 6.2
Turbidity 10.2 NTU
DOC 1.16 mg/L
Alkalinity 12.4 mg/L as CaCO3  

 

The effect of coagulant dose on the natural source water was investigated to 

examine the capability of characterizing both the particle size distribution and the 

fractal dimension of alum floc formed from the complex heterogeneous raw water.  

Figure 4.21 shows the removal efficiency of turbidity and UV254 with alum dose.   
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Figure 4.21 Albany water jar test. 

 

Figure 4.21 shows three distinct phases are apparent from the jar test results: 
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resulted in a 20 to 30 percent reduction of UV254, and approximately a 60, percent 

reduction in turbidity.  Charge neutralization was followed by a brief transition phase 

that resulted in continued removal of UV254, but an increase in turbidity as aluminum 

hydroxide began to precipitate from solution.  Above alum doses of 15 mg/L (as 
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were constant at approximately 80 percent for UV254 and 90 percent for turbidity.  The 

results of the raw water jar test were very similar to the jar test results for the low 

DOC water.  This isn’t surprising considering the similar water quality levels for the 

two water types. 

4.4.1 Floc Characterization 

Using an alum dose of 8 mg/L (as alum), which was representative of the 

transition phase removal regime, further experimentation was carried out to examine 

the characteristics of the size distribution and floc morphology at different coagulation 

mixing conditions.  This dose was chosen because it represented a regime where there 

was better reduction of UV254 compared to turbidity, which is characteristic of 

removal by charge neutralization because of the influence of DOC on particle charge 

(Lawler and Benjamin 2006).  The length based PSDF is shown below in Figure 4.22 

and Figure 4.23 for the different mixing conditions; the volume PSDF shows similar 

trends and is provided in the appendix. 
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Figure 4.22 Albany water length PSDF (raw water, flocculation, and sedimentation). 
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Figure 4.23 Albany water length PSDF (flocculation and breakup). 
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corresponding increase in the number of particles below approximately (log (dp,l) < 

2.2; dp,l < 150 µm).  

Coagulation by charge neutralization was examined using a coagulant dose of 

1 mg/L (as alum) resulting PSDF, shown in Figure 4.24. The PSDF shows that size 

distribution from a charge neutralization dose was very different than distribution 

observed for the 8 mg/L coagulant dose.  As may be expected from the lower 

coagulant dose, there was substantially less removal of small particles under the 

charge neutralization conditions than seen with the higher transition phase 8 mg/L 

dose.  Further proof that little aggregation occurred is that there is no change in the 

size distributions between the flocculation and breakup.  
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Figure 4.24 Length PSDF for 1 mg/L jar test. 
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membrane filtration, the force exerted on the filter cake could cause compression of 

the filter cake, causing fouling by forming a less permeable surface layer that would 

restrict water transport across the membrane.   

Other potential configurations that the size distribution and floc morphology 

could impact are in-line coagulation and conventional pretreatment.  In-line 

coagulation is characterized by coagulant addition without any solids removal prior to 

membrane filtration (Choi and Dempsey 2004).  This configuration would likely result 

in substantial reduction of DOC but may not facilitate significant floc growth due to 

short residence times and limited mixing ability.  Because of this, optimization of 

coagulation conditions to limit solids loading, such as by charge neutralization would 

be beneficial.  In conventional pretreatment, coagulation and flocculation are 

combined with a solids removal process such as sedimentation.  As discussed in 

section 4.3.2, conventional pretreatment would be ideally suited for situations where 

sweep floc formed during enhanced coagulation for removal of DOC and turbidity is 

utilized.  This could be necessitated by high DOC concentrations or high or variable 

turbidity such as the season variations experienced at Albany-Millersburg.  Reducing 

both the solids load and the DOC content going to the membranes would result in 

increased performance and reduced operations and maintenance costs associated with 

reduced fouling (reversible and irreversible) and less frequent cleaning (AWWA 

2005).  



116 

 

 

4.4.2 Fractal Analysis 

The results of fractal analysis performed on the alum coagulated raw water are 

shown below in Figure 4.25 and Figure 4.26 for doses of 1 and 8 mg/L (as alum) 

respectively.  Jar tests of the Albany water showed that optimum removal of turbidity 

and UV254 was achieved at alum doses approaching 20 mg/L (as alum), so the test 

conditions represented in Figure 4.25 and Figure 4.26 are both non-optimum 

conditions.   

The results of the fractal analysis performed on resultant floc from a 1 mg/L 

(as alum) jar test are shown in Table 4.6.  The resulting log (V) vs. log (dp,l) 

distribution shown in Figure 4.25 shows that the distributions are quite linear, 

suggesting that the cumulative distributions were well matched.  The fractal 

dimensions were found to be reasonably constant for the three mixing conditions with 

D3 found to be 2.09±0.01 for flocculation, 2.05±0.03 for breakup, and 2.17±0.02 for 

regrowth.  The absence of any significant change in the fractal dimension can be 

explained by the small floc that were formed during the experiment. 

  

Table 4.6 Fractal dimensions for 1 mg/L jar test. 

 

 

Mixing Phase D 3 ± 95% CI
Flocculation 2.09 0.01

Breakup 2.05 0.03
Regrowth 2.17 0.02
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Figure 4.25 Log (V) - log (dp) distribution for 1 mg/L alum jar test. 
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Figure 4.26 Log (V) - log (dp) distribution for 8 mg/L alum jar test. 

 

This suggests that the ability to make accurate measurements of the 

distributions is very dependent on the alum dose and range of the size distribution.  
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4.5 Summary 

Through the use of model colloidal microspheres and basic jar testing 

procedures, we have been able to show the Coulter Counter and DPA 4100 are capable 

of characterizing changes in the particle size distribution resulting from changing 

mixing conditions (flocculation, breakup, and regrowth).  Morphology, in terms of the 

three dimensional fractal dimension, D3 was calculated based on comparison of the 

cumulative size distributions based on aggregate length and volume, respectively.  The 

results from the microsphere jar tests support the trends observed by others that 

flocculation causes a dramatic reduction in the fractal dimension as porous floc grow.  

Breakup resulted in formation of smaller, more compact floc than those formed during 

the flocculation phase.  Allowing broken floc to re-aggregate under reduced shear 

conditions allowed the suspension to return to a size distribution similar to that 

observed prior to breakup. However, fractal analysis showed that the resultant floc 

retained their more compact nature as evidenced by the higher observed D3.   

Experiments conducted on synthetic natural waters using alum as the coagulant 

showed similar trends as observed in the microsphere experiments in terms of changes 

in the size distribution.  However, it was much more difficult to determine D3 when 

alum was present.  More work is necessary to expand the methodology from the latex 

microsphere floc to more complex systems that contain heterogeneous primary 

particles and DOC, which was shown to play a significant role in floc formation.  Jar 

tests on synthetic water showed that high DOC water required substantially higher 
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doses of coagulant compared to low DOC water in order to create sweep floc capable 

of adequate turbidity and UV254 removal.  However, required DOC removal for 

processes such as prevention of DBP formation can be achieved at significantly lower 

coagulant doses than those needed for enhanced coagulation.    

The higher doses associated with optimum coagulation conditions also resulted 

in formation of additional solids that must be taken into account thinking about 

downstream processes such as membrane filtration.   It was observed that the highest 

solid production occurred at the optimum conditions for the high DOC water (55 mg/L 

as alum) This suggests that the size distribution is greatly impacted by the presence of 

DOC by increasing the coagulant demand required for efficient removal of DOC and 

turbidity 

This work has attempted to lay a solid foundation for future work by 

demonstrating the ability to characterize floc formation and morphology from a wide 

variety of source waters.  The results suggest that water quality and coagulation 

conditions play a significant role in determining the resultant size distributions and 

floc morphology that result from particle pretreatment processes.  Furthermore, it is 

likely that these characteristics will result in significantly different fouling behavior 

with respect to downstream processes such as membrane filtration.  For instance, the 

findings suggest that pumping existing floc to a pressurized membrane filtration 

process would result in a floc size distribution characterized by smaller, denser floc 

that are likely to form a compact cake layer.  This would result in lower process 
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performance by lowering the flux or increasing the energy required to maintain the 

filtration rate and would result in higher operations and maintenance costs over the life 

of the system. 
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5.0 CONCLUSION 

5.1 Summary 

The primary goal of this research was to develop an improved method for 

characterizing the morphology of floc formed during water treatment in terms of the 

three dimensional fractal dimension, D3.  The developed methodology is based on dual 

measures of the aggregate size distribution in terms of a characteristic length 

(maximum Feret’s diameter in this work) and volume.  Following validation using 

model colloid latex microspheres, the method was used to examine the influence of 

water quality (turbidity and DOC) and coagulation conditions (coagulant dose and 

mixing) on the morphology of floc formed during coagulation. 

5.2 Conclusions 

Based on the experimental results from the particle characterization and fractal 

analysis, the following conclusions can be drawn: 

1. Changes in the particle size distribution for various systems can be 

characterized using both the DPA 4100 and Coulter Counter with similar 

results being obtained for small, compact aggregates such as those formed 

from latex microspheres or charge neutralization.   

2. Analysis of larger floc using the Coulter Counter is problematic because of the 

tendency of floc breakage to occur during analysis.   
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3. Flocculation of latex microspheres results in a dramatic reduction of primary 

particles and a corresponding increase in large porous floc that are 

characterized by a low D3 of 1.85±0.02 for particles between 6 and 32 µm.  

This suggests that floc formed during flocculation have a loose structure that 

results in a low density. 

4. Breakup mixing results in restructuring of large microsphere floc to smaller, 

more compact floc as shown by an increase in D3 to 2.51±0.03 for particles 

between 6 and 32 µm.  The increasing fractal dimension is in good agreement 

with previous work. 

5. Floc regrowth is the result of cluster-cluster collisions, not flocculation of 

primary particles as evidenced by the larger D3 for similar sized floc during 

regrowth compared to flocculation.  D3 was determined to be 2.05±0.03 for 

particles between 6 and 32 µm.   

6. Fractal analysis suggests that many suspensions are characterized by non-

constant fractal dimensions during flocculation or regrowth mixing.  Breakup 

mixing generally resulted in a more linear distribution suggesting that 

fluctuations in morphology were reduced as floc were exposed to breakup 

conditions. 

7. Large floc formed under optimum coagulation conditions proved difficult to 

characterize using the fractal analysis method validated using the latex 

microspheres.  This suggests that the ability to make accurate measurements of 
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the distributions is very dependent on the alum dose and range of the size 

distribution.  This is likely the result of the extremely fragile nature of large 

alum floc. 

8. The results show that coagulant pretreatment significantly alters the size 

distribution of the feed water.  Attempts should be made to optimize the 

pretreatment for a given membrane process configuration.  For instance, 

pumping existing floc formed during direct membrane filtration without any 

solids removal prior to a pressurized membrane filtration process would result 

in a floc size distribution characterized by smaller, denser floc due to the shear 

forces of from pumping.  The smaller, more dense floc would likely lead to the 

formation of a more compact cake layer.  This would result in reduced process 

performance, increased the energy required to maintain the production rate and 

would also result in higher operations and maintenance costs over the life of 

the system. 

The results of experimental investigation have shown that both methods of 

characterizing the particle size distribution, based on the maximum Feret’s diameter 

and particle volume are capable of detecting changes in the size distribution that result 

from the addition of a coagulant as well as changes that result from flocculation or 

breakup via increased shear forces being exerted on the floc. 

The methodology for calculating D3 was conducted using latex microspheres 

destabilized in a high ionic strength electrolyte.  This validation showed that 
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calculation of D3 could be accomplished with the methodology laid out and the 

expected trends in the morphology of the floc were observed with respect to 

flocculation, breakup, and regrowth.  However, extension of the method to more 

realistic and complex source water proved more difficult and requires additional 

investigation.   

5.3 Significance 

This work has shown that the size distribution and morphology of aggregates 

formed are highly dependent on the coagulation conditions that occur during 

coagulation and flocculation.  Furthermore, it is possible to characterize those changes 

through the processes laid out in the proceeding chapters. 

Membrane fouling remains a major obstacle that must be addressed in order to 

optimize performance.  The conditions used in this work simulate the conditions that 

could be expected by different membrane system configurations (e.g. in-line 

membrane filtration, direct membrane filtration, and conventional pretreatment-

membrane filtration) that will greatly affect the size distributions of aggregates 

coupled with the optimal removal of DOC.  A more fundamental knowledge of the 

interactions between the size distribution and morphology of aggregates has the 

potential to not only limit fouling but also to reduce capital and operations cost by 

highlighting unnecessary processes and reducing the need for membrane cleaning. 
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5.4 Recommendations 

This work represent a good first step in the creation of a working methodology 

for characterizing the fractal dimension of floc formed during water treatment but 

more work is needed in order for it to be a applicable method for use with complex 

water sources and coagulation conditions.  

Evidence from the synthetic water and Albany water jar test suggest that 

increasing alum dosage, as experienced during sweep floc conditions interferes with 

the determination of D3.  The effect of alum dose on the relationship between floc 

volume and diameter must be further investigated to determine if this method is 

suitable for large porous floc such as those formed during alum sweep floc.  Specific 

testing should include examination of a complete range of alum doses on synthetic 

waters with varying turbidity and DOC levels to determine the appropriate floc 

conditions for using the fractal analysis method.  It would be interesting to examine 

the effect that altering the turbidity for the high and low DOC synthetic waters would 

have on the floc size distribution and morphology.  Experimentation should also be 

carried out using membrane filters in a bench scale system to examine the effects of 

the particle size distribution and morphology on membrane fouling under various 

coagulation conditions as laid out in this work.   

Increasing our knowledge of the influence that water quality and coagulation 

condition has on floc formation, specifically the particle size distribution and 

morphology of the aggregates that are formed is necessary in order to create an 
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empirically based guide for pretreatment processes that can be used to optimize 

membrane filtration in the field of water treatment.  Especially the optimization of 

coagulant and process conditions to effectively remove NOM while assuring that the 

solids produced will not adversely affect membrane performance. 
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A. APPENDIX 

A.1 Three Phase Microsphere Experiments 

Figure A.1 and Figure A.2 show that there was good agreement between the 

two measures of the cumulative size distribution in terms of both the number 

concentration and size for the flocculation mixing phase of three phase microsphere 

experiments for Test 1.  Fractal analysis, the results of which were discussed in 

Section 4.2.2 produced a reasonably linear distribution, suggesting that the analysis 

method accurately matched the two distributions in terms of the cumulative number. 
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 Figure A.1 Microsphere (Test 1) flocculation phase cumulative volume distribution. 
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Figure A.2 Microsphere (Test 1) flocculation phase cumulative length distribution. 
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Figure A.3 shows the cumulative volume distribution for the breakup mixing 

phase of Test 1.  The distribution is shown without the lower end of the size 

distribution that would have been collected using the 100 µm aperture.  The lower end 

of the distribution was not used because there was poor agreement between the 100 

µm and 200µm PSDF. 

 

 

 

 

  

Figure A.3 Microsphere (Test 1) breakup phase cumulalative volume distribution. 
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Figure A.4 shows the cumulative length distribution for the breakup phase of 

Test 1.  While the cumulative volume distribution is incomplete, there is good 

agreement for the extent of the distribution that was used.  Fractal analysis resulted in 

a linear distribution with a fractal dimension that showed that the floc were more 

compact than during the flocculation mixing phase. 

 

 

\\\ 

 

  

Figure A.4 Microsphere (Test1) breakup phase cumulative length distribution. 
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Figure A.5 and Figure A.6 show the cumulative size distributions for the 

regrowth mixing phase for Test 1 of the microsphere three phase experiments.  Both 

measures are comparable in terms of the number concentrations and floc size 

distributions.  The good agreement between the two size distribution fractal analysis 

was successfully performed.  The results are shown in Section 4.2.2.  

 

 

 

 

 

Figure A.5 Microshpere (Test 1) regrowth phase cumulative volume distribution. 
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Figure A.6 Microsphere (Test 1) regrowth phase cumulative length distribution. 
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Figure A.7 shows the comparison of the volume based PSDF plots for the 

flocculation mixing phases for Test 1 and Test 2.  While the distributions are similar in 

the size range detected, the results show that Test 1 contained a higher concentration 

of particles in the mid range of the distribution (log (dp,v) > 0.6; dp,v > 4 µm) and (log 

(dp,v) < 1.3; dp,v < 20 µm).  This difference could be the result of differences in the 

experimental conditions (e.g., initial particle concentration, mixing speed) or breakup 

of larger floc during analysis of Test 1, which could increased the number 

concentration of the mid size range.  

 

Figure A.7 Repeatability of flocculation phase volume PSDF. 
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Figure A.8 shows the comparison of the length based PSDF plots for the 

flocculation mixing phases for Test 1 and Test 2.  There is good agreement in the 

length distribution, suggesting that the trends seen in the volume based PSDF in 

Figure A.7 was the result of breakup during analysis with the Coulter Counter. 

 

Figure A.8 Repeatability of flocculation phase length PSDF. 
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Figure A.9 and Figure A.10 show the two forms of the cumulative size 

distribution.  There is general agreement in terms of the number concentration, 

however there is a flattening of the cumulative volume distribution that isn’t observed 

on the cumulative length distribution. 

 

Figure A.9 Microsphere (Test2) flocculation phase cumulative volume distribution. 
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Figure A.10 Microsphere (Test 2) flocculation phase cumulative length distribution. 
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Because the trend of the cumulative distributions vary, the fractal analysis was 

inconsistent in matching the two distributions, resulting in a curved log (V) - log (dp,l) 

distribution observed in Figure A.11.  The upper portion of the distribution (log (dp,l) > 

1.2; dp,l > 16 µm) suggests D3 is greater than 3, which isn’t possible, further showing 

that the two measures of the cumulative size distribution are not in agreement. 

 

Figure A.11 Log (V) - log (dp,l) distribution for Test 2 flocculation phase. 
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Figure A.12 and Figure A.13 show that similar measurements of the 

cumulative number and the trends of the size distribution were achieved with both the 

Coulter Counter and the DPA 4100.  The linear nature of the log (V) - log (dp,l) 

distribution, discussed in section 4.2.3 suggests that the samples were well suited for 

fractal analysis.  The results of fractal analysis for breakup phase for Test 2 also show 

that repeatable measurements can be achieved using latex microspheres destabilized in 

NaCl. 

 

Figure A.12 Microsphere (Test 2) breakup phase cumulative volume distribution. 
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Figure A.13 Microsphere (Test 2) breakup phase cumulative length distribution. 
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Figure A.14 and Figure A.15 show that there were distinct differences in the 

two measures of the size cumulative size distribution.  The cumulative volume 

distribution estimates that there were approximately 104.5 particles in suspension 

during the regrowth phase.  Figure A.14 suggests a linear trend in the distribution 

between (log (V) > 0.8; V > 6 µm3) and (log (V) < 3; V < 1000 µm3). 

 

Figure A.14 Microsphere (Test 2) regrowth phase cumulative volume distribution. 
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However, the cumulative length distribution observed in Figure A.15 shows a 

distribution that curved with only short linear portions and a higher observed number 

count, estimated at 105 particles.  Because of the differences in the cumulative number 

of particles and the trends between the volume and length cumulative size distribution, 

it is difficult to perform fractal analysis on the sample as different portions of the 

sample population will be paired. 

 

Figure A.15 Microsphere (Test 2) regrowth phase cumulative length distribution. 
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Figure A.16 shows that the fractal analysis of the regrowth phase of Test 2 

could not be conducted.  The Log (V) - log (dp,l) distribution, generated from Figure 

A.14 and Figure A.15 has a slope that greater than 3,suggesting that D3 is also greater 

than 3, which isn’t possible.  

 

Figure A.16 Log (V) - log (dp,l) distribution for Test 2 regrowth phase. 
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A.2 Extended Flocculation Microsphere Experiments 

The cumulative volume distribution and the cumulative length distribution for 

the extended flocculation sample collected after 7 hours of mixing, shown in Figure 

A.17 and Figure A.18 respectively show similar trends in the size distribution.  The 

cumulative volume distribution is without the lower end of the distribution because of 

poor overlap between the 100 and 200 µm apertures.  The fractal analysis results, 

discussed in section 4.2.4 show that D3 varies over the size distribution. 

 

 

 

Figure A.17 Extended flocculation (7 Hrs) cumulative volume distribution. 
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Figure A.18 Extended flocculatiion (7 Hrs) cumulative length distribution. 
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Figure A.19 and Figure A.20 are in good agreement in terms of the cumulative 

number and distribution trend.  Section 4.2.4 shows that the flocculation sample 

collected after 24 hours of mixing is very linear and is much better described by a 

single D3 than was observed for the sample collected after 7 hours.  This shows that 

the cumulative distributions were correctly matched during the fractal analysis on the 

basis of the cumulative number. 

 

Figure A.19 Extended Flocculation (24 Hrs) cumulative volume distribution. 
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Figure A.20 Extended flocculation (24 Hrs) cumulative length distribution. 
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Figure A.21 and Figure A.22 are in good overall agreement in terms of the 

cumulative number and distribution trend.  Section 4.2.4 shows that the flocculation 

sample collected after 48 hours of mixing is linear with two distinct region with 

respect to the trend in D3.  This suggests that the cumulative distributions were 

correctly matched during the fractal analysis on the basis of the cumulative number.   

 

 

Figure A.21 Extended flocculation (48 hrs) cumulative volume distribution. 
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Figure A.22  Extended flocculaiton (48 Hrs) cumulative length distribution. 
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The size distribution trend of cumulative volume distribution for the extended 

flocculation experiment after 144 hours of mixing is shown in Figure A.23 is quite 

similar to that observed in Figure A.24 for the cumulative length size distribution.  

The linear nature of the log (V) - log (dp,l) distribution shown in Section 4.2.4 suggests 

that the fractal analysis method correctly matched the floc data based on the volume 

and length cumulative size distributions. 

 

Figure A.23 Extended flocculation (144 Hrs) cumulative volume distribution. 
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Figure A.24 Extended flocculation (144 Hrs) cumulative length distribution. 
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A.3 Synthetic Water Experiments 

Figure A.25 shows the volume PSDF for the flocculation mixing phase of the 

three synthetic water experiments that were completed.  The corresponding length 

PSDF for the synthetic water flocculation phase is provided in Figure 4.16.  The PSDF 

observed in Figure A.25 are significantly different than the length PSDF, most notably 

for the high DOC optimum dose (55 mg/L (as alum)) and the low DOC optimum dose 

(15 mg/L (as alum)) which resulted in the formation of large sweep floc.  The volume 

PSDF suggests that there was a buildup of in the mid range of the distribution (log 

(dp,v) > 0.4; dp,v > 2.5 µm) and (log (dp,v) < 1.3; dp,v < 20 µm), suggesting the breakup 

was occurring during analysis.  The length and volume PSDF have similar number 

concentrations for the low end of the distribution. This suggests that any breakup of 

large floc that occurred resulted in the formation of midsized floc, not small particles, 

this also goes toward explaining the large increase in mass in the mid range of the 

distribution. 
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Figure A.25 Synthetic water flocculation volume PSDF. 
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Figure A.26 shows the volume PSDF for the breakup mixing phase of the 

synthetic water experiments.  There are distinct differences in the trends observed in 

the volume PSDF compared with the length PSDF provided in Figure 4.17.  The first 

trend is that the volume PSDF shows that the optimum and non-optimum high DOC 

experiments resulted in quite similar number concentrations at the low end of the 

distribution (log (dp,v) < 0.8; dp,v < 6.3 µm), a trend that disagrees with the length 

PSDF.  The second trend is that is observed from breakup volume PSDF is that the 

low DOC optimum dose resulted in significantly more large floc (log (dp,v) > 1.1; dp,v 

> 12.6 µm). 

 

Figure A.26 Synthetic water breakup volume PSDF. 
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The cumulative size distributions for the flocculation phase of the low DOC 

optimum dose synthetic water jar test are shown in Figure A.27 and Figure A.28.  The 

volume size distribution shows a buildup of mass in the mid range of the size 

distribution which isn’t observed in the cumulative length size distribution.  This may 

suggest that breakup occurred during the Coulter Counter analysis, with the largest 

floc into smaller components.   Due to the differences in the cumulative number and 

size trends, an accurate determination of D3 by matching the floc distributions based 

on cumulative number wasn’t possible with this sample set.  The resulting flocculation 

phase log (V) - log (dp,l) distribution is shown in Figure 4.18. 

 



157 

 

 

 

Figure A.27 Low DOC optimum dose flocculation phase cumulative volume 
distribution. 
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Figure A.28 Low DOC optimum dose flocculation phase cumulative length 
distribution. 
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The cumulative volume size distribution in Figure A.29 is shown without the 

lower end of the distribution because there was poor overlap between the 100 and 200 

µm aperture samples.  There is poor agreement between the two measures of the 

cumulative size distribution, with the volume base cumulative size distribution 

containing a greater number of particles than the length based cumulative size 

distribution shown in Figure A.30.  As a result of the differences in the cumulative 

number and size trend, it is not possible to correctly match the floc distributions based 

on cumulative number during fractal analysis.  The resulting breakup phase log (V) - 

log (dp,l) distribution is shown in Figure 4.18. 

 

Figure A.29 Low DOC optimum dose breakup phase cumulative volume distribution. 
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Figure A.30 Low DOC optimum dose breakup phase cumulative length distribution. 
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Figure A.31 and Figure A.32 show the cumulative size distributions for the 

flocculation phase of the high DOC optimum dose synthetic water jar test.  The 

cumulative volume size distribution shows that there was an approximately 10-fold 

difference in the number of floc recorded compared with the cumulative length size 

distribution.  This led to the poor D3 determination observed in the flocculation phase 

log (V) - log (dp,l) distribution in Figure 4.19.  

 

Figure A.31 High DOC optimum dose flocculation phase cumulative volume 
distribution. 
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Figure A.32 High DOC optimum dose flocculation phase cumulative length 
distribution. 
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Figure A.33 and Figure A.34show the cumulative size distributions for the 

breakup mixing phase of the high DOC optimum dose synthetic water jar test.  The 

cumulative volume size distribution shows that there were a higher number of 

particles estimated by the Coulter Counter than by the DPA 4100.  The overall trends 

observed in the two size distributions are also striking different as seen in the 

comparison of the PSDF.   This led to the poor D3 determination observed in the 

flocculation phase log (V) - log (dp,l) distribution in Figure 4.19.  

 

Figure A.33 High DOC optimum dose breakup phase cumulative volume distribution. 
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Figure A.34 High DOC optimum dose breakup phase cumulative length distribution. 
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The cumulative volume and length size distributions are shown in Figure A.35 

and Figure A.36 respectively.  The two distributions have a similar cumulative number 

of floc, but do not agree in terms of the distribution of floc.  As a result, the 

flocculation phase log (V) - log (dp,l) distribution in Figure 4.20 is not linear and it is 

not possible to determine D3 for the alum floc. 

 

Figure A.35 High DOC non-optimum dose flocculation phase cumulative volume 
distribution. 
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Figure A.36 High DOC non-optimum dose flocculation phase cumulative length 
distribution. 
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The cumulative volume and length size distributions are shown in Figure A.37 

and Figure A.38 respectively.  The two distributions have a similar cumulative number 

of floc, but do not agree in terms of the distribution of floc present.  As a result, the 

breakup phase log (V) - log (dp,l) distribution in Figure 4.20 is not linear and it is not 

possible to determine D3 for the alum floc. 

 

Figure A.37 High DOC non-optimum dose breakup phase cumulative volume 
distribution. 
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Figure A.38 High DOC non-optimum dose breakup phase cumulative length 
distribution. 
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Figure A.39 shows the volume PSDF for the raw water, flocculation, and 

sedimentation phases of the 8 mg/L (as alum) jar test of the Albany water.  The trends 

observed in the volume PSDF are similar to the trends observed in the length PSDF 

which is provided in Section 4.4.1.  The two raw water PSDF figures agree in terms of 

the number concentration of particles; however the volume PSDF for both the 

flocculation and sedimentation phase show an approximate 10-fold difference in the 

number concentration compared with the length PSDF.  This is likely due to breakup 

during the Coulter Counter analysis. 

 

Figure A.39 Albany water volume PSDF (raw water, flocculation, sedimentation) for 
8 mg/L jar test. 
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Figure A.40 shows the volume PSDF for the flocculation and breakup phases 

of the 8 mg/L (as alum) jar test of the Albany water.  The trends observed in the 

volume PSDF are similar to the trends observed in the length PSDF which is provided 

in Section 4.4.1.  However the volume PSDF for both the flocculation and breakup 

phase shows an almost 10-fold difference in the number concentration compared with 

the length PSDF.  This is likely due to breakup during the Coulter Counter analysis. 

 

Figure A.40 Albany water volume PSDF (flocculation, breakup) for 8 mg/L jar test. 

  



171 

 

 

Figure A.41 shows the volume PSDF for the 1 mg/L (as alum) jar test of the 

Albany water.  The trends observed in the volume PSDF are similar to the trends 

observed in the length PSDF which is provided in Section 4.4.1.  Both the length and 

the volume PSDF show that there was little change in the size distribution as a result 

of breakup.  The volume PSDF for both the flocculation and breakup phase shows a 

slightly lower number concentration than was observed in the length PSDF.   

 

Figure A.41 Volume PSDF for 1 mg/L jar test. 
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