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Abstract

Conventional drinking water treatment consists of a coagulation, flocculation, gravity separation,
filtration and disinfection processes each working individually but also as an interdependent system. One
of the main reagents used for drinking water treatment are coagulants that destabilise the suspended
particles which results in the formation of flocs. For many years, the coagulant of choice was aluminum
sulphate, also know as alum. Alum has slowly been replaced by new coagulants, such as polyalumium
sulphates and polyaluminum chlorides, because they yield more consistent plant performance than with
alum over the wide temperature range experienced by Canadian treatment plants. Recent research has
determined that the alum solubility envelop varied significantly in terms of pH range with temperature, thus
cold temperature performance may be improved by adjusting the coagulation pH. Dissolved air flotation
(DAF) is now used at some water treatment plants to replace sedimentation because it is much more
compact than gravity settling, and it is somewhat better than sedimentation for the removal of algae,

organics and operation in cold temperatures.

The objective of this thesis is to help operators and managers of drinking water treatment plants
incorporating DAF by: a) investigating the cold water turbidity removals of DAF systems using alum, the
most economical coagulant; and b) investigating the impact of DAF saturator pressure on the bubble sizes
produced and floc removal. This first initiative is based on fairly recent research on the impact of pH on the
cold-temperature aluminum solubility. It uses this knowledge about the impact of pH to evaluate DAF
treatment of Ottawa River water in cold-water conditions using DAF batch tests. The effect of pH against
final turbidity at cold temperatures was first evaluated by increasing the pH of the coagulated water, the
higher pH helped attain good turbidity removals. For the coagulant dose tested, good turbidity removals
were observed for both warm and cold waters at nearly the same pOH conditions. At room temperature the

turbidity removals increase with both increasing flocculation G and flocculation time. While at cold



temperatures, when aluminum flocs are known to be much more fragile, the turbidity removals appear to

be independent of G and GT.

The second initiative studied the relationship between floc size and bubble size in DAF systems by
changing the DAF saturator pressure. Increasing the saturator pressure did not significantly decrease the
mean bubble size. The flocs attach to bubbles that were significantly larger than the bubbles. The assessment
of DAF efficiency based on the unitized effluent floc distribution proved inconclusive, it may be possible
that the conditions resulting with the larger mean effluent floc size has a greater removal efficiency since it

began with a smaller fraction of small flocs entering the flotation stage.



Résumé

Le traitement conventionnel de I'eau potable consiste en des processus de coagulation, de floculation,
de séparation par gravité, de filtration et de désinfection, chacun fonctionnant individuellement mais aussi
comme un systeme interdépendant. L'un des principaux réactifs utilisés pour le traitement de I'eau potable
est le coagulant, qui déstabilise les particules en suspension et entraine la formation de flocs. Pendant de
nombreuses années, le coagulant de choix était le sulfate d'aluminium, également connu sous le nom d'alun.
L'alun a été lentement remplacé par de nouveaux coagulants, tels que les sulfates de polyalumium et les
chlorures de polyaluminium, parce qu'ils permettent d'obtenir des performances plus constantes qu'avec
I'alun dans la large gamme de températures que connaissent les stations d'épuration canadiennes. Des
recherches récentes ont permis de déterminer que I'enveloppe de solubilitté de I'alun variait
considérablement en termes de gamme de pH en fonction de la température, de sorte que les performances
a froid peuvent étre améliorées en ajustant le pH de coagulation. La flottation a I'air dissous (FAD) est
maintenant utilisée dans certaines stations d'épuration pour remplacer la sédimentation parce qu'elle est
beaucoup plus compacte que la décantation par gravité et qu'elle est un peu meilleure que la sédimentation

pour I'élimination des algues, des matiéres organiques et des opérations a des températures froides.

L'objectif de cette thése est d'aider les opérateurs et les gestionnaires d'usines de traitement d'eau potable
incorporant la FAD en : a) étudiant I'élimination de la turbidité de I'eau froide des systemes FAD utilisant
de I'alun, le coagulant le plus économique ; et b) étudiant I'impact de la pression du saturateur FAD sur la
taille des bulles produites et I'élimination des flocs. Cette premiére initiative est basée sur des recherches
assez récentes concernant l'impact du pH sur la solubilité de I'aluminium a froid. Elle utilise ces
connaissances sur I'impact du pH pour évaluer le traitement par FAD de I'eau de la riviere des Outaouais
dans des conditions d'eau froide a l'aide d'essais par lots de FAD. L'effet du pH sur la turbidité finale a des
températures froides a d'abord été évalué en augmentant le pH de I'eau coagulée, un pH plus élevé
permettant d'obtenir une bonne élimination de la turbidité. Pour la dose de coagulant testée, de bonnes
réductions de turbidité ont été observées pour les eaux chaudes et froides dans des conditions de pOH

iv



presque identiques. A température ambiante, I'élimination de la turbidité augmente avec I'augmentation de
la floculation G et du temps de floculation. Par contre, a des températures froides, lorsque les flocs
d'aluminium sont connus pour étre beaucoup plus fragiles, I'élimination de la turbidité semble étre

indépendante de G et GT.

La deuxiéme initiative a étudié la relation entre la taille des flocs et la taille des bulles dans les
systemes FAD en modifiant la pression du saturateur FAD. L'augmentation de la pression du saturateur n'a
pas diminué de maniere significative la taille moyenne des bulles. Les flocs s'attachent aux bulles qui sont
significativement plus grandes que les bulles. L'évaluation de I'efficacité de la FAD basée sur la distribution
unitaire du floc de I'effluent ne s'est pas avérée concluante, il est possible que les conditions résultant de la
taille moyenne plus importante du floc de I'effluent aient une plus grande efficacité d'élimination

puisqu'elles ont commencé avec une fraction plus petite de petits flocs entrant dans I'étape de flottation.
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Chapter 1 -Introduction

1.1 Background

Conventional drinking water treatment systems are the most common technology for treating surface
waters to produce safe drinking water in North America. Most colloidal particles, clay particles, and natural
organic matter (NOM) in surface waters have negative surface charges due to multiple factors such as
isomorphous replacement, structural imperfection, preferential adsorption, and ionization of surface groups.
The negative surface charges causes repulsion forces between particles resulting in a stable suspension as
the particles do not agglomerate (Crittenden et al., 2012). The treatment system typically begins with the
coagulation process, where a chemical coagulant, that is generally positively charged, is added to the water
to destabilize the colloids and NOM by counteracting the negative surface, reducing the zone of influence
of the surface charge, bridging the particles or producing metal oxide flocs that seeps the contaminants out
of solution (Crittenden et al., 2012). The flocculation process follows the coagulation process. In the
flocculation process, the water is agitated to stimulate the collision between the destabilized particles
resulting in their rapid aggregation into larger particles, known as flocs. The typical flocculation process
consists of two or three basins in series, with reducing mixing intensity in each subsequent basin. The
decreasing mixing intensity in basins in series is known as tapered flocculation, and it is more effective
than flocculating in a single basin (Crittenden et al., 2012). The relatively fast mixing rate in the first
flocculation basin facilitates the collision between particles resulting in the formation of flocs. The
following basins mix the water and suspension at a progressively slower mixing rate to help the formation
of larger flocs and to prevent the breakage of the large flocs. The water and floc suspension developed in
the flocculation basins progresses into the sedimentation basin. The sedimentation basin is a large basin
that is not agitated, where the flocs formed in the first two processes settle out of suspension. Lamella
clarifiers or similar systems are sometimes used in sedimentation basins to increase the amount of water

that drinking water plants can treat. Coagulation/flocculation/sedimentation are very effective at removing



colloids that cause water turbidity. The clarified water from the sedimentation basin continues into the deep
bed filters, which consists of several layers of granular media of different densities and particle sizes. The
water flows through the media layers which results in the removal of many particles not removed in the
sedimentation basin. The filtration process is followed by the disinfection clear well, the reservoir that
stores the filtered water. As the water enters the clear well it is mixed with a chemical disinfectant, and the
detention time in the clear well provides the time necessary for the disinfection of the water. The water is
then sent into the distribution system with residual disinfectant to prevent the contamination of the drinking
water. The removal of particles is important as they can reduce the efficiency of the disinfection process
and be carriers of microorganisms (Crittenden et al., 2012). Because of the removal of turbidity, which is
caused by particles, is a key part of drinking water treatment and is reflected by the primary (health related)

drinking standard for turbidity. The treatment process is summarised in Figure 1-1 below.
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Figure 1-1: Conventional drinking water treatment train.

Conventional drinking water system is the product of many decades of iterations and optimization.
Some variations exist between systems, such as the coagulants and disinfectants used, and the type of media
used in the deep bed filters. Other variations include changes in some of the treatment units used. Traditional
sedimentation basins are large due to the required low hydraulic loading rates. Alternatives to sedimentation
are ballasted flocculation units that utilises dense particles to accelerate the floc sedimentation (Cui et al.,
2020) or dissolved air flotation (DAF) which separates the flocs by reducing the floc density. Both processes

can operate at significantly higher hydraulic loading rates than traditional sedimentation.

In a DAF system, the flocs formed in the coagulation and flocculation processes are contacted with
microbubbles forming microbubble-floc aggregates. The aggregates have a net weight less than water, so

they rise to the water surface. The microbubbles are produced by releasing supersaturated water into the



treatment stream resulting in the precipitation of microbubbles. The supersaturated stream of water is
produced by pressurizing floated water to higher pressures (approximately 4 to 5 atmospheres) in a pressure

vessel, known as a saturator, or by using a venturi nozzle to inject air into a recycled floated water stream.

DAF systems are gaining popularity due to increased risks to the drinking water systems caused by
climate change. Climate change has caused significant water cycle changes that directly affect drinking
water treatment. Increased rainfall intensity (leading to greater agricultural run-off and greater fertilizer
pollution) and warmer waters are increasing the occurrence of cyanobacteria, commonly known as blue-
green algae (Walker, 2015). In August 2014, there was a very large bloom in Lake Erie near Toledo, Ohio,
leading to over 400,000 residents being advised not to consume the drinking water produced by the water
plant because it contained cyanotoxins originating from the source water that could not be removed by the

treatment plants configuration at that time (Jetoo et al., 2015).

DAF systems are more efficient at removing cyanobacteria cells and algae cells from water compared
to sedimentation (Rance Bare et al., 1975), but they also present additional advantages. The second
advantage of DAF is the higher hydraulic loading rate than sedimentation. Typical sedimentation hydraulic
loading rates are approximately 1.25 to 2.5 m/h for standard sedimentation systems and increase to 6.0 m/h
for systems with tube settlers (Crittenden et al., 2012). Conventional DAF systems have hydraulic loading
rates of 5 to 15 m/h (Edzwald, 2010), and high hydraulic loading rate DAF systems can have hydraulic
loadings up to 40 m/hr (Wang, 2021). The higher hydraulic loading rate for DAF systems results in smaller
treatment plant footprints, reducing the size of the building required and thus reducing the construction
costs. The third advantage of DAF is the versatility of treating different floc sizes. In conventional
sedimentation systems, flocculation aims to produce the largest possible flocs to increase the sedimentation
rate. To achieve this, long flocculation times are required. In a DAF system, smaller flocs can be removed
because the separation process is governed by the bubbles and not the floc size, thus the accompanying
flocculation basins do not need to be as large. A further advantage is that DAF systems tend to have a

somewhat higher removal of NOM, which helps reduce the production of potentially harmful disinfection



by-products (Chu et al., 2011; Lin et al., 2020). In addition, DAF systems have denser sludge resulting in
lower processing and disposal costs (Crossley & Valade, 2006). Compared to sedimentation, the main
disadvantage of DAF is the energy required to pressurize the saturator and pump the water in the secondary
stream. In addition, with higher operational costs, DAF systems are more complex, and the operation can

be compromised if the operator does not understand their system.

The high energy requirement for DAF system is a function of the treatment process and cannot be
reduced by significant amounts, but it can be optimized. The complexity of the DAF system may cause
problems on the short term and it can be minimized by appropriately training the plant employees. Even

with these two problems, many DAF systems are operated successfully worldwide.

Aluminum sulphate, alum, used to be the primary aluminum-based coagulant used for drinking water
treatment because of its effectiveness and relatively low cost, however under cold water conditions it
produces fragile flocs which complicate the operation of conventional plants (Camp et al., 1940; Hanson &
Cleasby, 1990; Morris & Knocke, 1984). Due to increased regulatory pressure and an insufficient
understanding of the effect of temperature on alum-derived compound solubility, many small-scale drinking
water plants have resorted to using polynuclear aluminum coagulants, such as polyaluminum sulphate and
polyaluminum chloride as observed in Appendix A The polynuclear species are more consistent over the
range of operational pH, thus providing the treatment plant with more consistent operation over a broader
range of conditions. Polynuclear coagulants are significantly more expensive than alum, and they result in

higher residual aluminum concentrations in the product water, which is a health concern (Edzwald, 2020).

A greater understanding of operating DAF units at cold temperatures would benefit drinking water
plants operating DAF systems. The operation could potentially be optimized by changing the saturation
pressures with decreasing water temperature. Depending on the effective size ratio between microbubbles
and flocs, the operating pressures may be increased during the winter to treat the smaller more fragile flocs.
The operating pressures could decreased during the summer, resulting in larger bubbles, to treat larger flocs

more easily formed in warm conditions.



1.2 Research Objectives

This research aims to study additional variables that treatment plant managers can modify to optimize

DAF treatment systems.

- The first phase of the research is tailored to optimize the pretreatment processes of the DAF system
for cold conditions using just aluminum sulphate, the most inexpensive coagulant (Barwon, 2009;
Mohamed et al., 2020; Teguh et al., 2022; Zarchi et al., 2013). Recent research has shown that the
alum solubility limits differ with temperature (Pernitsky & Edzwald, 2003). Edzwald and Haarhoff
(2012) recommend that DAF treatment during cold water periods using alum alone should raise
the coagulation pH to 7.0 or even 7.5, but there has not been any field research applying this new
information to dissolved air flotation performance. This phase will assess the impact of flocculation
rate and the effect of cold temperature while incorporating the knowledge of shifting alum
solubility limits.

- The second part of the research evaluates the effect of saturator pressure at the microscopic scale
to determine an efficient operating pressure. The interaction of flocs and bubbles formed at four
pressures ranging from 275 kPa and 610 kPa is evaluated. An increased understanding of the effect
of pressure on flocs-bubble aggregates will allow better evaluation of increasing the saturator
pressure in DAF treatment plants.

- The expected benefits of this research could be used to optimize the DAF process at cold
temperatures. Mixing intensities and flocculation time can be tailored for the treatment in
combination with increasing the pH to operate in conditions where dissolved aluminium is less
soluble. The saturator pressure can be increased or decreased depending on the interaction between
bubbles and flocs knowing the flocs formed at cold temperatures are still weaker than flocs formed

at warmer temperatures.



1.3 Research Methodology

Phase 1: Optimisation of DAF pre-treatment

This optimization of the effect of flocculation mixing intensity on the final turbidity was performed
using Ottawa River water and a large batch DAF system using aluminum sulphate as the sole coagulant.
Experiments were conducted at room temperature (without additional adjustment) and at 1 degree Celsius

while adjusting the pH to maintain a constant pOH.
Phase 2 : Microscale Analysis of Bubble and Floc Interaction

This phase studies the interaction between bubbles formed in a DAF jar tester and the flocs formed
by coagulation/flocculation pre-treatment DAF jar tester. The sizes of the bubbles formed at multiple
pressures, the flocs before DAF, and the floc after DAF treatment were measured to evaluate the effect of

bubble size on floc removal.
1.4 Thesis Layout

The current chapter presents background material leading to a set of identified set needs, it outlines the
objectives of this thesis and presents the thesis layout. The second chapter of this thesis begins with a
literature review studying the pretreatment for gravity separation processes. This includes recent studies
demonstrating a shift in the solubility diagrams with respect to temperature. The second part of the literature
review studies the flocculation theory to determine the effect of temperature on flocculation. Flocculation
is a physical process, but it is dependent on coagulation chemistry. The last part of the literature review

reviews the key parameters of DAF as it will be the treatment method used in the research.

The third chapter of this thesis is the material and methods section. The material section covers the
challenge water and collection, the reagents, and the two jar test apparatus used for the research. The method
section covers the batch test procedures, the analytical methods, the size measurement methods, and the

method used to normalize the frequency based results.



The fourth chapter of this thesis is the research manuscript arising from this work. The manuscript
begins with a short introduction and an abbreviated methods and materials section. The result of the research
is then presented in two parts. The first part covers cold water coagulation, and the second part covers the
effect saturator pressure on bubble size and floc removal. Each section of the results includes a discussion.

The chapter ends with the conclusions of the study.

The final chapter of the thesis includes a general conclusion and a discussion about additional
research needed to properly understand the effect of cold water treatment on conventional drinking water

processes.



Chapter 2 -Literature Review

The literature review focuses on coagulation, flocculation, and DAF; these will be first discussed

separately and finally together. This chapter concludes with the identified research needs.
2.1 Coagulation

In drinking water plants, coagulation is typically one of the first processes. Coagulation is the
process of adding chemical(s) to water to destabilise the suspended and colloidal particles so they can
agglomerate and be separated. Colloidal particles are smaller than 10° meter and because of their small
mass their surface charges can have a great impact on their behavior (Bratbhy, 2016). Most particles found
in waters entering drinking water plants have a negative surface charge (Crittenden et al., 2012). The
negative charges results in inter-particular repulsive forces due to their similar charges and produces a
suspension that is stable and will not separate (Bratby, 2016). Effective coagulation destabilizes of particles
by introducing positively charged chemicals to is critical for the agglomeration of particles so that they can

become sufficiently large and be separated by gravity.

2.1.1 Coagulation Principles

As discussed above, most particles found in waters entering drinking water plants have a negative
surface charge (Crittenden et al., 2012). The negative charges results into interparticular repulsion forces
due to their similar charges and produces a suspension that is stable and will not separate (Bratby, 2016).
There are four main sources of the surface charge (Benjamin & Lawler, 2013). First, for many inorganic
particles such as silts and clays, there is isomorphous replacement where the molecular structure has an ion
of different valence charge resulting in net surface charges. The second source of surface charge is structural
imperfection where the surface charge forms due to broken bonds on the crystals edges. The third potential
source of surface charge is preferential adsorption of ions. Large NOM macromolecules have surface

charges originating from ionic surface molecule that change charges with change in pH. The fourth source



of surface charge is the ionization of inorganic surface groups which are dependent on pH. Kaolinite clay
for example has a positive surface charge when exposed to acidic conditions below a pH of 3.3 to 4.6 and
has a negative surface charge when in conditions where the pH is above 3.3 to 4.6. The negative surface

charge results in the presence of an electrical double layer. (Benjamin & Lawler, 2013).

2.1.2 Electric Double Layer

The negative surface charges predominantly attract positive ions in solution and results in an
electric double layer condition (Benjamin & Lawler, 2013). A positive layer know as the Stern layer is
attached to the particle surface and a second non-attached positive layer diffuses with distance to bulk
solution conditions, (Benjamin & Lawler, 2013) as seen in Figure 2-1 The mostly positive charge around
the particles results in repulsion forces that prevents the particles from attaching. If the repulsion forces can
be supressed, the particles can approach each other significantly for the van der Waals forces to induce

attachment. This is the Derjaguin, Landay, Verwet, and Overbeek (DLVO) theory (Bratby, 2016).
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Figure 2-1: Structure of the electrical double layer (Crittenden et al., 2012).
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2.1.3 Coagulation Theory

Four primary mechanisms can be implemented for the destabilization of particles in natural waters.
The first mechanism is the suppression of the electrical double layer. By supressing the double layer the
repulsion forces are less influential and the attracting forces can produce larger flocs that can be separated.
This is typically obtained by increasing the ionic strength of the solution an using counter-ions. By
increasing the ionic charge of the counter ion, the ionic strength can be reduced with respect to the Schultz-
Hardy rule. For drinking water treatment, the ionic strength is regulated thus increasing the ionic strength
is not a suitable option (Bratby, 2016). The second mechanism is adsorption and charge neutralization. For
adsorption and charge neutralization, the destabilization mechanism is the adsorption of negative charge to
neutralize the positively charged double layer (Benjamin & Lawler, 2013). The third mechanism is
interarticular bridging which is predominantly a mechanism with polymer coagulants. The longer polymer
molecules are adsorbed on the particle surface at one end and extends into solution at the other end. The
free end is adsorbed on another particle surface and links the two particles together (Crittenden et al., 2012).
The last mechanism is enmeshment, also known as sweep flocculation. Higher concentrations of coagulants
are used relative to charge neutralisation resulting in the formation of metal oxide precipitate. The
precipitate forms large flocs which removes particle by interception (Crittenden et al., 2012). The removal
of particles is important as they can reduce the efficiency of the disinfection process and be carriers of

microorganisms (Crittenden et al., 2012).

Coagulation is the addition and mixing of chemicals into the water to destabilize contaminants,
resulting in the agglomeration and removal of particles by subsequent processes. The most common types
of coagulants in water treatment are aluminum-based and iron-based coagulants. Traditionally, the most
commonly used aluminum-based coagulant was aluminum sulphate (Alx(SOa4)s-14.3H,0), also known as
alum. The most widely used iron-based coagulants were ferric chloride and ferric sulphate, which
dissociates in water and produces Fe®* cations which hydrate and form iron-hydroxide molecules (Johnson

& Amirtharajah, 1983; Stumm et al., 1962).
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The hydration of AI®* cations with water forms several different species (such as AI(OH)%,
Al(OH)2*, Al(OH)3(aq), AI(OH)4, Alo(OH)2**, Alg(OH)20*, Al1304(OH)24"* and Al1s(OH)2,'%") that in turn
can react to form insoluble Al(OH)s) that precipitates (Crittenden et al., 2012). The distribution among the
various species and Al(OH)s) precipitate depends on the solution's pH and the concentration of dissolved
aluminum ions (Amirtharajah & Mills, 1982). Accordingly, coagulation results are frequently interpreted
using a logC-pH diagram, where C is the molar concentration of aluminum. logC-pH diagrams were
developed based on various species' solubility at a given temperature. Figure 2-2 is an aluminum solubility
diagram between the pH of 2 and 12 with four aluminum species. The vertical axis is the logarithmic
concentration of the aluminum species in terms of [Al**], and the horizontal axis is the pH of the solution.
The aluminum species concentration in solution will approximately be that of the line with the highest
concentration at a given pH. The excess aluminum, that above the highest concentration line, will
precipitate out of the solution. Thus, the lowest effective coagulant dose and the final aluminum

concentration are a function of dose and pH. Based on Figure 2-2 the lowest theoretical Al dose that can be

used is approximately 5x107 mol/L at a pH of 5.7.
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Figure 2-2: Typical alum solubility diagram at room temperature.
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2.1.4 Amirtharajah & Mills logC-pH diagrams

Amirtharajah & Mills (1982) compiled the results of 18 publications, each investigating boundary
conditions found within the alum solubility diagram. Figure 2-3 shows the boundary condition they studied,
and Figure 2-4 is a summary graph differentiating different zones with different agglomeration mechanisms

within the solubility diagram.

Boundaries ©® and @ were studied by Matijevic (1973). Boundary @ is the limit at which alum
precipitates in a pH-adjusted distilled water solution while boundary @is the limit at which alum precipitate
in a pH-adjusted distilled water solution containing 2g/L of Ludox AM, a silicate sol solution. The solutions
were analyzed after 24 hr and maintained at 25 °C. Matijevic (1973) claimed that coagulation of the silica
sol was observed in the zone between the boundary @ and boundary @, while large rapidly settling flocs
were observed in the high pH zone between boundary ® and boundary ©. Given the later, it is not clear
why boundary @ is higher than boundary ©. Boundary ®, studied (Hanna & Rubin, 1970) is the limit at
which an Escherichia Coli (E. coli) suspension coagulated with alum settles within an hour at 25°C. At
concentrations above the boundary, the E. coli suspension quickly settled. Hanna and Rubin (1970)
observed that for conditions below the boundary ® and at pH lower than 5.8 the solution flocculated slowly;
at pH above 5.8, the solution did not flocculate. Yet the Figure 2-2 shows that at pHs above 5.8 the degree
of precipitation decreases with increasing pH, but there is some precipitation. Boundaries @ and ®, were
studied by Rubin & Kovac (1974). Boundary @ is the critical pH for titanium dioxide solutions flocculate
with alum which is an extrapolation. Boundary ® is entirely based on experimental data, it has two separate
curves at the lower concentration range. The lowest is the solubility limit for a solution with 91.9 mg/l of
titanium dioxide while the upper limit is for a solution with 3.2 mg/L of titanium dioxide. Similar
observations were documented for conditions below boundary @, corresponding with the observation of
Hanna and Rubin (1970). Boundary ® studied by Packham (1962), indicates the coagulant dose at a given
pH to reduce the initial turbidity of synthetic water mixture by 50% after 10 min. Organic matter in the

solution did not affect the results compared to synthetic water containing clay without organic matter.
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Boundary @, studied by Matijevi¢ & Stryker (1966), separates areas of coagulation with a zone of stability
for the silver iodine sol using alum as the coagulant. Boundary @ corresponds with boundary ® from Rubin
& Kovac (1974). Boundary ®, studied by Hayden & Rubin (1974) represents the right-hand side of the
solubility diagram such as boundary ©, ®, and @. Hayden & Rubin’s primary objective was to determine
the effect of the sulphate molecule in alum. The sulphate increases the range of flocculation in acidic
conditions when compared with coagulation using aluminum nitrate coagulants. Boundary ® was based on
the work of (McCooke & West, (1978) which delineates a zone in which kaolin clay suspension coagulated
with alum is stable. Finally, note that rectangular zone of AWWA practice corresponds to Al concentrations

that are significantly higher than the minimum solubilities.
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Figure 2-3: Aluminum solubility boundaries at 25°C studied by Amirtharajah & Mills (1982).

14



A few essential observations can be made about the characteristics of alum coagulation based on
the above diagrams and the above mentioned research. First, if there are no contaminants, aluminum flocs
have difficulty forming, as seen with boundary @©. It should be noted that boundary © also corresponds
with the top end of boundary ® and @. Depending on the particles being removed, the zone of stabilization
changes concentrations and shape. There is a zone of rapid flocculation on the right-hand side of the
destabilization zone above the solubility limits of the aluminum hydroxides. Slow flocculation occurs for
concentrations below the solubility envelope and at low pH values, including areas below the hydroxide
solubility limits. The flocculation at lower pH and below the solubility limits are associated with
coagulation with hydrogen. It should also be noted that positively charged aluminum ions are in suspension,
which may result in charge neutralization. The destabilization mechanism boundaries studies were
summarized in Figure 2-3. At aluminum concentration substantially higher than the lowest solubility limits
there are rapid flocculation zones that produce large flocs, they are associated with the sweep flocculation
mechanism. While the slow flocculating conditions observed for smaller aluminum doses were the result
of smaller flocs associated with the charge neutralization mechanism. And for intermediate aluminum doses
there are zones were a combination of charge neutralization and sweep flocculation prevail. All the analyses
used in the graph construction were performed near or at room temperature and they did not consider the

effect of temperature.
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Figure 2-4: Amirtharajah & Mills (1982) final diagram, after Crittenden et al (2012).

The pC-pH diagrams for aluminum species concentration lines present the theoretical boundary

conditions delineating soluble and insoluble conditions. The Al concentrations required for practical
separations are often higher. As seen from Boundary @ and Stumm & O’Melia (1968), the formation of
flocs requires a nucleation site or high concentration of coagulants. It should also be noted that the lower
portion of Amirtharajah & Mills (1982) solubility diagram consists of charge neutralization. Charge
neutralization may not be favorable for drinking water treatment plants as the flocculation process is slower
than the sweep flocculation process. In addition, the solubility diagram is theoretical and the aluminum
concentration required at water treatment plants are generally much higher (AWWA practice in Figure 2-
2) and it varies depending on the water because of other ions/contaminants present. For example, at
Ottawa’s Britannia water treatment plant operates well with a typical alum dose of 34 mg alum/L and a

pH~6, yet according to Figure 2-3 this a borderline re-stabilization condition.
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2.1.5 Alternative Aluminum-Based Coagulants

The alternatives to traditional alum are polynuclear coagulants. The most common are
polyaluminum sulphate, polyaluminum chloride and polyaluminum silica sulphate. Polyaluminum
coagulants are favored by plants as they are less sensitive to temperature and pH variations(Go et al., 2021)
and are effective at removing natural organic matter from solution (Liu et al., 2019; Tafvizi & Husain,

2022).

Polynuclear coagulants are stable on a wider pH range compared to alum (Xu et al., 2011). The
wide pH range and stability over varying treatment conditions make polyaluminum coagulants desirable
for drinking water plants. The author gathered from municipal drinking water reports the coagulants used
by 72 Ontario conventional drinking water plants servicing over 1000 persons (Appendix A). 53% of plants
use advanced coagulants, mostly polynuclear aluminum variants, only 19% of plants use alum without a
flocculation aid. Low basicity polyaluminum sulphate does not exhibit significant variation in its solubility
diagram with respect to pH compared to alum (Pernitsky & Edzwald, 2003). Alum has a significant shift
in solubility with respect to temperature. The change in solubility of alum was not known in the twentieth
century and resulted in difficult winter operations. An advantage of alum is its lower solubility relative to

polyaluminum coagulants which leads to lower aluminum residuals in the treated water (Edzwald, 2020).

New Health Canada guidelines recommend lowering the aluminum operational guidelines for
drinking water to 0.05 mg Al/L (log[Al]=-5.73) (Health Canada, 2019). The enforcement of this standard
will cause problems at many drinking water plants using polyaluminum coagulants since these coagulants
have solubility limits near or above the proposed Health Canada operational guideline (Pernitsky &
Edzwald, 2003). Alum-derived aluminum compounds are less soluble than compounds formed with
polyaluminum coagulant producing a wider pH range for operations (Edzwald, 2020). A coagulant which
is effective over a wide range of pHs is better for drinking water systems operation as the water quality of
many water sources may vary significantly over time. Two primary causes for sporadic changes in raw

water quality are observed in river systems. The first is increased flow rate, such as spring snow melt and
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heavy storms which causes increased sediment loads in the raw waters (Lane, 1955). The second major
cause of variation is man-made water control structures, such as hydroelectric dams (Kurigi et al., 2021).
There is the potential for increased sediment load downstream of a hydroelectric dam when the flood gates
are open. The other water control structure affecting drinking water plants are locks in canal systems.
Depending on the waterbody, algal blooms can occasionally increase the sediment load and change the

chemistry of water entering the treatment plant, stressing the treatment system.

2.1.6 Cold Water Operation with Alum

Alum has a wider pH operating range compared to polyaluminum coagulants and its Al solubility
is below the proposed new aluminum aesthetic Canadian operational guideline (Pernitsky & Edzwald,
2003). The effect of temperature on alum solubility was not well understood, causing less than optimal
treatment at cold temperatures (Camp et al., 1940; Hanson & Cleasby, 1990; Morris & Knocke, 1984). The
pC-pH diagrams presented thus far do not consider the shift in solubility of alum with respect to
temperature. pC-pH diagrams are drawn based on the stoichiometric equation of the various aluminum
species that form AI(OH)s, which precipitates, and the equilibrium constants of these equations. These
equations are used to establish the possible limits of the solubility envelope (Figure 2-1). This basic
chemistry information in the pC-pH diagrams is complimented with the results of coagulation/flocculation
experimental and plant data (Figure 2-2 and 2-3). The values of the equilibrium constants are available for
temperatures like 20 and 25°C, and they were used in generating the solubility diagrams for room
temperature presented in section 2.1.1. As far as the candidate was able to ascertain there is not a complete
set of values available for the relevant equilibrium constants at low temperature, accordingly it is not
possible to produce a theoretically based pC-pH diagram for low temperatures. However, as these solubility
diagrams are important to interpret low temperature data a number of researchers have used low temperature
experimental data to estimate the corresponding solubility diagrams. Figure 2-5 through 2-7 are examples

the estimated solubility values based on experiments from the literature at warm and cold water
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Figure 2-6: Aluminum solubility with for the 4°C and 25°C, based on data from Smith and Martell
(source: Hanson & Cleasby, 1990).
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Figure 2-7: Aluminum solubility for the 4°C and 25°C, based on VVan Benschoten & Edzwald (1990).

It can be observed from Figures 2-5, 2-6, and 2-7, that a decrease in solubility and the point of
minimum solubility is located approximately one pH higher for the cold-water series compared to the warm
weather series. Morris & Knocke (1984) reported that operations were difficult at cold temperature and
Camp (1940) showed operational conditions at cold temperatures. The shift of solubility limits of alum
changes with temperature causes problems with treatment if the pH is not adjusted (Hanson & Cleasby,

1990).

Two theories have been proposed to explain the cold-water operations of aluminum-based
coagulants in cold water. The first theory proposed that AlO4Al12(OH)24(H20)12™, known as Alss, solubility
shifts significantly with temperature (Feng et al., 2008). Al1s is found in high concentrations in polynuclear
aluminum based coagulant (Musteret et al., 2021; Tian et al., 2018; Wang et al., 2019), but is not found in
significant quantities in alum derived products (Van Benschoten & Edzwald 1990). The second theory,
proposed by Hanson & Cleasby (1990), is that coagulation with alum is pOH dependent, not pH dependent.
Equation 2.1 shows the relation between pH and pOH, while equation 2.2 is the relation of pKy, the negative

log of the water dissociation constant, with temperature (Bratby, 2016).
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pH + pOH = pK,, 2.1

70.99
— 6.0875 22

44
pK,, = 0.01706 - T +

where T is the temperature in Kelvin.
Table 2-1 tabulates typical pKy, with temperatures between 0 and 25°C.

Table 2-1: Relation of pKy with temperature.

Temperature pKw
&)
0 14.94
2 14.86
4 14.77
6 14.69
10 14.53
15 14.34
20 14.17
25 13.99

To investigate the claims of constant or near constant pOH for satisfactory separation made by
Hayden & Cleasby (1990), the candidate performed a number of linear regressions to determine the
minimum solubility pOH using data from several studies. Table 2-2 is a tabulation of the linear regressions
of the left hand side and right hand side of Figures 2.4, 2.5, and 2.6 to determine the pOH of minimum
solubility, i.e., the pOH at which the lines simulating the low pH (left side) and high pH (right side)

solubilities intersect.
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Table 2-2: Analysis of the effect of pOH.

Study T(ig) ' SOIILi' rt:élity ﬁﬁéug:cl,i;i SOIILijgtia"ty SO :\Sli)rilllity l\(/llmefgelgglr:g)y PKw soI'\Sti)?l'ity
Left side -1.681 In:;(.eigiipt (a2 P PO
vy 25 Tgftltssiidie 011798; 1261:_13;0 -6.4 5.96 13.998 8.04
* | Rightside | 0989 | -13.986 "’ 6.68 14748 | 807

Left side - -

Sr?]?:ﬁ g:‘]d 25 RLing S_:jde 857854 _;22; -5.8 6.61 13.998 7.39
Martell | 1 RithSsli;e 853988 _'102'.257037 66 7.47 14.895 |  7.42
Ben;/cahnoten 2 Ii_ifilff:tsslzjcjlae 01:56; 522230 63 6.00 13.998 8.00
Edzr\:\(,jam 4 F';izf; i?ge _11.'0523 f3375§0 -6.6 6.65 14.748 8.10

From Table 2-2, it is possible to see the pH of minimum solubility changes with pH while the pOH

of minimum solubility is more consistent. The difference in pOH can be caused by the change of solubility

of alum with temperature or an error in pH readings. The new perspective on the change of alum solubility

highlights the need to study the performance of coagulation/flocculation-based systems in terms of pOH. It

should be highlighted that lower-temperature solubility envelopes indicate a lower solubility level than that

for 25°C. As it will be covered in sections 2.2.3.4 and 2.2.4.4, flocculation is affected by temperature

minimizing the effect of the lower final solubility.

As with warm water conditions, the solubility diagram for cold waters represent a theoretical limit

for drinking water treatment and the operating conditions may require higher concentrations than the

solubility limits. The cold water conditions have not been studied as intensively as warm water treatment

thus to the author’s knowledge, exact flocculation regimes boundary have not been determined.

22




2.1.7 Alternative Coagulants

Alum and aluminum-based coagulant are common for drinking water treatment but there are multiple other
alternatives. The selection of the coagulant is based on performance assessments, i.e., jar tests or pilot tests,
and a cost analysis. Iron based coagulant are also fairly common. For simple iron salt coagulants, there is
ferric sulfate (Fe2(SO4)-8H20), ferrous sulphate (FeSO4-7H,0), and ferric chloride (FeCls). There are also
polymerized ferric coagulants such as polyferric sulfate. Alternatively, there are synthetic organic polymers
that can be used for coagulation with various molecular weights and charge density. There is also non-
organic polymers such as activated silica. The use of polymer would theoretically lead to lighter flocs that
would be more amenable for flotation, however, they have a high unit cost and its use in drinking water
application is restricted in many jurisdictions because of health concerns. Less commonly used in North
America but natural polyelectrolytes such as some seed extracts or starches, and chitosan are capable of

coagulation and successful drinking water treatment (Bratby, 2016).

2.2 Flocculation

Flocculation is the physical process of floc formation. For flocculation to occur, the particles must
get closer, collide and agglomerate, which all require proper destabilization (Crittenden et al., 2012).
Flocculation is classified as perikinetic or orthokinetic flocculation (Han & Lawler, 1992). Perikinetic
flocculation occurs when the flocculation influences microscale particles. Its driving mechanism is
Brownian motion which was first studied by the Scottish botanist Robert Brown in 1827 (Crittenden et al.,
2012). Brownian motion is caused by the random interaction between molecules resulting in chaotic
microscopic movements. Orthokinetic flocculation is macroscale flocculation governed by differential fluid
shear and differential settling (Benjamin & Lawler, 2013). Differential shear flocculation is the primary
flocculation mechanism that occurs in the flocculation basin of drinking water plants. The slow mixing in
the flocculation tanks produces a velocity gradient between particles promoting the collision between flocs,

some of which result in the formation of larger aggregates. The final flocculation mechanism is differential

23



settling which occurs in gravity separation basins. Larger flocs settle quicker than smaller flocs; this
difference in movement results in larger flocs colliding with smaller flocs. The term sweep flocculation

comes from this mechanism where the larger flocs sweep the smaller flocs out of suspension.

2.2.1 Flocculation Theory

Flocculation theory is a compilation of years of research explaining the process of particle
flocculation. The flocculation theory is modelled by a modified Smoluchowski equation that introduces the
collision frequency factors and the collision efficiency factors (Han & Lawler, 1992; Smoluchowski, 1917).
The collision frequency factor is the frequency at which two particles collide if there is no interparticle
interaction. Interaction between particles is negligible if the distance between particles is sufficient to
prevent interaction due to interparticle hydraulic forces or van der Waal forces. A long-range interaction
model represents the collision frequency factor. The collision efficiency factor is a correction to the
collision frequency factor considering short-range particle interactions. The short-range interactions are
interparticle hydraulic forces and van der Waal forces. The interparticle hydraulic forces result from
forcefully displacing the water between the particles. The van der Waal forces are caused by surface charges
between particles and depend on efficient coagulation processes. A short-range interaction model represents
the collision efficiency factor. The flocculation theory is covered in detail to investigate the individual
effects on flocculation and then the effect of temperature on individual flocculation factors, which would

result in compromised flocculation due to changes in temperature.

2.2.1.1 The Smoluchowski Equation

The Smoluchowski equation is the core model of the flocculation theory. The Smoluschowski
equation is based on work published by Marian Smoluschowski on the population balance of particles in
suspension influenced by flocculation (Smoluchowski, 1917). The equation states that the rate of change
of the number of particles of a particular size with respect to time is the difference between the rate of

formation due to the agglomeration of smaller particles and the rate of loss of particles (of that particular
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size) due to agglomeration with other particles. Below is the modern interpretation of the Smoluchowski

equation with a few additional terms (Benjamin & Lawler, 2013).

1
Tie = | 5 @emp z aj Byt | = (aemp My Z Uik * Bik 'ni> 2.3

\ alliand j / alli
such that
Vp,itVp,i=Vpk
where ry is the formation rate of k size particles due to the flocculation of i, j, and k size particles, particles;.
aemp IS an empirical correction factor, dimensionless; oj and ai are the short-range efficiency
factors/functions accounting for short-range particle interaction between particles of i" and j" size and the
i" and k™ size, respectively, dimensionless; Bij and Bik are long-range collision frequency factors/functions
for the interaction between the i"" and j™ size particle and the i"" and k™ size particles, respectively,
dimensionless; and n is the number concentration of k" size particles. V,; and V,; are the volumes of it

and j" size particles, meters.

For flocculation, two types of forces are considered within the Smoluschowski equation. The forces
that result in the particles getting closer to one another, resulting in flocculation, and the forces that inhibit
the flocculation between two particles. The long-range force model only considers the forces that result in
the particles getting closer. In contrast, the short-range model corrects the long-range models by considering

the hydrodynamic and van der Waals effects.

2.2.2 Collision Frequency

Long-range collision frequency models represent the rate of collision between particles under a
specific transport mechanism without the effect of short-range forces, such as hydrodynamic forces or van
der Waal forces. Long-range interactions follow a rectilinear model, as seen in Figure 2-8. In the rectilinear
models, the particles will collide if the distance between the two paths at the time of possible collision is
less than the sum of the two radiuses. If the particle's trajectory is outside the critical zone, the trajectory is
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open, and collision will not occur. The following subsections cover the long-range models for the Brownian
motion transportation regime, the fluid shear transportation regime, and the differential settling regime. The

net rate of particle formation is the summation of the contribution of these three regimes.

4

CRITICAL
TRAJECTORY

OPEN
TRAJECTORY

it
i
i

o

CRITICAL ZONE

Figure 2-8: Rectilinear flocculation after Han & Lawler (1992).

2.2.2.1 Brownian Motion

Brownian motion is the random movement of particles caused by molecular collision. The most
common explanation of Brownian motion is the diffusion of particles from a high concentration zone to a
lower concentration zone. At the microscale, diffusion is defined by Fick's law, where the concentration
gradient is the driving force of diffusion. Brownian motion is random in every direction, but it is easier for
particles to move from high-concentration zones to low-concentrations because, in the zone of high
concentrations, the particles are constantly redirected by the frequent intra-particle collisions. (Metcalfe et

al., 2012).
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The collision frequency for Brownian motion is determined by Fick's law which yields the flux of
i"-size particles crossing the surface area of j"-sized particles. The resulting equation is the collision

frequency for Brownian motion (Benjamin & Lawler, 2013):

BB =

2kgT (1, 1 (d; +d)) 2.4
3M di d] t J '
where B'Bj; is the collision frequency function between the i" and the j™ size particles to volumetrically sum
up to the volume of k™" size particle caused by Brownian motion; kg is Boltzmann's constant, 1.38x10%¢ g
cm?/s?K; T is the temperature in Kelvin; p is the dynamic viscosity of the fluid matrix, Pa s; and d; and dj

are the diameters of i"" and j" size particles, respectively, in centimeters.

Keeping the temperature constant, the only other variable in the collision frequency function by
Brownian motion is the particle size. The function is minimized when both particles are the same size and

vary by less than two orders of magnitude across the range of typical particle sizes.

2.2.2.2 Fluid Shear

Fluid shear is the flocculation mechanism that plants operators and designers have the most
significant control over. Fluid shear is the product of velocity gradient and the particle sizes to the power
of three. The faster-flowing particles with trajectories that cross the trajectory of slower particles will
produce larger particles if collision and attachment occur. The derived equation for collision frequency is

(Friedlander, 1977; Han & Lawler, 1992; Smoluchowski, 1917):

1
ShBy; = gG(di + dj)3 25

where S"8j is the collision frequency between i and j* size particles which the sum of volumes add up to
k" size particles due to fluid shear, dimensionless; G is the velocity gradient, s*; and d; and d; are the

diameters of i and j"" size particles, respectively, cm.
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Comparing the equation for fluid shear collision frequency and Brownian motion collision
frequency, the function of fluid shear depends on the sum of particle sizes to the power of three. In contrast,
Brownian motion-controlled collisions are proportional to the sum of particle sizes to the power of one.
Thus, it is possible to conclude that long-range function in respect to fluid shear will increase rapidly as the
particle size increases. In addition, the collision frequency for fluid shear is a function of the velocity

gradient to the power of one.

2.2.2.3 Differential Settling

Assuming all particles in a suspension have the same density. Larger particles will settle quicker
than smaller size particles resulting in large particles intercepting the path of the smaller particle. The
equation was originally derived in German and re-derived and presented in English by Friedlander (1977).

This equation is:

ng

"*Bij T 72u (P —p1) (di + ;) - |di — ] 2.6

where PSBj; is the differential settling collision frequency constant of i and j™ size particles of which their
volume sum up to that of k' size particles, dimensionless; g is the gravitational constant, m/s?; p is the
dynamic viscosity of the fluid matrix, (Pa-s); pp and p. are the density of the particle and the liquid matrix,
respectively, kg-m=3; and di and d; are the diameter of i"" and j* size particle respectively, cm. Keeping
temperature constant, the first two terms on the right-hand side are constant. Accordingly, the size of the
particles dramatically influences the collision frequency function for discrete settling, especially when the
difference in diameter is significant. When the particles of interest approach the same size, the collision
function approaches zero and becomes zero when the two particles are the same size. Due to the nature of

flocs, their particle density is slightly above the density of water. This results in very slow settling.
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2.2.2.4 The Effect of Temperature on Collision Frequency

Analyzing the equations for Brownian motion, fluid shear, and differential settling collision
frequency functions, only a few parameters are influenced by temperature variations, namely temperature
directly and viscosity. For Brownian motion, the temperature in Kelvins is in the denominator of equation
2.4. This direct effect has less influence on the collision frequency for Brownian motion than the effect of
changing dynamic viscosity over the normal seasonal water temperature change. For a temperature change
from 25°C to 5 °C, the temperature in degrees Kelvin decreases by approximately 6.7%. For the same
change in temperature, the dynamic viscosity goes from 8.902x1073 %/¢m.s at 25°C to 1.519x102 9cm.s, a 41%

increase. The combined effect of these changes reduces B'Bjj by approximately 45%.

The only variables in the fluid shear collision frequency function are the floc size and the velocity
gradient. The velocity gradient used to describe the flocculation theory is linear for simplification. In actual
flocculation conditions in a drinking water plant, the velocity gradient used is the (root mean square)

velocity gradient (G). The equation for Grws is (Crittenden et al., 2012):

Where P is the power inputted in the body of water, watts; V is the volume of water, m*; and p is the
dynamic viscosity, Pa-s. The change in dynamic viscosity is thus a factor, but the effect is not as significant
as its effect on Brownian motion. The reduction of the fluid shear collision frequency function is

approximately 23% for a water temperature decrease from 25°C to 5°C.

Finally, the differential settling collision frequency function is inversely proportional to the

dynamic viscosity, so a change from 25°C to 5°C will result in a 41% decrease in DS,Bl-j.
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2.2.3 Collision Efficiency

Long-range frequency models represent particles in bulk suspension where other particles do not
influence individual particles. Thus, a collision with the long-range model occurs when the two particles
cross paths. Short-range forces, such as hydrodynamic and van der Waal, affect the particle paths as the
particles approach each other. As the distance between two particles decreases, the short-range forces
increase and inhibit the collision of two particles. The short-range model corrects the number of trajectories
at which the successful attachment of two particles occurs. The short-range interaction follows a curvilinear
trajectory model, as shown in Figure 2-9 below. In the long-range model, the collision occurs if the linear
trajectory crosses the ri+r; cross-section. Due to short-range forces, some of the trajectories that would cause
a collision in the long-range regime will deviate into an open trajectory. The following sections discuss the
Hamaker constant first, as it is a term in all collision efficiency models. This is followed by examining the
three flocculation mechanisms regarding short-range collision efficiency factors. The effect of temperature

on the short-range models is then discussed.
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Figure 2-9: Curvilinear flocculation trajectory after Han & Lawler (1992).

2.2.3.1 Hamaker Constant

The Hamaker constant (A) is a coefficient relating the separation distance between two interacting
particles and the van der Waals interactive force (Donaldson & Alam, 2008). The value of the Hamaker
constant depends on the fluid medium and the particles themselves. The Derjaguin, Landay, Verwet, and
Overbeek (DLVO) theory explains that particles that are not adequately destabilized will have a repulsion

force more significant than an attractive force and thus have a very low Hamaker constant.

2.2.3.2 Brownian Motion

The collision efficiency interaction for Brownian motion was first described by Equation 2.8 which

was derived by (Spielman, 1970).
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Which states that % the rate of change of the number (n,) distribution with respect to time (t) is equal to

the negative divergence between two interacting particles; it is a function of r, the separation distance,
meters; D1y, the diffusion coefficient between the two particles; and Vg, the particles interaction potentials.
The particle interaction potential is a function of the Hamaker constant. Valioulis & John (1984) elaborated

with additional boundary condition as seen in Equation 2.9

¥ Doo VA dt
we=(1+3) | (G2)ew(Gr)5
" Dy, KpT) 52 2.9

Where a3 is the collision efficiency; kg is the Boltzmann constant; T is the temperature in Kelvin;
sr is a dimensionless separation function; D is the particle diffusion coefficient without the influence of
other particles; Va is the van der Waals interaction energy; and the remainder are of the variables are as

defined previously.

Han & Lawler (1992) presented the simplified Equation 2.11 to calculate the collision efficiency
using the size ratio (1), to evaluate the effect of differential particle sizes. The size ratio is defined by
equation 2.10, where r1 and r is the radius of the larger and smaller particles, respectively. Equation 2.11
calculate the Brownian motion collision efficiency between two particles considering the size of the larger
of the two particles. The coefficient values for Equation 2.11 are presented in Table 2.3. The table is a
tabulation based on solutions of differential equations which describes Brownian motion collision

efficiency, with different initial conditions.

2
A=—= 2.10
n
agr =a+bA+cA? +dA3 211
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Table 2-3: Factors for Equation 2.11 after Han & Lawler (1992).

Diameter of the
larger particle (r1) a b c d

(pm)

0.1 1.025 -0.626 0.516 -0.152
0.2 1.007 -0.860 0.870 -0.322
0.6 0.976 -1.155 1.342 -0.554
1.0 0.962 -1.263 1.522 -0.645
2.0 0.943 -1.383 1.725 -0.748
6.0 0.916 -1.533 1.991 -0.887
10 0.905 -1.587 2.087 -0.936
20 0.891 -1.658 2.221 -1.009
60 0.871 -1.739 2.371 -1.090
200 0.863 -1.775 2.439 -1.125

Figure 2-10 demonstrates the effect of the radius of the larger particle (R.) and the size ratio
between the two particles on the collision efficiency. The vertical axis is the collision efficiency, while the
horizontal axis is the size ratio between the two colliding particles. The separate lines represent the size of
the largest of the two interacting particles. The short-range efficiency for Brownian motion reduces as the
particles become larger. In addition, the collision efficiency decreases as the size of the two particles

converges (size ratio = 1).
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Figure 2-10: Brownian motion collision efficiency factor at 21°C and a Hamaker constant of 40.6 zJ,
adapted from Han & Lawler (1992).

The graph uses a Hamaker constant of 10kgT, equal to 40.6 zJ. is for temperature of 21°C (or 294.1
Kelvin), ks is the Boltzmann constant. If the Hamaker constant increases to 101.5 zJ, the collision
efficiencies will increase by 0