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ABSTRACT OF DISSERTATION

UNDERSTANDING AND MiTIGATlNG THE NEGATIVE IMPACT OF NATURAL 
ORGANIC MATTER ON FILTRAl'ION PROCESSES

'Hie overall objective of this project was to develop and uoderstand effective coagulation 

processes for optimmng filtration |>erfomiance during the treatnfjent of liigli-TOC 

concentration, raw waters. Specific objectives w'cre to determine the impact of 

coagulation pH, ^-potential, and alum, ad,ditio.n mod.e (single vs. two-stage) on fioc 

formatio,n and filtration performance. .Another goal was to evaluate a photometric 

dispersion analyzer (PDA) as an indicator of overall process performance. Two-stage 

coagulation p.rocesses were proposed as a means to mitigate restabilization of floe by 

natural, organic .matter, particulaily for high-TOC con,ce.ntrati.on water.

Bench and pilot-scale experiments compared floe development, .filtrat.ioin 

performance, and ^-potential distributions of post-rapid mix and settled water partic.l.es 

for single and two-stage coagulation processes over the pH range of 6.0 to 7.4.

Overall, in temis of ;lfl.ltration. perfomiance during the treatment o.lTi.igh-TOC 

concentration, waters, single-stage high-pH and two-stage coagulation processes were 

most e.ffective. The use of re.latively high coagulation pH conditions (e.g. 7.5) along with 

alum dosCvS optimized by ^-potential optimized, particle removal in the settling process 

aid signi:ficantiy increased the operating .range, in terras ofX-potential, for optimum 

filtration performance.

i l l
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Two-Stage coagulation processes also improved filtration performance, evidenced 

primarily by increased filter run. lengths prior to particle breakthrough. Two-stage 

coagulant additi.oii consistently increased titrbidity removal during sedime.ntatlon,

o.llentifn,es dramatically when coinpa.red to single-stage processes using the same aliun 

dOvSe. This result co,n'eIated with the signfficant increase ui floe fomiation rates and :0oc 

size consistently observed for the two~sta.ge processes, particul.tM'ly in high-TOC 

concentration waters. The fact that Iwo-stage processes did not impttct floe tbr,matk>n in 

low-TOC conditions supported the proposed mechanistic advantage o f this process, i.e. 

mitigation of .NO.M-induced floe restabilization by a!.lowing NOM-Al(OH)3 (S) reactions 

to occur primarily in the fi,rst coagulation stage.

The photometric dispersion analyzer (PD.A) appears to be a useful a,ltemative to 

jar te,sts for deteimining optimum coagulant doses and quick.ly evaluating diftereiit 

coagulation scenarios. Overall, processes that the PDA indicated were optimum, in terms 

of the .kinetics of floe development, were also optimum in terms of fiftrat ion 

performance.

Dean Grego:ry 
Departm.ent of Civil Engineering 

Colorado State University 
Fort Collins, CO 80523 

Spring 2004
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CHAPTER 1 

INTRODUCTION

The ultimate purpose of the coagulation process in water treatment is to remove 

suspended particles and natural organic matter (NOM). Suspended particles, commonly 

measured as turbidity, may include inorganic compounds such as clays as well as 

microbiological constituents such as algae and protozoa. NOM consists primarily of 

humic substances, including humic and fiilvic acids which result from the decomposition 

of terrestrial and aquatic biomass. Since promulgation of the Disinfectants/Disinfection 

By-products Rule in 1998 (USEPA, 1998), NOM removal has been emphasized to 

minimize the formation of compounds such as trihalomethanes (THMs) and haloacetic 

acids (HAAs), which can be formed upon the reaction between NOM and free chlorine.

However, from a public health and thus regulatory perspective, the removal of 

suspended particles—particularly pathogenic organisms such as the protozoa Giardia and 

Cryptosporidium—rermms a treatment priority. In addition to the current USEPA 

performance standard that exists for turbidity removal under the Surface Water Treatment 

Rule (combined filter effluent turbidity < 0.3 NTU in 95 percent of samples), future 

regulations aimed specifically at Cryptosporidium may provide log credit for treatment 

facilities that meet filter effluent turbidity standards (Pontius, 2003). For example, a 0.5- 

log credit has been proposed under the removal Long-term 2 Enhanced Surface Water 

Treatment Rule (LT2ESWTR) when combined filter effluent is < 0.15 NTU in 95 percent 

of samples each month. The research presented here was focused on developing effective 

coagulation methods for optimizing particle removal during the treatment of waters
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containing moderate-high NOM levels, e.g. those with a TOC concentration greater than 

approximately 5 m,g/L.

Background

This project grew out of preliminary experiments, conducted in the pilot 

laboratory at the Fort Collins Water Treatment Facility, that attempted to identify 

effective processes for treating the challenging spring runoff water from the Cache la 

Poudre River.This water was characterized by low alkalinity (generally less than 10 mg/L 

as CaCOs) and a h i ^  TOC concentration (often greater than 10 mg/L). Historically, the 

city had relied upon blending this water with a low-TOC source (Horsetooth Reservoir) 

in order to meet its particle removal goals during the runoff period. However, due to 

water rights issues (i.e. the city’s decree for river water is essentially lifted during spring 

runoff) the goal of the city was to use river runoff water to meet 100 percent of its 

demand during the runoff period, which typically extends from mid-May through the end 

of June. Initial experiments examined the impact of coagulation variables such as pH, 

alkalinity concentration, alum dose, and alum addition mode (single and two-stage 

coagulant addition).

The two-stage coagulation process was initially conceived as a method to mitigate 

the restabilizing effect of NOM on floc particles. It was more closely examined after 

preliminary bench-scale experiments showed that it significantly increased particle 

removal in the sedimentation process. The two-stage process entailed simply splitting the

total dose of metal salt coagulant between two distinct addition points, with adequate
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time (approximately 30 seconds) provided between the two points for coagulant-NOM 

reactions to occur.

During the treatment of these waters particle removal is complicated by the 

adsorption of hydrophobic, high molecular weiglit organic molecules to metal hydroxide 

surfaces during coagulation. When aluminum sulfate (alum) is used as the primary 

coagulant, these surfaces are provided by i) poorly-soluble, positively-charged aluminum 

hydroxide sols formed within a few seconds after alum addition (Licsko, 1997; .Letteiman 

et al, 1999), and ii) charge-neutralized Al(0 H)3 (srcolloid complexes (microfloc). In the 

latter case, the microfloc aggregate can be effectively restabilized by the NOM, 

potentially hindering the formation of larger aggregates (Carlson et al, 2000). Although 

the adsorption/precipitation of NOM on aluminum hydroxide surfaces is desirable as a 

primary removal mechanism (Edwards, 1997; Croue et al, 1993; Randtke, 1988), it has 

been demonstrated that turbidity removal is adversely affected by this process, even for 

relatively low-TOC (2 mg/L C) waters (Exall et al, 2000; Tseng et al, 2000; Van 

Benschoten et al, 1990).

A factor that can further complicate particle removal during the treatment of high- 

TOC concentration water is controlling the coagulation pH while meeting the relatively 

high alum demand exerted by the NOM. Due to its acidity, alum consumes naturally 

occurring alkalinity (general ly HCO3') and depresses the pH of water. In raw waters 

lacking sufficient buffering capacity, particularly runoff from snowmelt or thunderstorms 

and those waters associated with reduced or low-pH environments, the use of alum 

requires alkalinity addition for pH control. Because runoff waters often contain relatively
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high concentrations of NOM, the alum demand in these waters is proportionally high, 

further emphasizing tlie need for pH control.

In treatment conditions that require alkalinity addition, the chemical doses and 

resulting coagulation pH levels are often determined by jar tests and settled water data. 

The target coagulation pH (for non-softening plants) is usually between 6.0 and 7.5. 

Within this range it is possible to mmimize the concentration of soluble aluminum in 

finished w'ater and effectively remove organic and particulate matter, as demonstrated by 

Edzwald and Tobiason (1999). However, within this pH range the overall effectiveness of 

the treatment process, particularly filtration perfomiance, can also vaiy significantly. The 

sequence in which coagulation chemicals, including those used for acid/base adjustment, 

are added will determine coagulation pH and may significantly impact the filtration 

process.

Research Objectives/Approach

The overall objective of this project was to develop and understand effective 

coagulation processes for optimizing filtration performance during the treatment of 

moderate to high-TOC concentration raw waters. The general approach was to evaluate 

single and two-stage alum addition processes over the pH range of 6.0 to 7.4. This range 

was chosen to represent relatively low and high coagulation pH conditions (for non­

softening plants). The specific objectives of the bench-scale experiments were to 

determine the impact of coagulation pH, ^-potential, coagulant dose, and coagulant 

Midition mode (single or Iwo-stage coagulant addition) on turbidity removal, floc size and 

floc formation kinetics. Another goal during this phase of the project was to evaluate the
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photometric dispersion, analyzer (PDA) as an indicator of overall process performance. 

The PDA was the optica! particle aggregation monitor used to assess floc formation 

kinetics. It was developed in conjimctioii with Hach Co. (Loveland, CO) for this project.

The pilot-scale experiments were conducted to correlate bench-scale findings 

with filtration perfomiance. Although settled water particle removal data were collected 

and provided useful infbmiation on the effectiveness of different processes, the .focus of 

this project was the impact of coagulation variables on filtration performance. The 

filtration experiments were performed using 1) a river source during spring runoff, 

characterissed by high turbidity, low alkalinity, and relatively high NOM levels, and 2) a 

typical reservoir surface water of constant quality and containmg moderate NOM levels 

(approximately 3.5 mg/L TOC). Filter effluent particle counts and TOC removal were 

used to determine the overall effectiveness of three different single-stage coagulation 

scenarios (pH=6.0,6.7, and 7.5) as well as two-stage processes.

Dissertation Overview

A literature review for this project is presented in Chapter 2. The focus of this 

section is research related to i) the chemistry of alum coagulation, particularly the species 

most important for particle destabilization, ii) tlie effect of coagulation pH on particle 

removal/floc development, iii) the impact of coagulation pH/(^-potential on filtration, iv) 

NOM removal mechanisms, and v) two-stage coagulation processes. In Chapter 3 an 

overall Materials and Methods section is provided.

The main body of the dissertation is contained in Chaptere 4, 5, and 6 . Each of 

these chapters is a complete, stand-alone paper that has been published previously
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(Chapter 4 and 5) or has been submitted for publication (Chapter 6). Although an 

overview is provided in Chapter 3, more detailed information concerning experimental 

materials and methods can be found in these chapters. Chapter 4 describes preliminary 

bench and pilot-scale experiments in which single and two-stage processes were 

compared. This research represented the early stages of the project. In Chapter 5 the 

impact o f pH and ^-potential, for single-stage coagulant addition only, on floc formation 

kinetics was examined and related to filtration perfomiance. Chapter 6 specifically 

examines the impact of two-stage coagulation on floc formation kinetics, the surface 

charge of post-rapid mix and settled water particles, and filtration performance in terms 

of particle breakthrough.

Chapter 7 presents a summary of the findings of this project and describes 

potential impacts for full-scale treatment processes. Chapter 8 provides references for 

Chapters 1 -  3 of the dissertation. In the Appendices following Chapter 8, raw data from 

all filtration experiments (spring runoff and reservoir water) is provided along with a 

description of the coagulation conditions. Examples of the ^-potential raw data and 

output from the photometric dispersion analyzer are also provided.
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CHAPTER 2 

LITERATURE REVIEW

The subject of alum coagulation has been extensively researched, and discussed in 

the literature. Numerous studies have documented I) th.e role and relative concentration 

of various aluminum hydrolysis products in the pH range to be discussed here (6.0 ~ 7.5), 

and 2) the impact of dose, pH and ^-potential on settled water quality. A majority of tlie 

filtration research has focused on developing theoretical models to predict particle 

removal, hi general, these models have illustrated the relative importance of various 

physical and chemical filtration variables. Their correlation with laboratory filtration 

results, however, has been mixed.

The intent of this research was to understand some important chemical factors that 

influence coagulation and to extend these findings to filtration. It is hoped that the 

combination of laboratory and pilot-scale results will further the understanding of 

mechanisms that affect coagulation and filtration of high-TOC concentration raw water.

In the sections to follow, discussion will focus on previous studies that have: 1) clarified 

the role of different alum species in coagulation, particularly the importance of aluminum 

hydroxide sols (“sols” are defined as the sub-colloidal, poorly water-soluble, positively- 

charged aluminum hydroxide solids which form within 1-2 seconds following alum 

addition), 2) examined the effect of pH, coagulant dose, and ii^-potential on sedimentation 

processes, 3) theoretically explored chemical and physical factors that influence filtration 

processes (primarily laboratory-scale studies), and 4) investigated the coagulation 

mechanisms that control NOM removal.
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Aluminum Speci@@ Formed During Coagulation

The aluminum species formed upon the addition of alum to water are classified as 

monomers (e.g. AfA1[0H]^'^), polymers (Al2[OH]2'*''', Ali304[0 H]24'̂ '*)> and the poorly- 

soluble precipitate, A1(0 H)3 (s) (Baes and Mesraer, 1976). The monomeric and polymeric 

species are thought to be relatively short-lived (<l sec) mtermediates formed during the 

stepwise hydrolysis of aluminum ion (Al ̂ "̂) (Hahn and Stumm, 1968; Letterman et a l, 

1973). The tema hydrolysis describes the general reaction in which, a proton is transferred 

from an acid to water. The equilibrium species formed by aluminum hydrolysis reactions 

are pH-dependent and are comprised of one or more of the following hydroxoaluminum 

complexes: Al(OH)^^, A1(0 H)2̂ , A1(0H)3, A1(0 H)4‘. As demonstrated previously (Hundt 

and O’Melia, 1988), in the pH and alum dose range of interest to this study, 6.0 -  7.5 and 

15 -1 0 0  mg/L, respectively, virtually all the aluminum is present as the solid precipitate 

A1(0H)3 (S) at equilibrium. It was also shown in the same study that the presence of 

sulfate catalyzes the rapid formation of A1(0H)3 (s> at pH > 4.6.

Role of highly-charged polymeric species. In the pH range of 6.0 -  7.5, the two 

Al species that appear to control coagulation processes are the short-lived highly 

positively-charged polymeric intermediates and the poorly water soluble aluminum 

hydroxide sols that are formed within a few seconds after alum addition. Of these two 

species, there is substantial evidence that the positively-charged aluminum hydroxide 

sols, which themselves will aggregate into aluminum hydroxide microflocs after several 

seconds if not adsorbed to a solid surface, appear to be the most realistic species 

responsible for the destabilization of natural particles (Licskd, 1997; Dentel and Gossett, 

1988). Although the existence of the highly-charged polynuclear complexes has been
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shown (Akitt and Farthing, 197S), their actual contribution to coagulation processes 

appears to be minor. In an attempt to determine the influence of these species, Klute 

(1990) performed bench-scale experiments, using a specialized mixing device, which 

demonstrated that the aluminum hydrolysis products formed within approximately O.l 

seconds after alum addition^—^presumably h i^ ly  positively-charged polymers—were 

more effective at changing the surface charge of silica particles than the alummum 

hydroxide precipitate formed after a few seconds of hydrolysis. These experimental data 

supported the coagulation mechanisms proposed by previous researchers (Amirtharajah 

and Mills, 1982; Hahn and Stumm, 1968). In this work, it was shown that the fonnation 

of polymeric hydrolysis species took place within 0.1 seconds and that, ideally, 

coagulants should be homogeneously dispersed within this timeframe. However, in the 

same study the authors compared five full-scale rapid mix systems and found that 

homogeneous dispersion of coagulant within 0.1 seconds was not realistic, an observation 

made by other researchers (Dittman et a l, 1989). Therefore, the conclusion was that the 

highly positively-charged polymeric species played a minor role in the charge 

neutralization of natural particles.

Role of alummum hydroxide sols. A majority of the evidence in the literature, 

however, suggests that, under water treatment conditions, the positively-charged, 

insoluble aluminum hydroxide sols are primarily responsible for particle destabilization 

during coagulation by adsorbing to the surface of the oppositely-charged, much larger 

natural colloids and entering into an electrical bond. Licskd (1997) showed that, for alum 

doses >10’̂  M and in the pH range of 4.0-5.0, where the stability of positvely-charged 

polynuclear species is high, the alum dose required to change the ^-potential of natural
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particles from a river source was significfflitly greater than in the pH range 6.0-6.5, where 

alummum hydroxide sols ajre formed within 1-2 seconds. In the pH range 6.6 -  7.8, it was 

shown that greater than 98 percent of the applied alum was present as msoliible 

hydroxide witlrin, approximately 10 seconds. The author emphasized that the positively- 

charged sols themselves are relatively short-lived species (1-10 seconds) that readily 

aggregate into A1(0 H)3 <s) microfloc. This sol-sol interaction was viewed as an 

ineffective use of coagulant.

Dentel and Gossett (1988) also concluded that the formation and adsorption of 

positively charged precipitates (sols) to suspended particles achieves charge 

neutralization. They supported this conclusion by comparing experimental 

electrophoretic mobility data to aluminum solubility diagrams and showed that charge 

neutralization did not take place until aluminum hydroxide solubility limits were 

exceeded, a mechanism that had been suggested by prior researchers (Mackrle, 1962; 

Hall, 1966). Likewise, DiTomraaso and Van Benshcoten (1996) showed that providing a 

brief period of low-pH contact time between the more positively-charged soluble 

aluminum species and suspended particles, before increasing the pH to the near-neutral 

range, did not appear to enhance particle removal.

Effect of Coagulation pH on Sedimentation and Floc Development

In terms of the impact of pH and alum dose on coagulation and solid-liquid 

separation processes, a majority of research has focused on settled water data. These 

results have shown that particle removal through the sedimentation process improves 

significantly as pH is increased. Tseng et al. (2000) observed that turbidity removal in jar

10
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tests improved directly as pH was increased incrementally from 5.7 to 7.2. fa tliis work 

alum doses were increased with pH to maintain a constant ^-potential. Although a 

definitive explanation for the increased turbidity removal with increasing pH was not 

provided, the authors noted that the logarithm of percentage turbidity reduction exhibited 

a rough linear correlation to the mass of Al(0 H)3 (S) fooned. Likewise, in the bench-scale 

alum coagulation experiments conducted by DiTom^so and van Benschoten (1996), the 

most effective turbidity removal was achieved at the highest alum dose and pH levels 

(6.9 -  7.4). Budd et al. (1996) also observed fa jar test experiments that the optimum pH 

range for particle removal when using alum was 7.2 -  7.6 for cold water.

Matsui et al. (1998), used a photometric dispersion analyzer (PDA) to perform a 

dynamic analysis of coagulation mechanisms during bench-scale experiments. They 

reported that the time required for particle destabilization and the onset of floc formation 

increased as pH and alum dose decreased. The output from the PDA, called the 

flocculation index (FI), is a sensitive indicator of the state of aggregation of a suspension 

(Gregory, 1985) and has been directly related to particle size (Ohto et al, 1993). A 

rapidly increasing FI following alum addition, which was observed by Matsui et al at 

higher pH levels, is indicative of optimum particle destabilization conditions. In another 

study, fa which the PDA output was used to control microfloc size and thus settled water 

quality in a pilot plant, coagulation was optimized at pH = 7.4 (Tarabo et al., 1997).

Particle destabllizatioi mechanisms. At higher pH levels (e.g. 7.5) and 

coagulant doses, the interaction between voluminous aluminum hydroxide precipitates 

and natural colloids is known as sweep coagulation (Amirtharaja et al, 1982; Amirtharaja 

et al, 1990). In this mode, particles are destabilized by adsorption of aluminum

H

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



hydroxide sols and are enmeshed in sol aggregates, promoting the formation of relatively 

large, settleable floc. At pH=6.0, particles are also destabilized primarily by aluminum 

hydroxide sols, which are more positively-charged, (compared to pH=7.5). However, at 

lower pH levels and thus lower alum doses, the physical enmeshment meclianism is less 

significant and smaller, tighter floes develop. It should be noted that large alummum 

hydroxide aggregates (fonned after approximately 60 sec., for example) are by 

themselves ineffective for destabilizing natural colloids and removing turbidity (Licsko, 

1997). The adsorption of newly-formed, positi vely charged A1(0 H)3 («) to colloid surfaces 

is critical at both pH levels.

The ineffectiveness of “aged” floc in charge neutralizing natural colloids indicates 

that the conventional notion of the “sweep” coagulation mechanism at higher alum doses, 

i.e. simple enmeshment of particles within relatively large aluminum hydroxide floes, 

may not be conceptually accurate. Assuming that the destabilization of suspended 

particles is accomplished through adsorption of positively-charged aluminum hydroxide 

sols, a more realistic mechanistic explanation may be that higher alum doses enhance 

particle removal by more uniformly distributing positive charges on particle surfaces. In 

the pH range of 6.0 -  8.0, dissolved organic molecules adsorb rapidly to newly-formed 

aluminum hydroxide sols, essentially restabilizing them and preventing their adsorption 

to particles in solution. Therefore, a certain fraction of the sols are used to meet the 

coagulant “demand” exerted by NOM. The remaining fraction is available for 

destabilization of particles as well as sol-NOM complexes. At low pH, this fraction is 

relatively tow and particles are destabilized by fewer but more highly-charged sols.

While the net surface charge is zero, distribution of that charge may be less consistent

12

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



than, at higher pH levels. When th,e pH is raised, the sol dem,and jfrom the hydrophobic 

NOM fraction will increase somewhat due to increased negative charge density, but a 

higher concentration o f  aluminum hydroxide is available for adsorption and charge 

neutralization, resulting in a more even distribution of charge.

Ultimately, an uneven surface charge distribution may reduce the probability of 

successful collisions (Amal et al., 1992), hindering the development o f floc suitable to 

solid-liquid separation, i.e. large floc. Elimelech and O’Melia (1990) also discussed 

distribution of surface charge as a possible explanation for discrepancies between 

theoretical and experimentally observed attachment coefficients, but no experiments were 

conducted to directly examine it.

Impact of Coagulation pH and ^-Potential on Filtration

Although it seems clear from the literature, as well as from bench and pilot-scale 

data to be presented here, that coagulation at relatively high pH and alum dose conditions 

enhances turbidity removal in the sedimentation process, regardless of ̂ -potential, it is 

less clear whether these benefits extend to filtration. Although several excellent studies 

have focused on modeling the theory of deep-bed filtration using controlled laboratory 

systems, filtration research focusing specifically on pH and ^-potential effects is not well 

represented. Edzwald and Tobiason (1999) presented jar test results and pilot-scale 

filtration data in a study that examined the effect of pH on multiple objective coagulation 

processes (i.e. balancing coagulation pH and dose with particle, DOC, and TTHMFP 

removal). This work focused on low-alkalinity waters that require base/alkalinity addition 

for pH control during coagulation. The authors emphasized the need for strict pH control
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to achieve optimum coagulation. For colder waters, a coagulation pH near 7 was 

recommended in order to maximize particle removal without compromising NOM 

removal. Although it was shown, for example, that less alum is required to remove 

similar amounts of DOC at pH =5.5 vs. 6.1, at optimized doses there was little difference 

in DOC removal over the pH range of 5.5 -  6.6.

In most cases authors have optimized filtration conditions based on surface charge 

(electrophoretic mobility or ̂ -potential) and not necessarily pH. O’Melia and Stumm 

(1967) concluded that “no unique relationship exists between pH and filtration 

efficiency.” M other words, there is not one pH level that will produce optimum filtration 

results for all coagulation conditions. In laboratory-scale filtration experiments conducted 

with Fe®'̂  dispersions the authors showed that the optimum pH for filtration varied with 

several variables, including the age of the dispersion, the presence of complex-forming 

ligands other than OH', and ionic strength. Overall, filtration efficiency was greatest at 

pH=7.0 (compared to pH =5.0 and 9.5), which is near the isoelectric point ofFeaOa, but 

the authors emphasized that these results applied only to the specific type of particle 

dispersion examined. Darby and Lawler (1990) modeled the removal of different size 

particles, filter ripening, and head loss accumulation at pH = 2, conditions that were 

optimized for filtration on the basis of electrophoretic mobility (e.ra.) measurements. The 

e.m. range used was -1.1 - +1.3 (pm/s)/(V/cm). Elimelech and O’Melia (1990) performed 

laboratory-scale filtration experiments at a constant pH of 6.7, a typical level used in 

water treatment. Surface electric potential, particle removal, and filter attachment 

efficiency (a) were found to vary directly with electrolyte concentration, which was 

essentially the coagulation chemical. For the small particle sizes examined (< 1 pm),
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removal and a  increased as surface potential, decreased (became less negative). Although 

constant pH conditions were used in this study, the changes in surface potential observed 

over a range of electrolyte concentrations we analogous to surface chemistry changes 

during coagulation. In both cases, tlie repulsive energy bairier of a suspended particle is 

reduced, increasing attachment efficiency to fi.lter media.

It appears that discussions of the impact of pH on filtration should focus on its 

effect on suspended particle surface chemistry, the most dominant variable affecting the 

attachment of particles to filter media (O’Melia, 1985). Surface chemistry is usually 

characterized by the effective net surface charge, or ^-potential, of particles. Changes in 

coagulation pH, for a constant coagulant dose, are accompanied by changes ^^-potential,

i.e. ^-potential becomes more positive as pH decreases and more negative as it increases. 

To achieve effective removal in filtration it is essential to charge neutralize, or 

destabilize, the particles in suspension through optimized pre-treatment processes 

(Chipps et al., 2001; Benjamin et al, 2003). In doing so, the attachment of suspended 

particles to filter media upon collisions between the two is maximized.

The importance of this attachment mechanism and proper particle destabilization, 

as well as the relative unimportance of the straining mechanism in filtration, has been 

demonstrated in several studies (e.g. Habibian and O’Melia, 1975; Cleasby et al., 1992). 

In their classic filtration theory describing the relative importance of different particle-to- 

media grain transport mechanisms and subsequent removal efficiencies, Yao et al. (1971) 

concluded that there are many opportunities for particle-media grain collisions and that a 

high removal percentage should be achieved as long as proper destabilization conditions 

are maintained. In their equation describing particle removal, the attachment coefficient.

15

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



a , was used, A value of a  = 1 implies complete destabilization while a  = 0.1, for 

example, indicates poor particle destabilization. Figure 2.1 illustrates the dramatic impact 

of attachment efficiency on clean bed particle removal for the Yao et al. model. The 

removal of smaller particles (< 1 pm diameter), in particular, is extremely negatively 

impacted by poor destabilization conditions. Although this model appears to predict 

inadequate particle removal for a water treatjnent plant, it should be noted that clean bed 

conditions are assumed, i.e. no ripening has occurred. Elimelech and O’Melia (1990) 

showed that a  was directly related to the concentration of a destabilizing electrolyte and 

electrokinetic potential, which was calculated from electrophoretic mobility.

The overall effect of changes in pH, for a constant alum dose, is to change the 

surface charge or ̂ -potential of suspended particles, therefore changing a. To maintain a 

relatively constant ^-potential, and a , alum doses must be adjusted with pH. Coagulation
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Figure 2.1 Effect of attachment efficiency on overall 
fitter removal efficiency (adapted from Bsnfanti and 
Lawler, 2003).
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at relatively high, pH levels, for example, requi,res correspondingly high alum doses due 

to the increase in the charge density of natural organic matter (NOM) present as well as 

the decrease in positive charge of the aluminum hydroxide sols formed within seconds of 

alum addition (Edzwald and Van Benschoten, 1997).

Influence of Coagulation pH on NOM Removal

A few general conclusions can be drawn from previous research that has 

exam.ined NOM removal during alum coagulation: 1) there is a sorbable fraction of 

NOM, generally characterized by higher molecular weight and hydrophobic tendencies, 

that is amenable to removal through coagulation and a non-sorbable fraction that can not 

be removed through practical methods (Edwards, 1997; Randtke, 1988; Croue et al., 

1993), and 2) the dominant removal mechanism in the pH range of 5.5 -  8.0 is by 

adsorption to aluminum hydroxide surfaces (Hundt and O’Melia, 1988; Edwards, 1997). 

Therefore, over the pH range of interest to this study (6.0 -  7.5), it seems reasonable to 

assume that equivalent NOM removal can be attained if optimized alum doses are used. 

Although the conventional notion is that NOM removal is significantly improved at lower 

pH, it appears from the literature that a more accurate statement is that effective NOM 

removal requires lower alum doses at low pH than at high pH (Edzwald and Tobiason, 

1999). Edzwald and Van Benschoten (1997) showed that equivalent removal is possible 

at pH = 7.0 (compared to pH ~ 5.5) if doses are increased proportionally to neutralize the 

increased negative charge density of NOM. The authors noted that the charge density of 

the partictt.I,ar aquatic falvie acid used in their experiments increased from 7.5 to 10
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jieq/mg C when pH increased fix)m 5.5 to 6.5, while the alum dose required to provide 

the same amount of positive charge over that range increased by a factor of three.

Other slxidies have demonstrated that NOM can be removed effectively over a 

relatively wide pH range. Hundt and O’Melia (1988), for example, showed that, for a 

constant alum dose, removal of some types of fulvic acids was influenced by pH while 

for other types high removal rates were observed over a wide pH range. Overall, they 

concluded that a constant filtered removal percentage (80%) of fulvic acids could be 

achieved while pH was increased from 6.0 to 8.0, if alum doses were increased 

accordingly, Edwards (1997), in developing a semi-empirical predictive model for DOC 

removal, noted that inclusion of a pH-dependency factor in the sorption constant did not 

improve model fits. It was suggested that the affinity of DOC for oxide surfaces was not 

a function of pH. Exall and Vanloon (2000) did not directly examine the effect of pH on 

NOM removal, but used a relatively high pH (= 8.0) in their study of organic matter 

removal by different aluminum-based coagulants. High removal rates ofhumic acids 

(almost 75 percent) were observed at optimum alum doses. Bell-Ajy et al. (2000) 

compared conventional (baseline) and optimized coagulation for NOM removal. The 

authors examined 16 tests sites, four of which used alum, and concluded that the use of 

lower coagulation pH (5.5 -  6.5) optimizes NOM removal. However, at the four sites in 

which attempts were made to optimize alum coagulation, results were mixed. At two of 

the sites, reducing the coagulation pH from, 7,0 to 6,2 and 6.9 to 5.8 had an insignificant 

effect on TOC removal. At the other two sites, TOC removal increased after the pH was 

depressed, but tl,ie alum was not changed, suggesting that the original baseline process 

was non-optimum in tenns of ̂ -potential.
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Two-Stag® Coagulation Processes

Few studies were available that documented two-stage coagulation processes. In 

the treatment of M^-TOC concentration (5 -- 12 mg/L), spring runoff water it was shown 

that two-stage coagulant addition, compared to traditional single stage methods, 

consistently reduced settled water turbidity by 30 -  50 percent and increased filter run 

lengths in bench and pilot-scale experiments (Carlson et al, 2000; Billica et al, 2000; 

Gregory et al, 1998). The two-stage process used in these studies entailed simply splitting 

the total dose of metal salt coagulant between two distinct addition points, with adequate 

time (approximately 30 seconds) provided between the two points for coagulant-NOM 

reactions to occur.

Wahlroos (1991) reported the use of a two-stage coagulation process in which 

iron (III) sulfate-chloride was added at a pH of 4.8 -  5.1, followed by pH adjustment and 

then a second stage of iron coagulation at a pH of 8.0 -  8.5. The two-stage method was 

initially developed and tested in bench and pilot-scale experiments before being 

implemented at a full-scale facility. The process increased filter run times and increased 

removal of taste-and-odor compounds from 50 to 90 percent. Removal of chemical 

oxygen demand (COD) was also increased when the coagulation process was changed 

from one to two stages. The first coagulation process was intended for removal ofhumic 

substances and the second process was intended for particle removal and precipitation of 

metals.

Another study (Garrotte, 1995) describes effective treatment of a tannery waste 

stream, containing high concentrations of BOD, COD, and sulfides, by a two-step 

coagulation process. The authors, using COD reduction to evaluate the effectiveness of
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the process, found that two similar coagulation stages were far more effective than a 

single stage, but that three stages were only marginally more effective than two.
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CHAPTER 3 

MATERIALS AND METHODS

The experimental matrix for this project was conducted primarily in three phases, each of 

which consisted of bench aid pilot-scale experiments. An overview of each of the three 

phases is provided in this chapter, followed by descriptions and photographs of the 

primary bench-scale apparatuses used as well as the pilot laboratory.

The three experimental phases correspond with the three stand-alone papers 

included in this dissertation (Chapters 4 -  6). Because each of these papers provides 

detailed information on experimental procedures and equipment and, as a whole, provide 

a complete Materials and Methods section for this project, this chapter will serve as an 

overall outline of the experimental plan and the most significant methods and analyses. 

The more detailed information provided in the papers is referenced as necessary.

EXPERIMENTAL PUN

Phase 1: Optimizing Coagulation Processes for Spring Runoff Water. The goal of 

this initial phase was to identify and evaluate effective processes for filtration of spring 

runoff water from the Cache la Poudre River, characterized by a high TOC concentration 

and low-alkalinity (see Table 4-1 for water quality). These experiments were conducted 

in the pilot laboratory at the City of Fort Collins water treatment facility. Due to the low 

alkalinity of this source, initial bench-scale experiments (jar tests) focused primarily on 

optimizing pH, alkalinity dose, and alum dose, primarily in terms of TOC and, to a lesser 

extent, turbidity removal. The optimized alum doses were then applied in pilot-scale
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filtration experiments. The coagulation pH was based on historical operational data at the 

Fort Collins treatment facility and generally ranged from 6.2 to 6.7.

The concept of two-stage coagulation as a potential method to mitigate the 

negative impact of NOM on particle removal arose during this period. Single and two- 

stage coagulation was compared in jar tests as well as in head-to-head pilot-scale 

filtration experiments. Details of these experiments are provided in Materials and 

Methods of Cliapter 4.

Phase 2: Impact of pH and ^-potential on Floe Formation and Filtration. 

Although a general coagulation pH range was targeted in Phase 1 experiments, specific 

effects of pH on filtration were not fully explored. The three objectives in Phase 2 were 

to i) determine the impact of pH and ^-potential on granular media filtration 

performance; ii) develop and apply a photometric dispersion analyzer (PDA), described 

in further detail below, to monitor particle aggregation during coagulation experiments; 

and iii) evaluate the PDA as an indicator of filtration performance. Because output from 

the PDA (flocculation index) is a sensitive indicator of the degree of aggregation of a 

particle suspension, it was thought that it could potentially be used as indicator of overall 

process performance, as floe particles become the primary particle collectors in filters 

after the initial ripening period (O’Melia, 1985).

The approach was to first examine the effect of different coagulation scenarios on 

particle/NOM removal and floe formation kinetics in a controlled laboratory 

environment. M these experiments, alum doses were optimized based on (^-potential over 

the pH range of 5.5 -  7.5 (i.e. optimum doses were those that achieved a post-rapid mix

22

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



^-potential ~ 0 mV). Other than add/base addition for pH control, no coagulation 

chemicals other than alum were used.

Pilot-scale experiments were then conducted to correlate bench-scale findings 

with granular media filtration results, i.e. determine the degree of correlation between 

output fk>m the PDA with filter effluent particle counts. The filtration experiments were 

performed in the pilot laboratory of Fort Collins Water Treatment Facility. Runs were 

conducted at pH = 6.0,6,7, and 7.5 using two different surface water sources: 1) the 

spring runoff source used in Phase 1 (see Table 4.1), and 2) a reservoir characterized by 

low-moderate NOM levels and generally stable water quality (see Table 4.2). During the 

reservoir water experiments, a two-stage alum addition process was applied in addition to 

the three single-stage processes, although a majority of the processes examined were 

traditional single-stage methods. Details of the experiments conducted in this phase of the 

project are provided in Materials and Methods of Chapter 5.

Phase 3: Minimizing NOM-induced Floe Restabilization with Two-stage 

Coagulation. Two-stage coagulation processes were more closely examined in this phase 

of the project. Using moderate-TOC water (5.0 mg/L), the approach was to first conduct 

bench-scale experiments that characterized the impact of two-stage coagulation on i) floe 

development and ii) the ^-potential distribution of post-rapid mix and settled water 

particles at two coagulation pH levels (6,0 and 7.4). Although it was initially unclear 

whether two-stage coagulation would produce settled water particles with i^-potential 

distributions significantly different than those obtained from single-stage processes, it 

was thought that the proposed mechanistic advantage of this process (i.e. mitigation of 

microfloc restabilization) might be illustrated by these analyses. Additional bench-scale
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experiments conducted during this phase of the project correlated the output from the 

PDA with physical floe size determined by microscopic analysis. The specific effect of 

TOC concentration (3.5 -1 2  mg/L) on floe formation and size was also examined for 

single and two-stage coagulation processes, at pH = 6.0.

Pilot-scale experiments were conducted with Mgh-TOC concentration raw water 

in an attempt to correlate the bench-scale findings with overall treatment performance 

and to further examine the impact of two-stage coagulant addition on the filtration 

process. Details of the Phase 3 experiments are provided in Materials and Methods of 

Chapter 6.

ANALYTICAL METHODS

This section describes the most important analytical instrumentation and experimental 

facilities used during the project, including the PDA, ^-potential analyzer, TOC analyzer, 

and the Fort Collins pilot laboratory. Details of common laboratory instruments and 

procedures used—such as glassware, pH meters, turbidimeters, etc.—are provided in

Chapters 4 - 6 .

Photometric Dispersion Analyzer. Floe formation kinetics were monitored 

with a photometric dispersion analyzer (PDA). The output from the PDA, or flocculation 

index (FI), corresponds to particle size and has been shown to be a sensitive indicator of 

the state of aggregation of a particle suspension. The method was originally developed by 

Gregory (1985) and has been described in detail by several researchers who used it to 

monitor microfloc development during coagulation (Tambo et a l, 1997; Ohto et al.,

1993; Matsui and Tambo, 1991). It is based on the fact that turbidity measurements, i.e.
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measurements of average transmitted light, of a flowing suspension fluctuate about the 

mean value. The intensity of transmitted light, which is converted to a voltage signal, will 

change continually because of fluctuations in the number and size of particles in the path 

of the beam. The FI is defined as the ratio of the root mean square of the fluctuations to 

the mean level. The voltage signal is split into its average (DC) and fluctuating (AC) 

components, which are used for calculating the FI. The most practical use of the FI is that 

it shows a significant increase as particles aggregate, thus allowing a d3mamic assessment 

of coagulation mechanisms (Matsui et al, 1998).

Much of the early focus of this project was placed on developing a protocol for 

using the photometric dispersion analyzer (provided by Hach Co.) as well as 

understanding the flocculation index (FI) data obtained fiom it. The PDA experimental 

protocol was as follows: a 2.3 L sample of water was added to a standard jar test square 

container and the pH was adjusted according to the experimental conditions. A 

laboratory-scale mixer (IKA®-Works Eurostar model, rpm range = 5 0 -  2000) was 

lowered into the container and the sample was mixed at 300 rpm. At t = 0 the FI data 

logging using Labview software was started. Baseline FI data was collected for 150 

seconds prior to coagulant addition. Coagulant was added at t=  150 seconds—injected 

with a micropipette-and the sample was mixed at 300 rpm for an additional 10 seconds, 

after which time the mixing intensity was decreased to 50 rpm. The sample was then 

mixed continuously at 50 rpm for an additional 12 minutes while the FI data was 

collected. At the conclusion of the experiment the data logger was turned off and the file 

was automatically saved to the computer hard drive.
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Although the same flocculation process was used for the two-stage experiments, 

the rapid mix protocol differed slightly. The first half of the alum dose was provided with 

a 10-second rapid mix period followed by a 30-second slow mix period. The mixer speed 

was then increased again for a brief period (5 seconds) to provide rapid mix conditions 

for the second dose.

A photograph of the PDA system used in this study is provided in Figure 3.1 and 

a schematic diagram is shown in Figure 5.9. The peristaltic pump (flow rate = 46 

mL/min.) was placed downstream of the flow-through cell to avoid disruption of the floe 

particles. The time lag between the 2-L beaker and the PDA was 3-4 seconds.

I

Figure 3.1 Experimental apparatus for photometric dispersion analyzer (PDA) and related 
equipment. The PDA, shown in the middle of the photo between the mixer and the pump 
(two stacked power supplies are directly behind It) was used to monitor particle aggregation 
during coagulation/flocculation.
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^-Potential Analyses. (Ŝ -potential analyses were perfoniied using a state-of-the- 

art, automated analyzer (Malveme Instruments Zetasizer 2000). A detailed discussion of 

the analyzer and its operational parameters is provided in Supporting Information at the 

end of Chapter 5. For the coagulation conditions used (ionic strength s  2.2* IC'"’ M at 

pH=6.0), the ^-potential values calculated from electrophoretic mobility data (Henry 

equation) were considered valid for particles greater than approximately 1.3 pm. The 

fraction of sub-1.3 pm particles in the samples was assumed to be very small and not a 

significant factor in ^-potential calculations.

One advantage of the automated ^-potential analyzer used in this research was 

that it allowed five separate analyses of each injected sample to be performed (on 

different aliquots of water) in succession and provided the full distribution of values for 

each analysis. The individual ^-potential distributions shown here represent the average 

of those five runs, each of which analyzed thousands of particles. Analyses that exhibited 

extremely high error, generally due to sample handling problems such as air bubble 

entrapment, were repeated.

Total Organic Carbon (TOC). TOC concentrations were measured using the 

UV/persulfate oxidation method (Sievers 800 TOC Analyzer).

Filtration Experiments

The Fort Collins pilot facility consists of three 8 gpm conventional treatment process 

trains that can be operated in parallel. The simultaneous use of multiple process trains 

allowed a direct comparison of the impact of different coagulation conditions on filtration

performance. For the rapid mix process, both in-line static mixers and standard backmix-
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type units were available. For the single-stage coagulation, processes, al,um was added 

into the backmix basins (detention time =15 sec., mixer speed = 1000 rpm, G value 

1000 sec'*). For the two-stage alum addition processes, the first alum dose was injected 

into a 2” PVC line containing an in-!in,e static mixer, about 25 seconds upstream of the 

backmix basin and the second alum dose. Each pilot train included a three-stage, tapei-ed 

mixing energy .flocculation basin (total detention ti,me = 45 minutes, G values sw50,30, 

and 18 sec"*), Lamella plates settling basin (hydraulic loading rate = 0.34 gpm/ft^), and 

dual media filters (30” anthracite, effective size = 0.95 mm; 10” sand, effective size = 

0.50 mm). The filtration rate used for all experiments was 4 gpm/ft^. Filtration 

performance was evaluated based on filter effluent particle counts (total > 2pm/ml^; Met 

One particle counter) and TOC concentration. TOC samples were collected after the 

filters reached steady-state conditions. Each pilot train was equipped with on-line pH 

meters (Great Lakes Instruments) for raw and post-rapid mix water, as well as on-line 

turbidimeters for raw, settled, and filtered water (Hach 1700D). Alum doses at each pH 

level were optimized based on zeta potential (automated Malveme Instruments Zetasizer 

2000).

A photograph of the pilot facility, showing the rapid mix, flocculation, and 

sedimentation basins, is provided in Figure 5.11. A photograph of the 6”-diameter pilot 

filtration colum is provided in Figure 3.2.
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Figure 3.2 Pilot plant filter columns {6”-dlameter). Dual media filter is shown on right (30* 
anthracite, 10” sand).
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C H A P T E R  4  

RESULTS AND DISCUSSION

Optimizing Water Treatment with Two-stage Coagulation

Published ia Journal o f  Emir&nmental Emgineering, Div.-ASCE, 126;6j 556 (June, 
2000).

ABSTRACT

DriiiMng water utilities are facing increasing regulatory pressure to optimize 

treatment processes, particularly the filtration process that is relied on as a physical 

barrier to pathogen contamination. In the presence of high concentrations of natural 

organic matter, traditional coagulation processes can be inadequate to meet these future 

standards. In this study, a natural water with a high total organic carbon concentration 

(>6 mg/L) was used to compare one- and two-stage alum coagulation processes. The 

two-stage coagulation process involved the application of alum at two locations separated 

by approximately 60 seconds of detention time. Bench scale experiments were 

conducted with various water quality conditions and verified at the pilot scale. The 

settled water turbidity was 25% less using the two-stage process and the steady-state 

filter effluent particle counts for the two-stage process were approximately 50% lower 

than for the single-stage process. More importantly, the two-stage process did not exhibit 

particle breakthrough during a typical filter run whereas the one-stage process broke 

through 3 hours before the hydraulic completion of the run. Additional bench scale 

experiments allowed a mechanism for the improved process performance to be proposed.

Key Words; Drinking water, coagulation, treatment, natural organic matter, two-stage, filtration.
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INTRODUCTION

Coagulation is an essential component in the conventional water treatment 

practice in which coagulation, sedimentation, and filtration are used in series to remove 

particles and natural organic matter (NOM) from raw water. Tlie primary aim of 

coagulation in conventional treatment is to destabilize particles so that they may combine 

into larger aggregates that will settle efficiently in the sedimentation process or be 

removed in the subsequent filtration process.

In the United States, the two most commonly used primary coagulants are 

aluminum and iron (III) salts. When aluminum sulfate (Al2(S04)3*l4.3H20), or alum, is 

used, particle coagulation occurs primarily by two mechanisms: I) adsorption of 

positively-charged hydrolysis species on colloid surfaces, which causes charge 

neutralization; and 2) enmeshment of particles in aluminum hydroxide precipitate 

(Gregory, 1978; Arairtharajah and O’Melia, 1990). Recent work by Licskd (1997) has 

shown that the most important aluminum species for particle destabilization are the 

positively charged, poorly soluble aluminum hydroxide sols formed during the first 

seconds after coagulant addition. These sols, which exist for only a few seconds, 

destabilize particles by adsorbing onto the surfaces of the oppositely-charged, larger 

natural colloids. Aluminum hydroxide floes “aged” for a few minutes were less effective 

for removing colloidal particles or reducing their zeta potential. These results emphasize 

the importance of mixing and assuring rapid particle-sol interactions when destabilization 

is the primary goal of the coagulation process.

NOM makes up the bulk of the coagulant demand in most natural -waters and its 

removal is accomplished by one of two mechanisms; adsorption to metal oxide solids or
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precipitation with metal salt coagulants (Edzwald and Van Benschoten, 1990). The 

fraction of NOM that is readily removed with coagulation is characterized as 

hydrophobic and is considered to be mostly humic in nature (Edzwald and Van 

Benschoten, 1990; Croue et al, 1993). Edwards (1997) used a Langmuir-based semi- 

empirical approach for modeling the DOC removal during metal salt coagulation. The 

model approach, recognizing a dominant sorbable fraction of DOC that forms strong 

complexes with metal hydroxide surfaces, was highly accurate without directly 

accounting for precipitation of NOM during coagulation.

Precipitation of NOM with metal salt coagulants involves charge neutralization 

reactions with the short-lived, highly charged, intermediate hydrolysis products 

(Dempsey et al., 1984; Licsko, 1997). The NOM removal mechanism depends on the pH 

of coagulation with the mechanism being metal hydroxide adsorption at pH values 

greater than 7.0. For NOM precipitation to occur at pH values lower than this, the 

coagulant mixing process must be efficient enough to contact the two reactants quickly 

before the metal hydrolyzes to the hydroxide solid. Under non-ideal mixing conditions, it 

is expected that most NOM will be removed through metal hydroxide adsorption, even at 

low coagulation pH values.

One approach for treating raw waters with elevated levels of NOM is to increase 

the coagulant dose which is typically applied at one location, either a rapid mix basin or 

an in-line mixer. The research described in this paper evaluates the use of a two-stage 

(two application points) metal salt coagulation process for treating a natural water with a 

high total organic carbon (TOC) concentration. It is hypothesized that the two-stage
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coagulation process can compensate for less than ideal mixing conditions for natural 

waters that have high concentrations of NOM.

LITERATURE REVIEW

Few studies can be found that investigate the use of a two-stage, or multi-stage, coagulant 

addition process for dii'nking water treatment. Recent chemical sequencing research by 

DiTommaso and van Benschoten looked at two modes of chemical addition. ,In one 

method the coagulant was added to the water, depressing the pH, and allowed to react 

before pH was increased to a desired level (variable pH pathway). In the second mode the 

coagulant was mixed with base prior to contact with the water (constant pH pathway). 

The effectiveness of each mode was measured by turbidity and UV 254 absorbance 

(UVA) removal after settling. In experiments that used a natural surface water, UVA 

removals were significantly greater for the variable pH pathway at lower alum doses. At 

higher doses UVA removals were marginally greater for the variable pathway. The pH 

range of 5.5-6.0 produced optimum UVA removal. Turbidity removal was greater for the 

variable pH pathway at all alum doses. These experiments suggest that the positively- 

charged hydrolysis species, which exist in higher concentration at lower pH levels, may 

be important in the NOM and particle removal process.

Wahlroos (1991) reported the use of a two-stage coagulation process in which 

iron (III) sulfate was added at a pH of 4.8 ~ 5.1, followed by pH adjustment and then a 

second stage of iron coagulation at a pH of 8.0 -  8.5, The two-stage method was initially 

developed and tested in bench and pilot-scale experiments before being implemented at a 

full-scale facility. The process increased filter run times and increased removal of taste- 

and-odor compounds from 50 to 90 percent. Removal of chemical oxygen demand
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(COD) was also increased when the coagulation process was changed from, one to two 

stages. The first coagulation process was intended for removal ofhumic substances and 

the second process was intended for particle removal and precipitation of metals.

Multi-stage coagulation processes have been documented for applications other 

than drinking water treatment. Garrote et al. (1995) describes effective treatment of a 

tannery waste stream, containing high concentrations of BOD, COD, and sulfides, by a 

two-stq> coagulation process. The authors, using COD reduction to gauge the 

effectiveness of the process, found that two similar coagulation stages were far more 

effective than a single stage, but that tliree stages were only marginally more effective 

than two. Although the use of two-stage coagulation processes are not well-documented, 

these studies indicate that the process may improve settling and filtration performance, 

particularly for hi^-NOM raw waters that can be encountered in drinking water 

treatment applications.

EXPERIMENTAL METHODS

Both bench and pilot scale experiments were conducted at the Fort Collins Water 

Treatment Facility (FCWTF) in Fort Collins, Colorado. The water used in the 

experiments was from the Cache la Poudre River (Poudre River) which originates in the 

Rocky Mountains and is subject to extreme water quality variations during the snow 

runoff period in late spring and early summer. The water quality during the two distinct 

annual periods are shown in Table 4.1. During most of the year, the river water is 

characterized by a low turbidity and low DOC with a moderate alkalinity. Effective 

treatment typically consists of alum addition with
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Table 4.1 Poudre River raw water quality range; spring runoff and native flow conditions.

Constituent Units
Typical Water 

Quality 
(Angust-April)

Runoff Water 
Quality

(May-June)
Turbidity NTU 0.44.0 4-50

DOC mg/L 1.2-2.5 5-12
SUVA (m-mg/L)'* 2.2-3.4 3-4.5

Alkalinity mg/Las
CaCOs

24-32 10-16

pH 7.0-7.4 6.8-7.0
Temperature T 0.5-15 8-12

conventional sedimentation-filtration. During the snow run-off period, the DOC 

concentration and turbidity increase significantly and the alkalinity decreases by more 

than 50%. The increased DOC concentration results in an increased alum demand with 

alum doses increasing from an average of 18 mg/L to over 35 mg/L. The reduced source 

water alkalinity and increased alum dose results in an unacceptable pH depression and 

therefore base addition is required to stabilize the pH.

The FCWTF has traditionally treated Poudre river water by blending it with 

Horsetooth Reservoir water. The water quality of Horsetooth reservoir water used in 

bench scale blending experiments is shown in Table 4.2.

The bench scale testing was conducted using two temperature controlled jar 

testing units. The temperature during testing was generally controlled to 8±2"C using a 

continuous'flow, raw water bath. Two stirrers (Model 7790, Phipps and Bird, 

Richmond, VA) with a nmximum mixing velocity of 300 rpm were used for both the 

coagulant rapid mixing and flocculation stages. Alum was used as the primary coagulant
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Table 4.2 Raw water quality of Horsetooth Reservoir water during blending experiments.

Constituent Units Value

Turbidity NTU 4.5
DOC mg/L 3.2
SUVA (m-mg/L)-’ 2.3

Alkalinity mg/Las
CaCOa

36

pH 7.3
Temperature X 6

and was introduced in an undiluted form (48.5% alum solution) by placing the required 

amount of liquid on to a Teflon septum and dropping the septum directly into the rapid 

mixed water. For the two-stage coagulation process, two additions of alum were made 

with separate rapid mix steps 60 seconds apart.

Bench scale experiments were conducted with and without the addition of a pH- 

stabilizing base. When pH stabilization was desired, hydrated lime (Ca(0H)2) was added 

to achieve the pre-coagulation alkalinity target of 35 mg/L as CaCOj. CO2 gas was 

added to achieve a pre-coagulation pH of 7.0 without impacting the alkalinity,

A low molecular weight, high charge density, cationic flocculant aid (8110, 

Nalco, Inc, Naperville, IL) was added after mixing the coagulant for 30 seconds. 

Flocculation was conducted with three decreasing energy, 15 minute stages (45, 30 and 

18 RPM). After flocculation, 9 minutes was allowed for settling, at which point TOC and 

turbidity samples were collected.

Pilot scale testing was the second phase of this research and was conducted using 

an 8 gpm pilot plant also located at the Fort Collins Water Treatment Facility. Two
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identical pilot treatment trains (Figure 4.1) were im  simultaneously during this part of 

the testing. The control train was configured for single stage coagulation and the 

experimental train was configured for two-stage coagulation. The pilot plant was 

configured to apply the primaiy coagulant (alum) in any of three locations: (A) in-line 

mixer, (B) rapid mix basin 1 or (C) rapid mix basin 2. For the one-stage coagulation 

experiments, alum was applied directly to the first rapid mix basin. Alum was applied at 

the in-line mixer and in the first rapid mix basin with a detention time of 30 seconds 

between tlie two stages of coagulation. The rapid mix basins had a detention time of 30 

seconds and were operated to achieve a mixing energy of approximately 1000 sec"’ . 

Hydrated lime and CO2 were applied upstream of the coagulation process to achieve a 

target alkalinity of 35 mg/L as CaCOs and a pH of 7.0.

  _ JL e23—̂ 1wto i n

HcmaatoJ SaaOTntatJon
Ripd
Mxl
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Fitaaticn
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lime

Figure 4.1 Schematic diagram of pilot plant used for pilot-scale verification experiments.

The pilot plant also had, a three-stage tapered energy .flocculation basin and an 

inclined plate settling basin that was operated at a loading rate of 0.83 m/hr (based on 

projected plate area). The same flocculation, aid used in the bench scale experiments was 

applied immediately upstxeam of the flocculation basin at a dose of 0.3 mg/L. The settled
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water was applied to a 15 cm-diameter mixed media filter (42 cm depth of l . l  ram 

anthracite, 20 cm depth of 0.4 mm sand and 10 cm depth of 0.25 mm fine garnet). The 

filters were operated in a constant head, declining jflow rate mode with an initial loading 

rate of approximately 19 m/hr and a terminal loading rate of 7 mdir.

TOC was measured using UV-persulfate oxidation followed by a CO2 selective 

membrane which allows quantification by conductivity (Sievers 800, Sievers Inc., 

Boulder CO). Dissolved, organic carbon (DOC) was determined using 0.45 pm silver 

filters (Poretics, Livermore, CA). Turbidity was measured using a Hach 2100AN 

turbidimeter (Hach Inc., Loveland CO).

RESULTS/DISCUSSION

Bench scale jar tests were initially used to compare coagulation effectiveness 

between one-stage and two-stage coagulation processes. Six alum doses were applied for 

each experiment ranging from 30 mg/L (as Al2(S03)4-14.3 HjO) to 80 mg/L in increments 

of 10 mg/L. The alum dose was split equally for the two-stage coagulation experiment. 

The pH was stabilized by adding lime and CO2 to achieve a pre-coagulation alkalinity of 

approximately 35 mg/L as CaCOs and a pH of 7.0. These pre-coagulation conditions 

resulted in post-coagulation pH values ranging from 6.5 for a dose of 30 mg/L to 5.8 for 

an alum dose of 80 mg/L.

38

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The results from these experiments, shown in Figure 4.2, indicated a significant 

improvement in settled water turbidity with the two-stage coagulation process.

One-stage coagulation 

Tw o-stage coagulation12

10

2
€3

0 20 40 60 80 100

Alum Dose (mg/L)

Figure 4.2 Jar test settled water turbidity results comparing single-stage and two- 
stage alum coagulation processes for Poudre water (turbidity « 5.3 NTU, TOC « 6.8
mg/L).

When alum was added in one stage, the optimum alum dose was 40 mg/L resulting in a 

settled water turbidity of 5.9 NTU, higher than the raw water turbidity of 4.3 NTU. As 

the alum dose was increased above 40 rag/L, the settled turbidity also increased, 

indicating that the additional aluminum hydroxide solids were not settling. The results 

from the two-stage coagulation process were considerably better, a settled water turbidity 

of 2.0 NTU at a total alum dose of 50 mg/L.

The next set of experiments were designed to understand which water quality 

constituents were causing the poor treatability of the water with the one-stage coagulation 

process. Plant operators have found that a 50%/50% blend of Horsetooth and Poudre 

waters produced acceptable treated water quality results. These experiments were 

designed to determine if the improvement in treatability was due to the dilution of the
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NOM with a lower TOC source water or the addition of the inorganic solids from the 

reservoir source.

Three preparations of Poudre river water were tested at the bench scale using one- 

stage coagulation with alum; a control (100% Poudre), a Horsetooth/Poudre blend 

(50%/50%) and DI water/Poudre blend (50%/50%). The results of these experiments are 

shown in Figure 4.3. Coagulation of the two blended waters resulted in significantly 

lower settled water turbidities tlian the control (100% Poudre water). The blend of DI 

water (0.3 mg/L DOC) with Poudre resulted in a settled water turbidity of less than 0.5 

NTU whereas the blend of Horsetooth water (3.2 mg/L DOC) resulted in a settled water 

turbidity of 2.7 NTU.

Control
l-brsetooth Water Blend 

a  Water Blend

14 -

12 -

10 - -

S
€□
1-

4 --

60 70 80 9010 20 30 40 500
Alum Dose (mg/LJ

Figure 4.3 Jar test settled water turbidity results for one-stage coagulation conditions of 
Cache la Poudre River water (turbidity *  5.3 NTU, TOC -  6.8 mg/L); control, Horsetooth 
reservoir water blend and DI water blend.

Based on these results, a mechanism for the increased efficacy of the two-stage 

coagulation process is proposed in Figure 4.4. It is hypothesized that the ion is 

being hydrolyzed to Al(0 H)3(s> colloids and in the absence of ideal mixing, the positively
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Figure 4.4 Proposed mechanism for restabilization of coagulated particles.

charged aluminum hydrolysis sols do not react with the hydrophobic NOM compoimds 

immediately. Instead, hydrolysis produces aluminum hydroxide colloids. The 

hydrophobic NOM molecules adsorb to the surface of the freshly precipitated aluminum 

hydroxide resulting in either electrostatic or steric stabilization. Tlie restabilization of the 

aluminum hydroxide colloids effectively prevents Al(0 H)3(s) agglomeration resulting in 

stable, small, unsettleable, unfilterable floe that are less effective for sweep flocculation- 

type processes. The observed restabilization of colloidal particles with NOM has been 

documented in the literature by several researchers (Tipping and Cooke, 1982; Wilkinson 

and Negre, 1997).

If the proposed restabilization mechanism is accurate, a two-stage coagulation 

process should be effective since the hydrophobic NOM will be adsorbed to the 

AI(0 H)3(s) colloids during the first stage of coagulation allowing the aluminum hydroxide 

solids fonned during the second stage to agglomerate to a size that will result in sweep

flocculation.
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To explain the results further, the NOM was fractionated, into dissolved (DOC) 

and particulate (POC) organic carbon fractions for each process step (Figure 4.5). POC 

in the raw water was negligible but immediately after the rapid mix step, this fraction

OneStage Coagulation

n n aa ttv ca iiia* *

KASaKjiMttNiaVII
EB Dissolved
□  Particulate

94% POC Removal

Raw Post Rapid Mix 1 Post Settling

Two-Stage Coagulation
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8
7
8 
5 
4 
3 
2 
1 
0

ffl Dissolved 
□  Particulate

99% POC Removji

Post Rapid Mix 1 Post Rapid Mix 2 Post SettlingRaw

Figure 4.5 The fractionation of TOC with and without sequential 
coagulation steps.

becomes significant as the NOM sorbs to the freshly formed aluminum, hydroxide solid 

surfaces. The presence of a second coagulation step does not increase the fraction of 

.POC even though, tlie solid surface area is increased. This result indicates that the 

sorption of NOM onto metal hydroxide surfaces is not limited by surface area through the 

first rapid mix step, but rather by the concentration of easily sorbable NOM. Tliis result 

supports the hypothesis of Edwards (1997) that NO.M can be characterized by sorbing 

and non-sorbing fractions. The effect of tlic second coagulation step can be seen by
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comparing the relative fractions of POC after the settling step. It appears that with the 

two-stage coagulation process, more of the POC is settled. The proposed mechanism 

would require a first stage coagulant dose high enough to provide metal hydroxide 

surfaces for the sorbable fraction.

The bench scale results discussed above were collected using jar testers that 

potentially represent a worst case rapid mixing scenario since the equipment is limited to 

an energy of less than 300 sec'*. The bench scale process was verified with more realistic 

mixing conditions using a pilot plant that was equipped with an in-line static mixer 

(G=1500 sec*’) and a rapid mix energy of 1000 sec*’.

A comparison of pilot scale one- and two-stage alum coagulation processes is 

presented in Figure 4.6. Operating two parallel treatment trains simultaneously for a 

period of over 12 hours, the settled water turbidity of the two-stage process was about

'•S 

H i
X> •
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5ffim
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2.5

2.0
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1.0

X Single-Stage Alum Addition 

o Two-Stage Alum Addition
0.5

0.0
8

Run Time (hours)
12 16

Figure 4.6 Pilot sca fi comparison of iittled water turbidity for two»stagt vs. s ing it stag© 
alum coagulation (turbidltjpll.S NTU, T0C«9.1 mg/L, pHcoaguiation« 6.5).
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25% less than the one-stage process (1.6 NTU versus 2.1 NTU). The difference between 

the one- and two-stage coagulation processes was significantly less for tlie pilot scale 

experiments than the boach scale experiments. This could be due to the increased mixing 

effectiveness at the pilot scale which could reduce the impact of the hydrophobic NOM 

restabilization mechanism.

Settled water turbidity is important but the critical performance parameter for a 

drinking water treatment plant is filtered water turbidity or particle counts. The effect of 

the one- and two stage coagulation processes on filter perfonnance was compared using 

particle counts for simultaneous filter luns (Figure 4.7). The results indicate that the 

steady-state baseline particle counts for the two-stage coagulation process are 

approximately 50% less than the one-stage process (10 particles>2pm/ml versus 20 

particles>2)un /ml). Perhaps more importantly, the one-stage process began to show
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Figure 4.7 Pilot scale comparison of filtration performance between single and two-stage 
alum coagulation processes {turbidlty*11.5 NTU, T 0C «9.1 mg/L, pH»aguiation = 6.5).
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particle breakthrougli 3 hrs before the filter run would have terminated based on headloss. 

The two-stage process did not exhibit particle breakthrough during the run.

Filter performance appears to be significantly more sensitive to the staging of the 

coagulant than the settling process performance when treating a water with a high 

concentration ofNOM. The number of particles that are restabilized due to hydrophobic 

NOM adsorption appears to be important when considering filtered water particle counts 

but less so when measuring settled water turbidity. An important unresolved question is 

the impact of coagulant staging on the filtration process when treating waters with lower 

concentrations of NOM,

CONCLUSIONS

The treatment of storm or snow-runoff impacted water can be an issue for many 

drinking water utilities across the country. Treatability of these impacted source waters is 

often reduced due to the elevated concentrations of NOM, particularly the hydrophobic or 

humic fraction. A two-stage alum coagulation process has been compared with a single- 

stage process with positive results. When a two-stage coagulation process was used, the 

settled water turbidity was reduced by 25% and more importantly, the steady-state 

filtered water particle counts were decreased from 20 particles/ml to 10 particles/ml and 

the pre-mature particle breakthrough exhibited with the one-stage process was 

eliminated.

A mechanism for the improved performance of the two-stage process has been 

proposed based on the formation of NOM-restabilized aluminum hydroxide colloids.
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Aluminum hydroxide colloids become restabilized by NOM when inadequate mixing 

allows the aluminum hydroxide colloids to begin flocculating without contacting the 

NOM molecules. With adequate mixing, efficient NOM-aluminum interactions would 

occur and adsorption to metal hydroxide surfaces would not result in the restabilization of 

the colloid.

The two-stage coagulation process has been shown to improve the treatability of a 

source water that has a high TOC concentration and a high fraction of hydrophobic 

NOM. When considering the effectiveness of a coagulation process, the impact on the 

entire filtration process must be considered. Two-stage coagulation processes need to be 

studied for a wider range of water qualities in this context.
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CHAPTER 5 

RESU LTS AND DISCUSSION

Relationship of pH and Floe Formation Kinetics to Granular Media Filtration Performance

Published in Environmental Science & Technology  ̂37:7:1398 -1403 (April, 2003). 

ABSTRACT

In drinking water treatment, destabilization of suspended particles through effective 

coagulation processes is critical for optimizing filtration performance. This study 

examined the impact of coagulation pH (6.0 - 7.4), ^-potential, and floe formation 

kinetics on particle removal during settling and filtration. Increasing pH improved 

turbidity removal in the settling process and significantly increased the zeta potential 

range in which filtration performance was optimized. Although it was possible to 

optimize filtration (i.e. attain total particles < 10/mL) at each of the three pH levels 

examined, the (^-potential range in which this was possible was approximately '̂ 2 to ^4 at 

pH = 6.0 and “4 to at pH = 7.4. Overall, these results indicate that the use of a higher 

coagulation pH—and thus higher alum doses—maybe particularly advantageous during 

periods of rapidly changing water quality conditions, such as high-NOM runoff events. 

Results from PDA experiments indicated that the rate of floe formation (measured 

immediately following coagulant addition) was indicative of overall process 

performance.
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INTRODUCTION

In raw water supplies lacking sufficient buffering capacity, particularly runoff from 

snowmelt or thunderstorms and those waters associated with reduced or low-pH 

environments, the use of alum during treatment requires alkalinity addition for pH 

control Because runoff waters often contain relatively high concentrations o f  NOM, the 

alum demand in these waters is proportionally high, further emphasizing the need for pH 

control The target coagulation pH (for non-softeiimg plants) is usually between 6.0 and 

7.5. Within tliis range it is possible to minimize the concentration of soluble aluminum in 

finished water and effectively remove organic and particulate matter, as demonstrated by 

previous authors {1,2), However, within tiiis pH range the overall effecti veness of the 

treatment process, particularly filtration performance, can differ significantly.

Research Objectives The primary objective of this research was to understand 

the impact of coagulation pH and (^-potential on floe formation kinetics and granular 

media filtration performance. The secondary goal was to determine effective coagulation 

processes for treating challenging (i.e. runoff-type) raw waters.

The intent of this paper is not to develop a theoretical model of filtration, but 

rather to understand some important chemical factors that influence coagulation and to 

extend these findings to filtration. It is hoped that the combination of laboratory and 

pilot-scale results to be presented will further the knowledge of the impact of coagulation 

chemical sequencing on filtration.
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LITERATURE REVIEW

Role of almninttm species The subject of alum coagulation has been extensively 

researched and discussed in the literature. In the pH range of 6.0 -  7.5, the two A1 species 

that appear to control coagulation processes are the short-lived h i^ ly  positively-charged 

polymeric intermediates and the poorly water soluble aluminum hydroxide sols that are 

formed within a few seconds after alum addition (2,5). Although the existence of the 

former has been shown (<̂ ), their actual contribution to coagulation processes appears to 

be minor (5).

A majority of the evidence suggests that, under water treatment conditions, the 

positively-charged, insoluble aluminum hydroxide sols are the most realistic species 

responsible for particle destabilization during coagulation by adsorbing to the surface of 

the oppositely-charged, much larger natural colloids and entering into an electrical bond 

(2, 6 -  8). At higher pH levels (e.g. 7.5) and coagulant doses, this interaction between 

voluminous aluminum hydroxide precipitates and natural colloids is known as sweep 

coagulation (3.9). In this mode, particles are destabilized by adsorption of aluminum 

hydroxide sols and are enmeshed in sol aggregates, promoting the formation of relatively 

large, settleable floe. At pH=6.0, particles are also destabilized primarily by aluminum 

hydroxide sols, which are more positively-charged (compared to pH=7.5). However, at 

lower pH levels and thus lower alum doses, the physical enmeshment mechanism is less 

significant and smaller, lighter floes develop. It should be noted that large aluminum 

hydroxide aggregates (ibnneci after approximatsiy 60 sec., for example) are by 

themselves ineffective for destabilizing natural colloids and removing turbidity (6). The
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adsorption o f newly-fomied, positively charged A1{0H)3 <s) to colloid surfaces is critical 

at both pH levels.

Impact of eoagiilatloji pH In terms of the sedimentation process, upon which a 

majority of research has focused, results have shown that particle removal improves 

significantly as coagulation pH increases and is generally optimized in the range of 7.2 ~ 

7.6 (JO-12). Matsui et ai. ( /i) , using a photometric dispersion analyzer (PDA), also 

reported that the time required for particle destabilization and the onset of floe formation 

decreased as pH and alum dose increased. It is less clear whether the benefits of higher 

coagulation pH observed for the settling process extend to filtration.

Use of ̂ -poteiitial for process optimizatioii Several excellent studies have 

demonstrated, under idealized laboratory conditions, the relative impact of various 

physical and chemical variables on particle attachment in packed beds (14-17). These 

studies emphasized the importance of optimizing particle zeta potential (or 

electrophoretic mobility)— n̂ot necessarily pH—to produce favorable conditions for 

particle removal. Elimelech and O’Melia (15% for example, clearly showed that the 

removal efficiency of 0.75 pm particles increased as (^-potential decreased (i.e. 

approached zero). Because it is an indicator of the effective surface charge and therefore 

the degree of destabilization of a particle, which are perhaps the most dominant variables 

affecting attachment to filter media (18-20% a number of studies have used ^-potential (or 

electrophoretic mobility) for coagulation process control (2% The i^-potential range of 

properly destabilized particles is usually reported to be in the range o f-4  - +3 mV (9% 

For these reasons, in the research presented here, optimum alum doses, at least initially, 

were considered to be those that achieved a ^-potential of approximately 0.0 ± 2 m V.
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Inllueiice of coagttlation pH on NOM removal A few general conclusions can 

be drawn from, previous research that has examined NOM, removal during alum 

coagulation: 1) there is a sorbable fraction of NOM, generally characterized by higher 

molecular weight and hydrophobic tendencies, that is amenable to removal through 

coagulation and a non-sorbable fraction that can not be removed through practical 

methods {21-23) and 2) the dominant removal mechanism in the pH range of 5.5 -  8.0 is 

by adsorption to aluminum hydroxide surfaces (21,24). Therefore, ovesr the pH range of 

interest to this study (6.0 -  7.5), it seems reasonable to assume that NOM removal should 

be similar if optimized alum doses are used, as shown previously (1,25).

MATERIALS AND METHODS

The general experimental approach was to first characterize the relationship between 

coagulation pH and settling performance (turbidity/DOC removal) for optimized alum 

doses and to correlate these results with PDA experiments in which floe formation rates 

were measured vs. time. These experiments were performed at bench-scale using a 

synthetic water in order to precisely control water quality variables. In the second phase, 

the impact of pH (for both optimized and non-optimized alum doses, in terms of zeta 

potential) on granular media filtration performance was examined in pilot-scale 

experiments using two natural surface water sources. In the third and final phase, PDA 

experiments were conducted with the two surface waters in an attempt to correlate the 

filtration results with floe formation kinetics.

Water quality The synthetic water was made with DOC concentrations of 3.3 

and 8.8 mg/L (Suwannee River NOM, from the International Humic Substance Society,
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was added to de-ionized water), afkalinity of 20 m.g/L as CaCOj, turbidity of 20 NTU 

(kaolin stock suspension) and a hardness of 25 mgfL as CaCOs. The two natural surface 

waters were a mountain river during spring runoff, characterized by high*TOC/low 

alkalinity and a reservoir source characteri,zed by low-moderate NOM levels and 

relatively stable water quality (see water quality data in Supporting Information, Figures 

5.12 and 5.13), All bench and pilot-scale experiments were conducted at 8.0° ± 1.0° C.

Bench-scale protocol To characterize the relationship between pH and settling 

performance, jar tests were conducted with the synthetic water (Phipps & Bird 

programmable jar test apparatus). A four-stage mixing process, including rapid mix (15 

sec. at 300 rpm [G=300 sec'"]), and flocculation (three 15-minute stages at 48,32, and 18 

rpm [G=48,32, and 18 sec'*]) was followed by a 15-min. settling period, after which 

samples were collected and analyzed for turbidity (Each 2100), DOC (UV/persulfate 

oxidation method; Sievers TOC Analyzer, model 800). (^-potential (Zeta-Meter, model 

3.0"̂ ) samples were collected approximately 15 seconds after the rapid mix stage. Prior to 

the addition of alum, an appropriate dose of acid (2.5 N HCl) or base (2.5 N NaOH), 

determined by titrations, was added to achieve the target coagulation pH of 5.5,6.0,6.7, 

or 7.5. The only coagulation chemicals added were alum and acid/base for pH control. 

Optimum doses in these experiments were defined as those that achieved a z.p. closest to 

zero and within the range of 0.0 ± 2.0 mV.

Photometric Dispersion Analyzer One parameter used to evaluate different 

coagulation scenarios was microfloc formation kinetics, monitored with a photometric 

dispersion analyzer (PDA). The output from, the P,DA, or flocculation index (FI), 

corresponds to particle size and has been shown to be a sensitive indicator of the state of
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aggregation of a particle suspension (schematic diagram of PDA apparatus provided, in 

Supporting Mformation, Figure 5.9). A rapidly increasing FI following alum ad,diti.on, fo,r 

example, is indicative of optimum particle destabilization conditions. The method was 

originaUy developed by Gregory (26) and has been described in detail by several 

researchers who used it to monitor microfloc development during coagulation (27,28). 

The most practical use of the FI is that it shows a significant increase as particles 

aggregate, thus allowing a dynamic assessment of coagulation mechanisms (13).

Pilot-scale experimeiits A total of 17 and 27 filtration runs were conducted 

using the runoff and reservoir sources, respectively. The pilot facility consisted of three 

parallel, 8-gpm conventional treatment process trains (see facility photo in Supporting 

Information, Figure 5.11). Each train included a rapid mix basin (standard backraix-type 

reactor, detention time=15 sec.); three-stage, tapered mixing energy flocculation basins 

(total DT = 45 minutes, G values ~ 50,30, and 18 sec'*), Lamella plates settling basin 

(hydraulic loading rate = 0.34 gpm/ft^), and dual media filters (30” anthracite, 10” sand). 

The initial filtration rate used for all experiments was 4.0 gpm/fl^ and filters were 

operated in a constant head/declining rate mode. For both water sources, the decline in 

filtration rate vs. time was approximately equal at all three pH levels (see data in 

Supporting Information, Figure 5,10). Performance was evaluated based on filter effluent 

particle counts (Met One particle counter) and TOC concentration. Each pilot train was 

equipped with on-line pH meters (Great Lakes Instruments) for raw and post-rapid mix 

water.

The goal in a majority of the filtration experiments was to optimize alum, dose at 

each pH level based on i^-potential (automated Malveme Instruments Zetasizer 2000).
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However, runs were also conducted at non-optimum z.p, in an attempt to characterize the 

optimum operating range for each process, particularly at pH=7.4, which exliibited a 

relatively wide optimum range, hi the majority of experiments in which the alum doses 

were targeted to produce optimum iJ -̂potential conditions (doses were not set at a constant 

value for each pH condition), actual zeta potential values varied between 0 and +4.5 mV 

due to fluctuating raw water quality conditions, particularly during spring runoff 

potential sampling ports were located approximately 45 seconds downstream from the 

point of alum addition. For the ionic strength of tliese coagulated waters (approximately 

2.2*10'^ M at pH=6.0), the (^-potential values calculated from electrophoretic mobility 

data (Henry equation) were considered valid for particles greater than approximately 1.3 

pm. The fraction of sub-1,3 pm particles present in the samples was assumed to be very 

small and not a significant factor in ^-potential calculations (see Supporting Information 

for detailed discussions of ̂ -potential calculations and related particle size issues).

In the runoff experiments, due to the limited duration of these conditions, only 

two target coagulation pH levels, 6.1 and 7.4 + 0.1, were used. Alum doses ranged from 

26 -  37 and 70 -  97 mg/L for the low and high pH levels, respectively. For the reservoir 

water the target coagulation pH levels were 6.0,6.7, and 7.4 ±0.1 (see Supporting 

Information, Figure 5.11, for pH control methods used in pilot experiments).

RESULTS AND DISCUSSION

Bench-scale experiments In the first set of bench-scale experiments using the synthetic 

waters, alum doses were optimized based on ^-potential for two TOC concentrations over 

a pH range of 5.5 7.5 (see Supporting Information, Figure 5.14). Settled water turbidity
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and DOC removal data corresponding to the optimized alum doses are shown in Figure

5.1. As noted by previous researchei’s {10 -12), turbidity removal increased directly with 

pH and alum dose, with a more dramatic impact observed for the Mgh-TOC water. In 

both cases, particle removal was optimized at pH = 7.5. DOC removal was maximized at 

pH = 6.0 but, particularly for the high-TOC water, the impact of pH was relatively minor.

-  K T O C  a  8 .S  m g/L  

O T O C  » 3 . 3  m e/L15 -

5.0 5.5 6.0 6.5 7.0 7.5 8.0

100 
90 
80 t  70

I  60
I  50 
® 40 

30 
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■ » » « — « .............

i i .» . . .T O C  »  8 .S  m g / L

— O— TO C  -  3 .3  m g /L

pH
5.0 5.5 6.0 6.5 7.0 7.5 8.0

pH

Figure 5.1 Bench scale turbidity and DOC removal for optimized alum doses (synthetic 
water, ^-potential «0 mV). For TOC*8.8mg/L, alum doses were, from low to high pH; 33, 
51,80, and 100 mg/L. For TOC=3.3 mg/L, alum doses were 10,22,45, and 74 mg/L.

The rate of floe development vs. pH and alum dose for the high-TOC water is

illustrated by PDA results in Figure 5.2. The rate of floe formation clearly increases with

pH and optimized alum dose. It should be noted that the rate of FI increase is not solely a

function of alum dose. As shown in Figure 5.3 (using a similar, high-TOC synthetic

water), non-optimum alum doses are reflected by relatively small or slow changes in the

FI. In this case the alum dose of 50 mg/L at pH ~ 7.2 was sub-optimum {(^-potential -  -

7.2 mV).

Filtratfon results—spring runoff water The first set of pilot-scale filtration 

experiments were conducted using spring runoff water. ,In most cases, filter runs were 

terminated upon particle breakthrough. Although most runs using runoff water were short
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in tenns o f typical full-scale treatment, it should be noted that the goal was to isolate the 

relative effects of coagulation pH and (^-potential on alum processes, without interference 

from other coagulation chemicals.
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Figure 5.2 Flocculation index vs time for optimized alum doses at 4 pH levels. TOC=8.8 
mg/L and T=9 deg C.
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Figure 5.3 Flocculation index vs time after alum addition (50 mg/L). T= 10 deg, 
TOC«9.0 mg/L.
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For experiments conducted at different pH values, a ^-potential of zero, indicative 

of destabilized particles, was used as the iiiitial target. However, after several preliminary 

filtration runs were conducted at different z.p. values, it was clear that a positive 

potential was optimum for the experimental conditions being used (see Supporting 

Information, Figures 5.15 and 5.16). The ii^-potential target was therefore adjusted to 

approximately +2.5 ± 1.5 mV, but runs were also performed at non-optimum ^-potential 

(after all tlie runoff filtration data had been collected and reviewed, the trends indicated 

that the actual target coagulation ^-potential should have been +4.0 +5.0 mV).

Figure 5.4 presents typical results from filtration runs performed simultaneously 

on two parallel process trains. The primary goal in tliese runs was to operate at the same 

^-potential, as close as possible to the target of +2.5 mV. Depending on site-specific 

water quality goals, these results indicate that the use of a higher coagulation pH~and 

thus h i^ e r  alum doses—may be particularly advantageous during periods of rapidly 

changing
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Figure 5.4 Filtration performance for constant ^-potential using spring runoff water. Raw 
water TOC=7.5 mg/L.
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water quality conditions, such as high-NOM runoff events. TOC removal for the two 

processes was approximately equal Clearly, however, a high~pH process would not be 

practical, in terms of chemical feed costs and solids handling issues, for less challenging 

raw water that is effectively treated by conventional processes.

In Figure 5.5, steady-state (i.e. the relatively constant operating conditions 

following the filter ripening period) settled turbidity and filter effluent particle comts 

from all the runoff experimmts are plotted against the corresponding coagulation 

potential firom each run. As observed in the bench-scale experiments, turbidity removal in 

the sedimentation process was consistently greater at higher coagulation pH. Overall, the 

trends in filtration results showed that excellent filter effluent quality (total particles < 

10/mL) was attainable at both pH levels, but that higher pH may provide more consistent 

performance over a wider range of coagulation conditions. At low pH, steady-state 

particle counts increased rapidly as ^-potential moved jfrom the optimum range (+2 -  +4 

mV) and towards zero. At high pH, optimum filtration performance was sustained over a 

wide range and was clearly less sensitive to (^-potential. This effect was not due solely to 

the solids mass loading rate on the filters, as evidenced by the fact that particle counts at 

low pH (relatively high settled turbidity) were equivalent to those at high pH (low 

turbidity), but only when coagulation ^-potential was in the optimum range of 

approximately 2 - 4  mV.

Filtration results—-reservoir water The second set of pilot-scale filtration 

experiments was conducted using the lower-TOC concentration reservoir water at pH -  

6.0,6.7, and 7.4 ±0.1. As observed for the runoff water, alum dose and ^-potential
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changes had a greater effect on filtration performance at lower pH levels (see Supporting 

Information, Fig. 5.17 -  5.19).
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Figure 5.5 Steady-state filter effluent particle counts and settled turbidity vs. ^-potential 
using spring runoff water. TOC=6-8 mg/L.

In Figure 5.6, steady-state settled water turbidity and filter effluent particle counts 

are plotted against the corresponding coagulation li^-potential for the reservoir runs. The 

optimum (^-potential range for .filtration was similar at pH = 6.0 and 6.7 (+1 - +3 mV). 

Although identical ^-potential values were not used for all coagulation conditions, it 

appears that the optimum range at pH=7.4 (approximately -  4 - +3 mV) was significantly 

wider than, at the lower p,H levels. The optimum z.p. range at pH = 6.0 and 7.4 was very
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similar for the reservoir and runoff sources, indicating that these ranges were not 

significantly impacted by the significantly different water quality conditions of the 

reservoir and runoff sources. Raw water turbidity, for example, which varied from 3 - 6 

ntu for the runoff’ water and 15 -  19 ntu for a majority of the reservoir runs, appeared to 

exert an insignificant influence on filtration performance, compared to tlie alum dose and 

^-potential conditions.
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Figure 5.6 Steady-state filter effluent particle counts and settled turbidity ^-potential for 
three coagulation pH levels using reservoir water. Raw TOC=3.5 mg/L.

As was observed in. the runoff experiments, filtration performance was not solely

a function of solids mass loading rate. As shown in Figure 5.6, steady-state particle
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counts equivalent to those attained at pH = 7,4 (settled turbidity « 1 ntu) were possible to 

attain at pH = 6.0 and 6.7 (settled turbidity = 2 -5 ntu) when the ^-potential, was 

optimized. Settled water quality, although broadly predictive of iltration perforaimice, 

was not always an accurate predictor of overall process performance.

Although steady-state particle counts at pH=7.5 were generally <10 total/mL, tlie 

importance of dose optimization, particularly for lower pH levels, should not be 

underestimated. To maintain an optimized process, changes in pH require dose changes 

because one can not be made without the other (as illustrated in Figure 5.3). As shown in 

Figures 5.5 and 5.6, the total range of (^-potential examined in this study was relatively 

small, approximately -8 to +5 mV, probably within the realistic operational parameters of 

a full-scale water treatment system. This range indicates alum doses were either optimum 

or near-optimum. Even within this narrow range, however, significant differences in 

filtration performance were observed. At pH= 6.0 and 6.7 in Figure 5.6, for example, 

particle counts increase rapidly as ^-potential decreases (becomes less positive) by only a 

few mV.

Filter attachment mechanisms One question that arises from these results is 

why the optimum zeta potential range, in terms of filtration performance, appears to 

increase with high coagulation pH and alum dose. As noted above, this result can not be 

explained by solids mass loading rate alone. A possible mechanism that may increase 

filter attachment efficiency is the relatively high concentration of adsorbed A1(0 H)3(S) 

creating a more uniform distribution of positive charges on particle surfaces, therefore 

increasing the probability of successful particle-media grain collisions (for the post- 

ripening filtration data presented here, it can be assumed that the primary collectors in the
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filters were actually the previously retained particles [20|, not the filter media itself)- At 

low pH, particles are destabilized by fewer but more higMy-charged sols, which may 

result in an uneven surface charge distribution and a reduced probability of successful 

particle-media collisions. The impacts of surface charge distribution on particle-particle 

and particle-media interactions have been discussed previously (iJ, 29, 30). Elimelech 

and O’Melia (iJ) discussed uneven distribution of surface charge as a possible 

explanation for discrepancies between theoretical and experimentally observed filter 

attachment coefficients. In discussing hematite particle aggregation, Liang and Morgan 

(30) noted that 1) the assumption of a uniform surface charge distribution was a potential 

problem because the sites are discrete, and 2) tlie potential at a given (very small) 

distance from a particle can differ for uniform and uneven surface charge distributions.

In terms ofDLVO theory, a more uniform surface charge distribution on particle 

surfaces at high pH/alum dose conditions may be analogous to a uniformly compressed 

electric double layer. In this case the repulsive forces associated with this double layer 

are minimized, allowing the attractive van der Waals forces to dominate. However, 

although the electrostatic forces described by DLVO theory play a role in attachment 

efficiency, its applicability to suspended particle deposition during filtration— 

particularly under drinking water treatment conditions—has been shown to be quite 

limited (15, 31. 32).

Another effect of high alum doses may be on the distribution of ̂ -potential in a 

suspension. Although ^-potential is normally reported as a single, average value, in 

reality there is a relatively wide distribution of (^-potential associated with a suspension of 

particles (29,33). An “optimized” coagulation process for filtration, therefore, may in fact

64

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



be the one that minimizes the ^"potential distribution and thus maximizes the fraction of 

favorably-conditioned particles. The use of h i ^  pH/dose processes—which presumably 

would promote a more uniform coating of positive charges on particle surface—may be 

an effective method of attaining tliis goal. Although this issue was beyond the scope of 

this work, it appears to warrant future investigation.

Correlation of filtration results with PDA output As shown in Figures 5.1 and

5.2, as well as by previous researchers (34), settled water turbidity appears to be directly 

related to the rate of FI increase (floe formation). One goal of this study was to determine 

the degree to which the PDA output correlates with overall process performance, i.e. 

filtration results. If rate of floe formation is indicati ve of the average suspended particle 

surface charge characteristics (i.e. the degree of destabilization achieved), then it seems 

reasonable to assume that FI would be related to filtration performance as well because, 

as noted above, floe particles become the primary particle receptors in filters after the 

initial ripening period (20).

Figure 5.7 presents representative FI curves for optimum and non-optimum alum 

doses at pH=6.6 ± 0.1 in reservoir water. It appears that a simple and effective method for 

using FI data to evaluate different coagulation scenarios is to compare FI values at a 

specific time. For the data presented in Figure 5.7, the FI value at the 180-sec. point 

(Fligo) appears to characterize the relative kinetics of floe formation for each process 

(these points are circled). At this pH level, the rate of FI increase was greatest for the 

alum dose (25 mg/L) that was optimum for filtration, in terms of ̂ -potential. Higher 

doses did not significantly increase the rate of floe formation (see Supporting 

Information, Figure 20).
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Figure 5.7 FI vs. time in reservoir water for optimum and non-optimum alum doses.
T=8 deg C, pH=6.6 +/-0.1, TOC=3.5 mg/L. Applied doses and (^-potential are given.

These results may indicate that, when using the PDA to optimize overall process 

performance, the optimum alum dose is the lowest dose beyond which FI does not 

increase more rapidly. In other words, if Fligo were plotted vs. alum dose, the dose at 

which the slope of the trendline begins to approach zero would be the optimum {this 

approach is illustrated in Supporting Information, Figure 21). Although use of F f go for 

comparison of the Figure 5.7 experiments seems reasonable, it appears that selection of 

the appropriate FI time should be system-specific.

In Figure 5.8, PDA results are shown for each of the three pH levels used in the 

reservoir filtration experiments. Floe formation kinetics clearly increased as pH/dose 

increased. .In this case, use of Fiw, for example, would better characterize relative floe 

formation kinetics. These data appear to correlate with the results presented in Figures 

5.5 and 5.6, which indicate that the ^-potential .range for optimum filtration performance 

increased as p.H and alum dose increased (limited data using runoff water, which show 

further correlation between PDA and filtration results, are provided in Supporting
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Information, Figure 5.22). As a result, the PDA may be a useful alternative to jar tests for 

determining optimum coagulant doses and quickly evaluating different coagulation 

scenarios.
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Figure 5.8 FI vs time for for three pH levels in reservoir water. Coagulation pH, alum dose, and 
z.p. are given. Although these experiments were conducted using reservoir water collected 
directly from the pilot plant, it appears the alum may have been slightly underdosed, as evidenced 
by the fact that (^-potential values are on the low end of the optimum range for each pH level (see 
Fig. 6).
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Relationship of pH and Floe Formation Kinetics to Granylar Media Filtration
Performance

Supporting Information
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Voltage signals

signal Connector _____^ A© board/
amplifler block Labview Software

Data acquisition

Figure 5.9 Schematic diagram of PDA apparatus and data acquisition system. A 15-sec. rapid 
mix period was provided after alum addition (RPM = 350), followed by a 10-min. slow-mix stage.
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Figure 5.10 Typical filter effluent flow vs. time data for reservoir water filtration runs at a) pH = 
6,0 vs, 6.7 and b) pH = 6,7 vs. 7.5. Rate of flow decrease, due to headless accumulation, was 
consistently similar at pH = 6.7 and 7.5 {generally within 1% after 20 hours) and slightly higher 
(by approximately 2% over 20 hours) at pH « 6.0, apparently due to higher settled water turbidity 
residual at low pH. For the generally shorter runoff experiments (usually 4 - 8  hours), the 
difference in filter flows was Insignificant. The steady-state particle count data shown in Figures 5 
and 6 (main paper) were collected at approximately t = 3 hours.
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E in p i i l  M ix  

(DT~ 15sec)

Figure 5.11 Fort Collins pilot laboratory. Rapid mix, flocculation, and Lamella plates settling 
basin are shown with corresponding hydraulic detention times, the high NOM content required the 
use of relatively high alum doses, which in turn necessitated base addition for pH control (200 g/L 
NaOH solution). The pH = 6.0 conditions were achieved by diffusing carbon dioxide gas (CO2 (gj) 
into a PVC contactor, thirty minutes upstream of the alum addition point The pH = 8.7 process 
required no acid or base addition (ambient conditions) prior to alum addition. For the pH = 7.4 
process, NaOH solution was added approximately 3 minutes upstream of alum.
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Figure 5.18 Sipact of alum dose optirrtzation on filtration 
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Figure S.22 FI vs, time for three pH levels using spring runoff water. Although the coagulation conditions were not exactly 
matched to the flitrafion runs, these results do support the correlation between the PDA and filtration results. In addition, 
the pH=8.3 trendline demonstrates that FI increase is not solely a function of alum dose, as does Figure 3 in the 
manuscript.

Supplemental Information on zeta potential measurements

The zeta potential analyzer used for all o f the pilot-scale filtration experiments and the bench-scale PDA 

experiments was the ZetaSizer 2000 from Malvern Instruments (US contact info.; Southborough, MA; 

phone: 1-508-480-0200). Only in the initial ja r test experiments (results shown in Figure 1 o f  manuscript 

and Supporting Information Figure 6) was a different analyzer used (Zeta-Meter, model 3.0*). In using the 

Zeta-Meter unit, the velocity o f  individual particles in a suspension (which is proportional to the applied 

electric field and thus determines tlie electrophoretic mobility o f  the particle) is obtained by the traditional 

method o f viewing the particles tlirough a microscope fitted with a reticule and manually timing the 

movement. Although there are obvious limitations to the accuracy and repeatability o f  this method—due to 

operator error in the timing process, heating o f  particles, and the fact that only particles large enough to be 

visible are measured, for example—it was used only in the inirial bench-scale experiments. The atm m this 

phase was to confirm the general relationship between coagulation pH and settling performance for 

optimized alum doses, which were considered to be those that resulted in z.p between -2 .0  and +2.0 mV (or 

closest to zero, i f  more than one dose was within this range). All experiments were perfomied in duplicate 

and the Zeta-Meter instrument provided consistent measurements with resolution that was considered 

adequate for tlxis phase o f  the project.

75

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



For the filtration experiments, however, small differences in z.p, (approximately l.O mV, for example) 

sometimes produced significantly different results and therefore the more state-of-the-art, automated 

M alvem analyzer was used to increase repeatability and resolution. In this mstrument, laser Doppler 

velocimetry (LDV) is used to determine the velocity o f  particles in an electric field, 'fhis method is based 

on the well-faiown fact that light scattered from a moving particle experiences a frequency shift 

proportional to the velocity o f  the particle. The scattered light is detected by a photon-counting 

photomultiplier. Particles are illuminated by intersecting laser beams that are configured to  reduce the 

inqjact o f  B ro ra ia ii motion on the instrainenf s resolution (Brownian motion makes it difficult to resolve 

mixtures o f  paiticles with different sizes and mobilities). Advantages o f  this method include 1) a far greater 

number o f  particles can be measured (thousands per second), and 2) sntKiller particles (as low as 5 -  10 nm) 

can be measured. Although the analyzers from Zeta-Meter and Malvern use significantly different methods 

for determining particle velocity, comparisons between the two using raw and treated water generally 

showed close agreement (within 2.0 mV). The automated Malvem analyzer allowed six separate analyses 

o f  each injected sample to be performed (on different aliquots o f  water) in succession. The z.p. values 

reported in the manuscript represent the average o f  those six runs, each o f  which analyzed thousands o f 

particles. Although an extensive analysis o f the standard deviations associated with tliese measurements 

was not included in this paper, a review of the data showed that these values were typically 0.2 -  0.4 mV. 

Therefore, the difference in the z.p. values o f+1.0 and +1.2 mV shown in Figure 4 o f  the manuscript, for 

exantple, was considered to be insignificant. Zeta potential analyses which exhibited extremely high 

standard deviations (>2.0 mV, for example) were repeated. Standard deviations o f  this magnitude were 

generally caused by errors due to sample handling, air bubble entrapment, etc.

In the calculation o f  zeta potential from electrophoretic mobility (Henry equation), the Malvem analyzer 

software assumed f(ica) = 1.5, where a particle radius and kappa, k, is the Debye parameter related to the 

ionic strength o f  the water and defined as the inverse o f  the double layer thickness. For small values o f  Ka, 

i(Ka) approaches 1.0 (very small particles in media with low ■permittivity). For large values o f  m  (3:100), 

■fl[Ka) approaches 1.5 (particle radius is much larger than con^ressed do'uble layer). Error due to fiie use o f  

f(Ka) == I . .5 in calculation o f  zeta potential, which is known as the SmoluchowsM approximalio'ii, is
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considered negligible for values o f  K*a ^  100 (Kosmulsld, M. Chemical Properties o f Material Surfaces, 

M arcel Dekker, New York, 2001, pp. 239-240). In this research, therefore, to satisfy the requirement o f  K*a 

S; 100, given the minimum calculated ionic strength o f  approximately 2.1 * 10"̂  M for the low pH 

conditions, the particle size was assumed to be ^  1.3pm (a -- 650 mu).

The assumption o f  a minimum particle size o f  approximately 1.3 pm  in the zeta potential calculations was 

considered valid because the study focused on particles coagulated at optimum or near-optimum 

conditions, wMi a imnimum detention time o f  45 seconds between alum addition and the sampling ports 

(there was an additional time lag o f approximately 1 - 2  minutes before the samples were physically 

injected into the z.p. analyzer). Under these circumstances, larger aggregates are rapidly formed upon 

collisions between small, destabilized particles. The positively-charged aluminum hydroxide sols that are 

primarily responsible for particle destabilization form within 1-2 seconds, adsorb immediately to natural 

particle surfaces, and commence the aggregation process. Licsko (6), for example, using similar pH 

conditions as those used in the present study, showed that within 10 seconds o f coagulant addition, 75 

percent o f  the suspended particles were in the form o f microfloc o f  “several dozen” microns in size. 

Chakraborti et al. (Chakraborti, R.K., Atkinson, J.F. & Van Benschoten, J.E. Envir. Sci. Technol., 2000, 

34:18:3969) showed that natural particles in a lake water fell into the size range o f 7 -  100 pm, with the 

peak occurring at 10 p m  The addition o f  sufficient alum to cause charge neutralization (i.e. zero z.p.) 

moved the peak to 30 -  50 pm, with at least 95 percent o f  particles > 10 pm. Matsui et al. (13) showed that 

destabilization and aggregation o f  small particles can occur within 50 seconds for even very low alum 

doses (2.0 mg/L). In addition, Tambo et al. (12) showed that the average microfloc size immediately 

following rapid mixing was 20 - 30 pm for optimum coagulant doses.

Although it is likely that some particles < 1 .3  pm were present in the coagulated water at the point o f 

sample collection, it appears that they were a very small fraction o f  the total. Use o f  the Smolucliowski 

approximation for this fraction o f  particles much smaller than 1.3 pm  (i.e. xa value tnuch lower than 100) 

would result in a maximum negative bias o f  50 percent. For this research, a typical example would be that a
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z.p. o f +1.7 mV would be given for a particle witli a tinie z.p. o f  +2.5 mV. The magnitude o f  this potential 

error (-0.8 mV) is still less than differences attributed to coagulation pH/dose conditions. The contribution 

o f  this small fraction o f  particles, therefore, to the overall zeta potential traeasurements did not appear to be 

significant.
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CHAPTER 6 

RESU LTS AND DISCUSSION

Minimizing NOM-induced Floe Restabllization with Two-stage Coagulation 

Submitted to Journal AWWA^ May 2003.

ABSTRACT

The purpose of this research was to further the understanding of two-stage coagulation 

processes and the mechanisms that, compared to traditional single-stage coagulant 

addition, increase particle removal during the treatment ofhigh-TOC concentration 

waters. Bench-scale experiments characterized the impact of two-stage alum addition on 

floe size, floe formation kinetics, and the ^-potential of post-rapid mix and settled water 

particles. In pilot-scale experiments the effect of two-stage processes on filtration 

performance was examined. In the presence of moderate to high levels of natural organic 

matter (NOM), two-stage coagulation appeared to increase the collision efficiency of 

particles, as evidenced by significant increases in floe formation rates, turbidity removal 

during sedimentation (30 -  50 percent), and the length of filtration runs prior to particle 

breakthrough. Two-stage coagulation may be a method to more directly control 

hydrophobic NOM-aluminum hydroxide reactions and optimize particle removal during 

treatment of NOM-laden waters.

INTRODUCTION

During treatment of raw waters containing elevated concentrations of natural 

organic matter, the development of floe suitable to solid-liquid separation is complicated
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by the adsorption, of these hydrop.hobic, high molecular weight organic molecules to 

metal hydroxide surfaces during coagulation. When aluminum sulfate (alum) is used as 

the primary coagulant, these surfaces are provided by i) poorly-soluble, positively- 

charged aluminum hydroxide sols formed within a few seconds after alum addition 

(Licsko, 1997; Letterman et al, 1999), and ii) charge-neutralized A1(0H)3 (srcolloid 

complexes (microfloc). In the latter case, the microfloc aggregate can be effectively 

restabiiized by the NOM, potentially hindering the formation of larger aggregates 

(Carlson et al, 2000). Although the adsorption/precipitation of NOM on aluminum 

hydroxide surfaces is desirable as a primary removal mechanism (Edwards, 1997; Croue 

et al, 1993; Randtke, 1988), it has been demonstrated that turbidity removal is adversely 

affected by tliis process, even for relatively low-TOC (2 mg/L C) water (Exalt et al, 2000; 

Tseng et al, 2000; Van Benschoten et al, 1990).

One method that appears to mitigate the restabilization of microfloc and optimizes 

particle removal, particularly during the treatment ofhigh-TOC waters, is two-stage 

coagulation, hi the treatment ofhigh-TOC concentration waters (5 -  12 mg/L), for 

example, it has been shown that two-stage coagulant addition, compared to traditional 

single stage methods, consistently reduced settled water turbidity by 30 -  50 percent and 

increased filter ran lengths in bench and pilot-scale experiments (Carlson et al, 2000; 

Billica et al, 2000; Gregory et al, 1998). The two-stage process used in these studies 

entailed simply splitting the total dose of metal salt coagulant between two distinct 

addition points, with adequate time (approximately 30 seconds) provided between the 

two points for coagulant-NOM reactions to occur.
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Effective two-stage coagulation, processes have been developed for other ,high- 

TOC concentration, applications. ,In a water treatment applicatio,n, (TOC = 7 - 1 6  mg^L), 

for example, it was reported that finished water quality was significantly enhanced, in 

terns of TOC removal and disinfection by-products, by implementation of a two-stage 

coagulation (Wahlroos, 1991). The process involved a low-pH coagulation step, which 

targeted removal of organic compounds, followed by a high-pH step aimed at particle 

removal. The authors recognized that the dual objectives of coagulation—removal of 

particulate and organic contaminants—were most effectively achieved when approached 

as separate processes. Another study (Garrote et al, 1995) described the effective 

treatment of an extremely high-TOC tannery waste stream by a two-step coagulation 

process. In terms of removal of organic compounds it was found that, for the same total 

coagulant dose (FeCb), two similar coagulation stages were significantly more effective 

than a single stage, but that three stages were only marginally more effective than two.

Two-stage coagulation hypothesis. Although the two-stage coagulation process 

discussed in the present study has not been shown to increase overall TOC removal 

(Billica et al, 2000; Gregory et al, 1998), it may be a more effective use of coagulant and 

a method to control and minimize the adverse impact of NOM on floe development and 

subsequent particle removal. It is hypothesized that in the first coagulant addition stage, a 

significant fraction of the sorbable NOM adsorbs to aluminum hydroxide surfaces, 

effectively stabilizing these freshly formed colloids. In the second stage, the newly- 

formed, positively-charged sols are then subjected to fewer reactions with NOM 

molecules, as well as other sols, and more effectively charge neutralize both the natural 

colloids and the restabilized metal hydroxide particles. Mechanistically, an explanation
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for the advantage of tliis process may be that, between the firet and second alum addition 

points, more NOM is adsorbed per mole of A1(0H)3 (s) than during single stage 

processes, increasing the probability of successful sol-colloid interactions in the second 

stage. For example, it has been shown that the adsorption of jfulvic acid onto positively- 

charged surfaces (initial ^-potential = +50 m V) did not reach equilibrium until the 

particle ^-potential was approximately -40 raV (Amal et al, 1992). The authors 

concluded that electrostatic interactions were but one of several forces driving adsorption.

This discussion of the mechanistic advantages of two-stage coagulation assumes 

non-ideal rapid mixing conditions. Under ideal mixing conditions, the short-lived, 

positively-charged aluminum hydroxide sols would be instantaneously (<0.1 seconds) 

dispersed homogeneously throughout the raw water stream. A certain percentage of the 

sols would rapidly form insoluble complexes with the hydrophobic NOM fraction while 

the remaining sols would be free to adsorb to and destabilize colloidal particles. Sol-sol 

interactions (an ineffective use of these species) and the restabilization of microfloc by 

NOM would thus be minimized, effects that are also hypothesized for two-stage 

processes. Because a majority of rapid mix processes, particularly backmix reactors, 

produce non-ideal mixing conditions (Klute, 1990), the practical effect of splitting the 

coagulant dose between two application points may be to more closely simulate ideal 

mixing. Indeed, it has been demonstrated (Billica et al, 2000) that, while a two-stage 

process was clearly most effective relative to a single-stage backmix process, the use of a 

more efficient in-line static mixer for single-stage coagulant addition also enhanced 

particle removal, a conclusion reached by previous researchers (Clark, 1994; Vrale et al, 

1971).
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Research objectives The primary objectives of this research were to demonstrate 

the efFectiveness of two-stage coagulation, processes for treating waters containing 

moderate to high NOM levels and to further the understanding of the mechanisms that, 

compared to the traditional single-stage approach, appear to promote increased particle 

removal. To facilitate this understanding, experiments were designed to characterize tlie 

impact o f two-stage processes on 1) the (J -̂potential distribution of post-rapid mix and 

settled water particles, and 2) floe size and floe formation rates in the period immediately 

following coagulant addition. The secondary objective was to extend these findings to 

overall treatment performance and to characterize the impact of single and two-stage 

coagulant addition on the filtration process.

MATERIALS AND METHODS

General approach. Using moderate-TOC water (5.0 mg/L), the approach was to 

first conduct bench-scale experiments that characterized the impact of two-stage 

coagulation on i) floe development and ii) the ^-potential distribution of post-rapid mix 

and settled water particles at two coagulation pH levels (6.0 and 7.4). Although it was 

initially unclear whether two-stage coagulation would produce settled water particles 

with (^-potential distributions significantly different than those obtained from single-stage 

processes, it was thought that the proposed mechanistic advantage of this process (i.e. 

mitigation of microfloc restabilization) might be illustrated by these analyses. Additional 

bench-scale experiments conducted during this phase of the project correlated the output 

from the optical instrument used to monitor floe growth (photometric dispersion 

analyzer) with physical floe size determined by microscopic analysis. In the second
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bench-scale phase, the specific elRfect of TOC conceotetion (3.5 ~ 12 mg/L) on floe 

formation and size was examined for single and two-stage coagulation processes at pH =

6.0. Pilot-scale experiments were conducted with, high-TOC concentration raw water in 

an attempt to correlate the bench-scale findings with overall treatment performance and 

to specifically examine the impact of two-stage coagulant addition on the filtration 

process.

W ater quality. The raw water used in all bench-scale experiments w ^  collected 

fi*om Horsetooth Reservoir, one of two supplies for the City of Fort Collins (CO). The 

reservoir water quality, except for occasional turbidity spikes, is relatively constant year- 

round (ambient pH = 7.4, TOC = 3.50 mg/L, turbidity = 5 - 20 NTU, alkalinity = 35 - 40 

mg/L as CaCOa). For the first bench-scale phase, a 60-L sample of reservoir water was 

collected and the TOC concentration was increased from 3.5 to 5.0 mg/L (Suwannee 

River NOM, International Humic Substance Society). This NOM-spiked water was 

allowed to equilibrate for 72 hours before it was used in experiments. The turbidity of 

these samples was approximately 6 NTU,

For the second bench-scale phase, three 40-L samples were collected from the 

reservoir. The TOC was left unchanged in one sample (3.5 mg/L) and was increased to

8.0 and 12 mg/L, respectively, in the remaining two samples. The turbidity of the 

reservoir water had increased to 14 NTU at the time these samples were collected.

For the pilot-scale filtration experiments a high-NOM river source during the 

spring runoff period was used. The TOC concentration of this water was 9 -  10 mg/L.

^-Potential distribution. For the ^-potential distribution analyses, single and 

two-stage bench-scale experiments were conducted at coagulation pH of 6.0 and 7.4,
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values chosen to represent relatively low- and high*pH coagulation conditions. Five 

repetitions were perfomied for each of the four coagulation scenarios (total of 20 

experiments). The temperature for all experiments was 20®C. Prior to alum addition, 

appropriate volumes of acid (2.5 M HCl) or base (5 M NaOH), determined by titration, 

were added to 2-L sraiples of the reservoir water to achieve the target final coagulation 

pH. For the two-stage processes, the pH after the first alum dose was approximately 6.4 

and 9.5 for the low and high-pH experiments, respectively. The reaction vessel was a 

square, 2-L beaker into which a laboratory mixer (IKA*-Works Eurostar model, rpm 

range = 50 to 2,000) was lowered. For the single-stage experiments a 10-sec. rapid mix 

(350 RPM, G=350 see"*) was followed by a two-stage flocculation process (l5-min. 

stages at G=48 and 18 sec"') and then a l5-min. settling period.

Although the same flocculation process was used for the two-stage experiments, 

the rapid mix protocol differed slightly. The first half of the alum dose was provided with 

a 10-second rapid mix period followed by a 30-second slow mix period. The mixer speed 

was then increased again for a brief period (5 seconds) to provide rapid mix conditions 

for the second dose. Settled water turbidity was measured following the settling period 

(Hach2100N).

The ^-potential distributions of suspended particles were measured for post-rapid 

mix and settled water samples (Malveme Instruments Zetasizer 2000), A detailed 

discussion of the analyzer and its operational parameters has been provided elsewhere 

(Gregory et al, 2003a). For the coagulation conditions used (ionic strength s  2.2*10'^ M 

at pH"6.0), the ^-potential values calculated from electrophoretic mobility data (Henry 

equation) were considered valid for particles greater than approximately 1.3 pm. The
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fraction of sub“1.3 j.im particles in, the samples was assumed to be veiy small and not a 

significant factor in ^-potential calculations.

One advantage of the automated i^-pote,ntial analyzer used in this research was 

that it allowed five separate analyses of each injected sample to be performed (on 

different aliquots of water) in succession and provided the .full distribution of values for 

each analysis. The individual ^-potential distributions shown here (in Figure 1, for 

example) represent the average of those five runs, each of which analyzed thousands of 

particles. Analyses that exhibited extremely high error, generally due to sample handling 

problems such as air bubble entrapment, were repeated.

The only coagulation chemicals added were alum and acid/base for pH control. 

The optimum alum doses for this water (TOC = 5.0 mg/L), which were defined as those 

that achieved a (^-potential of 0.0 ± 2.0 mV, were 26 and 117 mg/L at pH = 6.0 and 7.4, 

respectively.

Photometric dispersion analyzer. Floe development and floe size were 

monitored using a photometric dispersion analyzer (PDA). Details of the PDA apparatus 

used in this research are provided elsewhere (Gregory et al, 2003a). In this instrument, 

the intensity of l i ^ t  transmitted across a 1 cm  ̂quartz flowthrough cell (660 nm laser 

source) is converted to a voltage signal, which is separated into its fluctuating (AC) and 

average (DC) components. The flocculation index (FI), which was calculated by the data 

acquisition software (Lab VIEW) and is equal to the root mean square of the AC signal 

divided by the DC signal, corresponds to average particle size and has been shown to be a 

sensitive indicator of the state of aggregation of a particle suspension (Wang et al, 2002; 

Matsui et al, 1998; Matsui et al, 1993; Matsui et al, 1991; Gregory, 1985). A rapidly
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increasing FI followiii.g alum, addition, for example, is indicative o,f floe formation and 

optimum destabilization conditions. The method was originally developed by Gregory 

(Gregory, 1985) and has generally been used to provide a dynamic assessment of 

coagulation processes.

These experiments were conducted at a coagulation pH of 6.0 using TOC 

concentrations of 3,5 (ambient), 8.0, and 12 mg/L. The two higher concentrations were 

achieved by adding appropriate amounts of Suwannee R. NOM to the reservoir water.

The optimized alum doses, jffom lowest to highest TOC concentration, were 18,45, and 

76 mg/L. Floe fonnation was monitored during the first twelve minutes of the slow mix 

period. The data presented here represent the average of at least five experiments 

conducted at each coagulation condition. Experiments that produced excessive error, 

which in most cases was due to air bubbles interfering with the PDA instrument, were 

repeated.

Floe size measurements. Although FI has been previously correlated to average 

particle size during coagulation/flocculation processes (Matsui et al, 1991; Ohto et al, 

1993), FI values are PDA system-specific and it was therefore necessary to repeat this 

analysis for the present study. In addition, the degree to which FI and particle size 

correlated in natural systems was unclear, as previous research has focused primarily on 

monodisperse suspensions (e.g. latex beads or kaolin particles). Using reservoir water 

(TOC = 5.0 mg/L) at coagulation pH = 6.0, a total of five 20-mL samples were collected 

from the PDA apparatus from 0.5 to 6 minutes after the start of the slow mix stage.

A photographic technique coupled with digital image processing was used to 

determine floe size (Chakraborti et al, 2000; Chakraborti et al, 2003). Samples were
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examined, with a phase contrast .microscope (Olympus CH-30) at a magnification of 

lOOx. A pipette with a 0.5~cm opening was used to place suspended floe particles on a 

well slide. This sampling m,ethod mmim.ized disturbance of the delicate floe particles. ,A 

high-resolution digital camera (Nikon Coolpix 995) was used to capture images of floe 

particles through a microscope attachment. These images were analyzed using digital 

image analysis software (ImageJ; National Institutes of Health: Bethesda, MD). Images 

were adjusted to enhance contrast and tliresholded in order to clearly define particle 

boundaries. A stage micrometer slide was used to calibrate the images to known 

dimensions (980 pixels = 1 mm for this study). The software measured the area of each 

aggregate and determined a best-fit ellipse, resulting in a major and minor axis length 

calculation. For each sample time, a minimum of 60 aggregates was analyzed and the 

average major axis length was calculated and plotted against the corresponding FI at the 

time of sampling.

Filtration experiments. Single and two-stage coagulation processes were 

compared directly in pilot-scale filtration runs that were conducted on parallel, 8-gpm 

conventional treatment trains. A detailed description of the pilot plant unit processes has 

been provided elsewhere (Gregory et al, 2003b). Coagulant addition in the rapid mix was 

followed by three-stage flocculation (detention time = 45 minutes), inclined plate 

sedimentation (HLR = 0.34 gpm/ft^), and dual media filtration (30” anthracite, 10” sand). 

The filters were operated in declining rate mode with an initial HLR = 6.0 gpm/ft^, which 

was considered relatively high for the challenging water quality conditions. The applied 

alum doses for the two runs presented, which were optimized to achieve a post-rapid mix 

^-potential of 0.0 ± 2.0 mV, were 41 and 44 mg/L and the coagulation pH ranged from

88

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6.1 -  6.2. Filter effluent particle counts, turbidity, and nm lengths (based on particle 

breakthrough) were used to evaluate filtration perfomance.

RESULTS AND DISCUSSION

^-Potential distrlbmttons The purpose of comparing the ^-potential distributions 

of post-rapid mix and non-settleable particles (jar test supernatant) was to provide 

potential information on the homogeneity of particle destabilization achieved by each 

coagulation process. A significant difference in these distributions, for example, may 

indicate that a fraction of the particles were restabilized by NOM or poorly destabilized 

during coagulation. The primaiy statistical characteristics examined for each distribution 

were mean, standard deviation, and range.

Figure 6.1 shows typical i^-potential distributions for single and two-stage alum 

addition experiments at pH = 6.0 and 7.4, as well as for the raw water. For single-stage 

addition at pH ~ 6.0 (la) there was a small but clearly distinguishable shift towards more 

negative values that was consistently observed in the settled water. For the two-stage 

process at pH = 6.0 (lb) there was essentially no difference in the ^-potential 

distributions. At pH = 7.4 (Ic and Id) the magnitude of the shift increased significantly. 

Figure 6.2 shows the average negative shift in mean ^-potential for all the experiments (n 

= 6) conducted for each coagulation process. The error bars in Figure 6.2 represent the 

standard deviation of the six values (each of which was itself the average of the six 

separate analyses conducted for each run). The fact that essentially no shift in distribution 

was observed for the two-stage process at pH -■ 6.0 suggests i) this process produced 

uniformly destabilized particles that were not subsequently restabilized—-at least not
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Figure 6.1. ^-potential distribution of post-rapid mix and settled water particles for single 
and two-stage coagulation processes (a -  d). Raw water distribution also provided (e). Alum 
doses for the pH » 6.0 and 7.4 processes were 26 and 117 mg/L, respectively. Raw water 
TOC » 5.0 mg/L, temp.« 20«C, turbidity « 6 NTU.

90

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.5
>  4.0-
E
£

3
£»
I
3
&

3.5
3.0
2.5
2.0
1.5
1.0 
0.5 
0.0

6.0/1 6.0/2 7.4/1 7.4/2
Coagulation Process (postages)

Figure 6.2. Average shift in mean ^-potential between post-rapid mix and settled water 
particles (n *= 5). Error bars represent standard deviation of data.

significantly-—by NOM, and ii) there was little difference in the surface charge 

characteristics of the larger (settleable) and smaller (non-settleable) particles. At pH =

7.4, conversely, the relatively large shift in distribution Ibr both processes suggests 

restabilization of a significant fraction of particles.

The ineffectiveness of the high-pH two-stage process, which showed the largest 

shift in distribution (Figure 6.2), can be explained by the fact that the pH after the first 

alum dose was approximately 9.5 before being reduced to 7.4 with the second dose (pre­

coagulation pH was = 10.6), In these conditions, aluminum hydroxide solids are 

negatively charged (pHzpc = 8.2) and the proposed mechanistic advantage of the two- 

stage process—rapid adsorption of a majority of the sorbable NOM—may be reduced or 

lost altogether. The two-stage high-pH process may be, tlrerefore, essentially a worst-case 

scenario for minimizing the restabilization of floe by NOM, as suggested by the results in 

Figure 6.2. If it is assumed that the largest shift in Figure 6.2 was a result of the least 

effective process for minimizing NOM-induced particle restabilization, then the only 

process that produced no shift—two-stage, low-pH—could represent the most effective
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process. These results, therefore, may actually serve as indirect evidence of the two-stage 

NOM-adsorption mechanism at lower pH levels.

The average standard deviation and range of the ^-potential distributions (n ~ 5), 

shown in Figure 6.3 along with raw water data, generally correlate with the distribution 

shift data. An effective coagulation process would be expected to decrease the range and 

standard deviation of a raw water particle suspension, as was observed for all four

ipom-rm' ■■'I-”--"-—IPosmM 
S e t t l a d  W itter

>  3.0

Raw 6.0/1 6.0/2 T.4/1 7.4/2
Coagulation P rocess (pH /Stages)

Raw 6.0/1 6.0/2 7.4/1 7.4/2

Coagulation P rocess (pH/Stages)

Figure 6.3. Average standard deviation (left) and range of ^'potential distributions for single 
and two-stage alum addition processes at pH *  6.0 and 7.4. Raw water data is also provided.

scenarios rqiresented in Figure 6.3. Overall, however, for settled water the low-pH 

processes resulted in the largest decrease in these characteristics. The range and standard 

deviation of ̂ -potential distributions for the post-rapid mix and settled water particles 

were approximately equal at pH = 6.0. For both the single and two-stage processes, in 

fact, a slight decrease in both characteristics was obsert'-ed in the settled water. At pH =

7.4, conversely, an increase in both characteristics was observed, significantly in the case 

of the two-stage process. These high-pH results correlate with Figure 6.1, in terms of the 

significant differences between post-rapid mix and settled water particles. They also

92

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



illustrate the restabilizing effect of NOM on floe particles, particularly in the worst-case 

conditions of hi]^i-pH, two-stage coagulation.

Because the mechanistic advantage in mitigating NOM interference appears to be 

greatly reduced under high-pH conditions, two-stage processes would be expected to 

produce coagulation etfects similar to those of the single-stage process. Indeed, the 

corresponding turbidity removal data for these four coagulation scenarios, presented in 

Figure 6.4, suggest equivalent particle removal performance, at let^t during settling, for 

the two Mgh-pH processes. Although tlie significant difference in particle removal 

perfomiance between the two low-pH processes is clear, perhaps more compelling are 

comparisons to the high-pH single-stage process. Using approximately one-fifth the alum

S  1-6 
1.4

.« 1-2 
1.0 

3 0,8

6.0/1 6.0/2 7.4/1 7.4/2
Coagulation P rocess (pH/stages)

Figure 6.4. Settled water turbidity for single* and two-stage alum addition processes at pH' 
6.0 and 7.4. Raw water TOC = 5.0 mg/L, temperature = 20°C, turbidity = 6 MTU. Error bars 
represent standard deviation of data (n«5).

dose (26 vs. 117 mg/L), the low-pH two-stage process decreased settled water turbidity 

by approximately 35 percent. These results appear to support the hypothesis that the low- 

pH two-stage process produces particles more effectively destabilized and therefore 

amenable to the development of floe suitable to solid-liquid separation.
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FI vs. measured floe size. As demonstrated previously {Ohto et al, 1993; Matsui 

et al, 1991; Gregory, 1985), FI was found to correlate well with the average measured 

floe size (major axis), as illustrated in Figure 6.5. Although Fl-particle size relationships 

are water quality specific, the highly linear relationship (R  ̂= 0.99) shown in Figure 6.5 

provided confidence that FI was a direct surrogate for particle size and would be an 

effective tool for dynamic comparisons of floe development under different coagulation

scenarios.
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Figure 6.5. Correlation between FI and measured floe size. Alum dose = 26 mg/L (single- 
stage coagulation), pH = 6.0, TOC « 5.0 mg/L.

Impact of coagulant addition mode. Floe development for single- and two- 

stage alum addition processes is shown in Figure 6.6 for the raw water (TOC = 5.0 mg/L) 

used for Figures 6.1 -  6.5. The FI data show that particle aggregation occurred at the 

same rate for both processes until approximately t = 200 seconds, at which point the 

trendlines begin to diverge. After pseudo-equilibrium conditions -indicated by a plateau 

in the FI trendlines—were attained at approximately t = 500 seconds, average floe size 

was 175 and 250 pm for the single and two-stage processes, respectively. The difference
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Figure 6.6. Impact of alum addition stages on floe development at pH « 6.0. Alum dose « 26 
mg/L, TOC « 5.0 mg/L, turbidity *  6 NTU, temperature « 20®C.

in rate of floe development after t = 200 seconds, as well as final size, indicated that the 

two-stage particles were more effectively destablized in the initial stages of coagulation 

and therefore more amenable to the formation of larger aggregates. Specifically, it 

appears the primary impact is on the collision efficiency, a, of the particles. The 

significance of a  in floe growth is illustrated by equation [1], which describes the change 

in particle concentration for a monodisperse system as a first-order reaction given by

[1]
dN

where Np = number concentration of particles, hk -  predicted collision rate constant 

(dependent on particle volume fraction, and velocity gradient, G), and the collision 

efficiency, a =  the ratio of particle attachment to particle collisions (Jiang et al, 1996). 

Although the suspended particles used in the present study, a majority of which were
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aluminum hydroxide precipitates, were not monodisperse, mixing conditions and initial 

iVp were approximately equal for the single and two-stage processes with equivalent pH 

values. Under these circumstances a  is the primaty variable affecting the kinetics of 

particle aggregation, dN/dt, which is analogous to floe growth in a system with a 

constant volume fraction (Wang et al, 2002). The FI trends in Figure 6.6, which are 

proportional to average floe size, are therefore an effective means of comparing a  

between systems with approximately equal Np, and kth-

Impact of TOC concentratioii. It has been hypothesized that two-stage 

processes may be a more effective use of coagulant and a method to control and 

minimize the adverse impact ofNOM on a  (i.e. floe development) and subsequent 

particle removal. It was expected, therefore, that raw water TOC concentration would 

significantly influence the degree to which two-stage coagulant addition enhances floe 

development. This issue was examined by comparing floe development for single and 

two-stage processes at TOC concentrations of 3.4, 8.0, and 12 mg/L (Figure 6.7).

At the lowest TOC concentration of 3.4 mg/L, the benefits of two-stage 

coagulation—in terms of floe development—were negligible, as evidenced by the fact 

that the two FI curves in Figure 6.7a are nearly identical. At TOC = 8.0 and 12 mg/L 

(Figure 6.7b and 6.7c), however, the difference in final floe size and formation rate 

between the two processes was significant. Of particular interest in Figure 6.7b and 6.7c 

is the shape of the FI curves in the initial period following coagulant addition. For both 

processes the rapid formation of A1(0H)3 (s) is indicated by the steep slope of the curve in 

approximately the first 20 -  50 seconds immediately following alum addition. Following 

this period, the aggregation process slows down considerably for single-stage alum
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Figure 6.7. Floe development for single and two-stage alum coagulation at three TOC 
concentrations. Temperature « 20“C, pH *  6.0.
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addition as NOM begins restabilizing floe particles, thus shifting the a  downward and 

producing a lower FI response. For the two-stage process, the change in aggregation 

kinetics appeared to be far less impacted by NOM-induced particle restabilization. These 

results indicate that a  is not constant as NOM restabillzation occurs during single-stage 

coagulation and appear to support the hypothesis that two-stage coagulant addition 

mitigates the interference of NOM in Hoc development.

Although the FI data in Figures 6.6 and 6.7 can not be used for direct comparisons 

of particle size (because the raw water turbidity of the two samples differed 

significantly), it was clear that two-stage coagulant addition also significantly affected 

floe fomiation for the raw water TOC concentration of 5.0 mg/L. Overall, these results 

suggest that the benefit of two-stage coagulation may be negligible in low-TOC 

concentration waters but becomes more significant as TOC concentration increases.

One question that arises from this discussion concerns the precise mechanistic 

impact o f two-stage alum addition on a, the magnitude of which is dependent primarily 

upon particle surface charge characteristics. An advantage of two-stage processes may be 

that in the second stage the positively-charged sols, which exist for only a few seconds 

(Licsko, 1997), are subjected to fewer reactions with NOM molecules—a large fraction 

of which were adsorbed to aluminum hydroxide in the first stage—as well as other sols. 

Natural colloids are thus destabilized by a greater concentration of A!(0H)3 (S) (compared 

to single-stage processes) and restabilization of charge neutral Al(OH)3-colloid 

complexes (microfloc) is minimized. Increasing the concentration of destabilizing 

A1(0H)3 (S) would likely promote a more uniform positive charge distribution on particle
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surfaces, which m terms of DLVO theory would be analogous to a more uniformly 

compressed electrical double layer. Under these circumstances, the probability of 

success&l particle-particle collisions is increased and floe growth is enhanced, conditions 

that appear to exist under two-stage coagulation scenarios. Although direct examination 

of surface charge distribution was not performed, its potential impact on particle 

aggregation and attachment has been noted (Eliraelech et al, 1990; Liang et al, 1990).

Filtration implications. In addition to increasing the probability of successful 

particle-particle collisions during coagulation, two-stage coagulant addition may also 

produce particles more effectively removed by filtration, as floe particles become the 

primary particle collectors in filters after the initial ripening period (O’Melia, 1985). The 

pilot-scale filtration results presented in Figures 6.8 and 6.9, which directly compare 

single and two-stage coagulant addition for high-TOC concentration water, support this 

hypothesis. Each figure presents settled and filtered water data from filtration runs 

conducted on two different days during a single runoff event. In Figure 6.8 particle 

counts were used to compare filtration performance while in Figure 6.9 turbidity data 

were used. These results were typical of the pilot experiments in that the filter run length 

for the two-stage process was significantly greater than for single-stage alum addition. 

Although steady-state particle counts in Figure 6.8 were significantly lower for the two- 

stage process for a majority of the run, these data suggest that the most important effect 

of two-stage coagulant addition may be to increase filter run length, as noted by previous 

researchers (Billica et al, 2000).

Of die two mechanisms generally proposed to explain particle breakthrougli— 

either lack of capture or detachment of previously retained particles—increasing evidence
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has shown the latter to be the primary cause (Benjamin et al, 2003). If detachment is the 

primary cause of particle breakthrough, then the consistently increased filter run lengths 

observed for two-stage coagulant addition suggest that this process produces particles
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that are more likely to re-attach to previously deposited floe particles. If lack of capture 

also contributes to breakthrough, then two-stage processes appear to produce particles 

tliat are more likely to be captured. In either case, two-stage coagulation appears to 

increases a, thus increasing the probability of successful particle-particle collisions both 

during coagulation, which promotes floe development, and filtration, which increases 

particle removal.

CONCLUSIONS

The overall objectives of this research were to demonstrate and understand the 

effectiveness of two-stage coagulation processes for increasing particle removal during 

the treatment ofhigh-TOC concentration waters. Compared to traditional single-stage 

coagulant addition, experimental results indicated that two-stage processes appeared to 

increase the collision efficiency, a, of coagulated particles. The increase in a  was 

evidenced by an increase in the rate of floe development and floe size for two-stage 

processes, which was significant for moderate to high-TOC concentration waters but 

almost negligible for low-TOC sources. Two-stage coagulation significantly increased 

particle removal during sedimentation—a result which correlated with the observed 

increase in floe size—and appeared to increase filter run length (in terms of particle 

breakthrough) as well. The increase in filter run length also appeared to be due to an 

increase in a, as breakthrough is due either to particles failing to attach (i.e. low a) or to 

re-attach after detachment.

The lack of a shift in ^-potential distributions between post-rapid mix and settled 

water particles (for the lower-pH conditions) indicated that two-stage processes may
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produce more uniformly destabilized, particles that are not subsequently restabilized—at 

least not significantly—by NOM. Overall, the results of this research suggest that two- 

stage coagulation processes may be an effective alternative for optimizing particle 

removal during the treatment of NOM-laden water.
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C H A P T E R  7

S U iW A R Y  OF FINDINGS 

AND 

IMPLICATIONS FOR W ATER TREATMENT INDUSTRY

The overall objective of this project was to develop and understand effective coagulation 

processes for optimizing filtration performance during the treatment of moderate to high- 

TOC concentration raw waters. Specific objectives were to deterniine the impact of 

coagulation pH, ^-potential, and alum addition mode (single vs. two-stage) on floe 

formation and filtration performance. Another goal of the project was to develop and 

evaluate the PDA as an indicator of overall process performance.

In terms of alum coagulation mechanisms, a review of the literature indicated that 

the positively-charged, insoluble aluminum hydroxide sols are the most realistic species 

responsible for particle destabilization during coagulation by adsorbing to the surface of 

the oppositely-charged, much larger natural colloids and entering into an electrical bond. 

In high-TOC concentration water, the development of floe suitable to solid-liquid 

separation is complicated by the adsorption of hydrophobic, high molecular weight 

organic molecules to i) sol surfaces, rendering them incapable of destabilizing natural 

colloids, and it) destabilized sol-colloid complexes. In the latter case, the microfloc 

aggregate can be effectively restabilized by the NOM, potentially hindering the formation 

of larger aggregates.
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Two-Stage coagulation was proposed as a potentially more effective use of 

coagulant and a metliod to control and minimize the adverse impact of NOM on floe 

development and subsequent particle removal. It was hypothesized that in the first 

coagulant addition stage, a si^ificant fraction of the sorbable NOM adsorbs to aluminum 

hydroxide surfaces, effectively stabilizing these freshly formed colloids. In the second 

stage, the newly-formed, positively-charged sols are then subjected to fewer reactions 

with NOM molecules, as well as other sols, and more effectively charge neutralize both 

the natural colloids and the restabilized metal hydroxide particles.

The major findings of this research and implications for full-scale water treatment 

facilities are discussed below.

High-pH Coagulation Processes. Overall, in terms of filtration performance 

during the treatment ofhigh-TOC concentration waters, single-stage high-pH and two- 

stage coagulation processes were most effective. The high alum doses required at pH = 

7.4 (to achieve a post-rapid mix {^-potential of approximately 0 mV) created essentially 

“super sweep” conditions that promoted floe development and significantly increased 

turbidity removal in the sedimentation process, compared to lower pH conditions. 

Improved filtration at high pH, however, could not be explained solely by a reduction in 

solids mass loading rate on the filters. It was hypothesized that a mechanism that may 

increase filter attachment efficiency in these conditions is the relatively high 

concentration of adsorbed Al(0 H)3(s> creating a more uniform distribution of positive 

charges on particle surfaces, therefore increasing the probability of successful particle- 

media grain collisions. This hypothesis appeared to be supported by the fact that filtration 

performance for the high-pH process was far less sensitive to changes in post-rapid mix
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^-potential For example, although it was possible to optimize filtration (i.e. attain total 

particles < 10/mL) at each of the three pH' levels examined, the ^-potential range in which 

this was possible was relatively small at pH = 6,0 (approximately +2 to +4 mV) but 

increased significantly at pH = 7.4 (-4 to +4 mV). At pH= 6.0 and 6.7 particle counts 

increased rapidly as ^-potential decreased (became less positive) by only a few mV.

Impact of pH on Filtration. The filtration results indicate that pH alone, when 

the ^-potential is constant, does not significantly impact performance, i.e. filtration is not 

inherently worse at pH 6.0 vs. 7.0 as long as alum, doses are optimized at each level. 

Increasing the pH firom 6.0 to 7,0 without an appropriate adjustment to the alum dose, 

however, would create a significant underdose situation and negatively impact filtration 

performance.

The primary effect of pH is on the alum dose required to achieve effective particle 

destabilization. The use of a high coagulation pH provides additional process benefits— 

optimized particle removal in sedimentation, perhaps a more uniform charge distribution 

on particle surfaces—that contribute to a more robust filtration process and, overall, 

increased particle removal. It was also noteworthy that, contrary to the commonly held 

notion, TOC removal was not compromised by high-pH coagulation processes when 

alum doses were optimized. The dual objectives of enhanced coagulation—optimization 

of NOM removal in addition to particles—can therefore be achieved at high pH as well 

as low pH.

Full-scale Implications of High-pH Processes. Although filtration performance 

in general was improved at higher pH levels for both water sources, the effect was greater 

for the more challenging runoff water. Because higher pH significantly increases the
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optimum ^^-poteiitiai range for filtration, a practical implication of this result is that use of 

a high coagulation pH process may be the most effective short-term treatment strategy for 

rapidly changing, runoff-type waters containing low alkalinity and Mgli NOM levels. 

Clearly, a high-pH process would not be practical, in terms of chemical feed costs and 

solids handling issues, for raw water that is effectively treated by coiiventional processes. 

If a high-pH process is unfeasible for treating runoff water, the ^-potential of coagulated 

water should be continuously monitored and the coagulant dose adjusted accordingly.

Two-stage Coagulation. Two-stage coagulation processes also improved 

filtration performance, evidenced primarily by extended runs prior to particle 

breakthrough, and may be a more realistic full-scale alternative than high-pH processes 

for treating challenging water quality. Two-stage coagulant addition consistently 

increased turbidity removal, oftentimes dramatically, during the sedimentation process in 

bench as well as pilot-scale experiments. This result was explained by the increase in floe 

formation rates and floe size, compared to single-stage coagulant addition, consistently 

observed for the two-stage processes, particularly in high-TOC concentration waters. The 

fact that two-stage processes did not impact floe formation in low-TOC conditions 

supported the proposed mechanistic advantage of this process, i.e. mitigation ofNOM- 

induced floe restabilization.

It was suggested that the practical effect of splitting the coagulant dose between 

two application points is to more closely simulate ideal mixing conditions. Under ideal 

mixing conditions, the short-lived, positively-charged aluminum hydroxide sols would be 

instantaneously (<0.1 seconds) dispersed homogeneously throughout the raw water 

stream. A certain percentage of the sols would rapidly form insoluble complexes with the
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hydrophobic NOM fraction while the remaining sols would be free to adsorb to and 

destabilize colloidal particles. Sohsol interactions (an ineffective use of these species) 

and the restabilizatioii of microfloc by NOM would thus be minimized, effects that are 

also hypothesized for two-stage processes.

Settled water results. Although broadly predictive of filtration performance, 

settled water quality was not always an accurate measure of overall process perfomiance. 

In m,any cases, similar filter effluent steady-state particle counts but significantly 

different settled turbidities were obseiwed for h i ^  and low-pH processes. In other cases, 

filter effluent particle counts increased while settled turbidity decreased after changes to 

the coagulation conditions. These results reinforce the importance of proper particle 

conditioning, throu^ effective coagulation processes, for overall process optimization.

Photometric Dispersion Analyzyer. Results from PDA experiments indicated 

that the rate of floe formation (measured immediately following coagulant addition) was 

indicative of overall process performance. The PDA appears to be a useful alternative to 

jar tests for determining optimum coagulant doses and quickly evaluating different 

coagulation scenarios. Overall, processes that the PDA indicated were optimum, in terms 

of the kinetics of floe development, were shown to be optimum in terms of filtration 

performance as well.

I l l

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



REFERENCES

Akitt, J.W. & Fartliing, A., 1978. Studies of the Hydrol^^is of the Aluminum (III) Cation. 
Joitr. Magnetic Resonance, 32:345.

Amal, R., Raper, J.A. & Waite, T.D., 1992. Effect of Fulvic Acid Adsorption on the 
Aggregation Kinetics and Structure of Hematite Particles. J. Coll Interf. Sci., 151:1:244.

Amirtharajah, A. & Mills, K.M., 1982. Rapid-Mix Design for Mechanisms of Alum 
Coagulation. Jour. AWfVA, 74:210.

Amirtharajah, A. & O’Melia, C.R. Coagulation Processes: Destabilization, Mixing, and 
Flocculation. Water Quality and Treatment, edition (Pontius, F.W., ed.). McGraw-
Hill, Inc., New York, pp. 269-371 (1990).

Amirtharaja, A. & Tambo, N., 1990. Chapter 1 in Mixing in Coagulation and 
Flocculation, AWWARF, Denver.

AWWA Committee Report, 1989. Coagulation as an Integrated Water Treatment 
Process. Jour. AWWA, 81:10:72

Baes, C.F. & Mesmer, R.E., 1976. The Hydrolysis o f  Cations. John Wiley and Sons, New 
York.

Bell-Ajy, K. et al, 2000. Conventional and Optimized Coagulation for NOM Removal. 
Jour. AWWA, 92:10:44.

Benjamin, M. & Lawler, D., 2003. Water Treatment. McGraw-Hill, New York, NY.

Billica, J.A. & Gertig, K.R., 2000. Optimization of a Coagulation Process to Treat High- 
TOC, Low Alkalinity Water and its Impact on Filtration Performance. Proc. Am. Water 
Works Assoc. 2000 WQTC (Salt Lake City), AWWA, Denver.

Budd, G-, Nickols, A.D. & Iversen, G.A., 1996. Optimization of Coagulation as a 
Multidimensional/Multiple Goal Treatment Process. Proc. A WWA Annual Conf,
Toronto.

Carlson, K.H., Gregory, D., & Macmillan, S., 1996. The Efficacy of Ozonation and 
Enhanced Coagulation for Treating Low Alkalinity, H i^  Color Water. Proc. 1996 
AWWA Ann. Conf, Toronto.

Carlson, K.H. & Gregory, D., 2000. Optimizing Water Treatment with Two-Stage 
Coagulation. Journal o f Environmental Engineering—ASCE, 126:6:556.

112

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chipps, M J'. et al, 2001. Practical Ways to Optimize Filter Performance. Proc. of 
Advances in Rapid Granular Filtration in Water Treatment (International Conf., 
London), AWWARF, Denver.

Cleasby, J.L. et al, 1992. Design and Operation Guidelines for Optimization o f the High- 
Rate Filtration Process: Plant Demonstration Studies. AWWARF Report, Denver.

Croue, J.P. et al, 1993. Removal of Dissolved Hydrophobic and Hydrophilic Substances 
during Coagulation/Flocculation of Surface Waters. Wat. Sci. Tech., 27:11:143.

Darby, J.L. & Lawler, D.F., 1990. Ripening in Depth Filtration: Effect of Particle Size on 
Removal and Head Ix)ss. Envir. Sci Technol., 24:7: 1069.

Dentel, S.K. & Gossett, J.M., 1988. Mechanisms of Coagulation with Aluminum Salts. 
Jour. AWWA, 80:4:187.

DiTommaso, J. & Van Benschoten, J .E., 1996. Path Dependence of Coagulation 
Reactions: An Experimental Study of Organic Matter Coagulation by Al and Fe Salts. 
Proc. AWWA Annual Conf, Toronto.

Dittman, W. et al, 1989. Mixing Systems for Pipe Reactors in Water Treatment. Vom 
Wasser, 70:129.

Edwards, M., 1997. Predicting DOC Removal During Enhanced Coagulation. Jour. 
AWWA, 89:5:78.

Edzwald, J.K. & Tobiason, J.E., 1999. Enhanced Coagulation: U.S. Requirements and a 
Broader View. Wat. Sci Tech., 40:9:63.

Edzwald, J.K. & Van Benschoten, J.E., 1997. Coagulation: Metal Hydrolysis, Solubility, 
and NOM Complexation. Proc. AWWA WQTC Conf, Denver.

Elimelech, M. & O’Melia, C.R., 1990. Kinetics of Deposition of Colloidal Particles in 
Porous Media, Envir. Sci Tech., 24:10:1528.

Exall, K.N. & Vanloon, G.W., 2000. Using Coagulants to Remove Organic Matter. Jour. 
AWWA, 92:11:93.

Garrote, J.I et al, 1995. Treatment of Tannery Effluents by a Two-Step 
Coagulation/Flocculation Process. Wat. Res. Engr., 29:11:2605.

Gregory, D. et al, 1998. Pilot-scale Evaluation of Enhanced Coagulation for Treating 
Spring Runoff Water. Proc. 1998 Am. Water Works Assoc. Annu. Conf. (Dallas), 
AWWA, Denver.

113

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Gregory, J., 1985. Turbidity Fluctuations in Flowing Suspensions. J. Coll Interf. Sci., 
105:2:357.

Habibian, M.T. & O’Melia, C.R., 1975. Particles, Polymers, and Performance in 
Filtration. Jonr. Env. Engr. Div.-ASCE, 10I:EE4:567.

Habn, H.H. & Stumm, W., 1968. Kinetics of Coagulation with Hydrolyzed Al (III): The 
Rate-Determining Step. J. Coll Interf. Sci., 28:134.

Hall, E.S., 1966. Electrokinetic Study o f Dispersions o f Clay in Hydolyzed Aluminum 
Solutions. Discussions Faraday Society, 42:197.

H'undt, T. & O’Melia, R., 1988. AIuminum-Fulvic Acid Interactions: Mechanisms and 
Applications, Jour. AWWA, 80:4:176.

Klute, R., 1990. Destabilization and Aggregation in Turbulent Pipe Flow. Chemical 
Water and Wastewater Treatment (H.H. Kalin and R. Klute, editore). Springer-Verlag, 
Berlin.

Letterman, R.D.; Amirtharaja, A.; & O’Melia, C.R., 1999. In Water Quality and 
Treatment, ed., Chapter 6, McGraw-Hill, New York.

Letterman, R.D., Quon, I.E. & Gemmell, R.S., 1973, Influence of Rapid-Mix Parameters 
on Flocculation. Jour. AWWA, 65: 716.

Licsko, 1 , 1997. Realistic Coagulation Mechanisms in the Use of Aluminum and Iron 
(III) Salts. Wat. Sci. Tech., 36:4:103.

Mackrle, S., 1962. Mechanisms of Coagulation in Water Treatment Jour, San. Engrg. 
Div.-ASCE, SA3:1.

Matsui, Y. et al, 1998. Dynamic Analysis of Coagulation with Alum and PACl. Jour. 
AWWA, 90:10:96.

Matsui, Y. & Tambo, N., 1991. On-line Floe Size Evaluation by Photometric Dispersion 
Analyzer. Water Supply, 9: 71.

Ohto, T. et al, 1993. Advances in Photometric Dispersion Analyzer with Dual 
Wavelength Light. Wat. Sci. Tech., 27:11:257.

O’Melia, C.R., 1985. Particles, Pretreatment, and Performance in Water Filtration. Jour. 
Envir. Engr. Div.-ASCE, 111:6:874.

O’Melia, C.R. & Stumm, W., 1967. Theory of Water Filtration. Proc. AWWA Annual 
Conf, Atlantic City.

114

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Pontius, F., 2003. Update on USEPA’s Drinking Water Regulations. Jour. AWWA^ 
95:3:57.

Randtke, S.J., 1988. Organic Contaminant Removal by Coagulation and Related 
Processes. Jour. AWWA, 80:5:40.

Tambo, N. et al, 1997. Control of Coagulation Processes by Dual Wavelength Particle 
Analyzer. Wat. Sci. Tech., 36:4:135.

Tseng, T., Segal, B.D. & Edwards, M., 2000. Increasing Alkalinity to Reduce Turbidity. 
Jour. AWWA, 92:6:44.

USEPA, 1998. Disinfectants and Disinfection By-products. Final Rule. Fed. Reg., 
63:241:69390.

Van Benschoten, I.E. & Edzwald, J.K., 1990. Chemical Aspects of Coagulation Using 
Aluminum Salts—II. Coagulation of Fulvic Acid Using Alum and Polyalurainum 
Chloride. Wat. Res., 24 (12), 1527.

Wahlroos, G., 1991. The Realization of Activated Carbon Filtration in a Water 
Purification Process for H i^ ly  Humic Water by Two-stage Iron(III) Salt Coagulation, J. 
Water SRT-Aqua, 40:4:211.

Yao, K„ Habibian, M.T. & O’Melia, C.R., 1971. Water and Waste Water Filtration; 
Concepts and Applications. Env, Sci, Technol, 5:11:1105.

115

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Appendix A 

Horsetooth Reservoir Filtration Runs
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- f '  O  R u n  J f l :  p H » 6 .1 , x .p .«  - tO i  « u ,  s e t .  T u rb .* 2 .0  n tu .  a lu m « i 4  m g/L. 

O  R u n  8- T 1; pH  s>6,2, z .p .5= -0 .2  m V , s e t .  turfi,-'=2.4 n tu ,  a lu m ^ M  m g /L  

♦1 3  n iV , ^ e t .  t u r b 1 2 n tu . a lu m  ” 2 3  m g/L.ARunVT3:ptl-̂ .Â P

0 .
0 2 4 6 8 10

Biter run (hours)
Figure A-1 Runs 1-3 (preliminary), conducted in series. 
Single-stage alum (added in static rrtxer). Coagulation 
process was not optlnized.
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O  R u n 4 -T 1 :p H = 6 .1 ,z .p .= + 1 .1  m V ,s e t .  t u r t i .= 1 .7 n tu .a lu m = 1 4  m g /L  

A  R u n  4 -T 3 : p H = 6 .7^ tp .= 40.9 m V , s e t .  turt>.= 1.1 n tu ,  a lu m  = 2 5  m g /L

100 2 4 6 8
Filter run (hours)

Figure A-2 Run 4 (preliminary), simultaneous filter runs at 
pH®6.1 and 6.7. T1 alum added in static nrixer. T3 alum added 
in backftixer. Ail T3 runs were at ambient conditions, i.e. no 
acki/base addition, w 1th alum added in backrrixer.

12 14
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O RunS'T1;pH»>6.0S.*,p.“-<0.1 mV,8eiturb«1,8ntu,a(um“1S 
mg/L

—— Run 5-T3: pHK6J9,z.p.«i0,4 mV, sal. turb.«1.3 ntu, slum “24 
mit/l

8 10 
Filter run (hours)

Figure A-3 Runs 5-6 (preliminary, Run 6 was T3 only).
Alum doses were sut>-optimum These runs were conducted 
before zeta potential target became +2-3 rrW.

t:
£

A  Run 8-T3; pH“6.8, z.p.=-i03 mV, set. turb.»2,0 ntu, 
alum =23 mg/L

O Run 8-T1:2-stage, final pH=7.37, initial pH=8.4, final 
z.p.= -0.3 mV, set. turb.*1.2 ntu, A1=16, A2=44 mg/L

2 4 6 8
Filter run (hours)

Figure A-4 Run 8, simultaneous filter run, two-stage vs. 
single-stage alumadditton. Zeta potential w as not optimized.
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O  R u n  8 - T 1 : 2 - s t a g e ,  fin a l p H = 7 .3 2 , Initial pH ® 6.4 . z,p.--=-»0.1 m V , 

lu rt),“ 1 3  n tu , A 1 = 1 6 m g /L ,A 2 “ 't4  m g /L

10 120 2 4 6 8
Filter run (hours)

Figure A-5 Rjn 9, simultaneous two-stage vs. single-stage 
coagulation. Zeta potential w as not optimized, but two-stage 
coagulatton process Improved filtrationk performance.
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O  R u n  1 0 -T 1 :Z -® ta g e , f in a l p H 'r .S I .z .p .^ - tO .a  m V , 
s e t . t u r b . “ l .1  n tu ,A 1 = 1 7 ,  A 2 = 4 4  m g /L

A R u n  1 0 -T 3 ; p H = 6 .7 , z .p ,*-t0 ,9  m V , s e t .  tu rb .* 2 .2  
n tu ,a lu m = 2 3  m g /L

4 6
Filter run (hours)

8 10

Figure A-6 Run 10, abbreviated simultaneous run, two- 
stage vs. single-stage coagulatton. Zeta potential w as sut> 
optimum (approx. 0 rriV was the target at this point).
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O H u i i i M l p H  7 ) s < -i .S m V ,8 e t .tu rb > ® 3 .7 n tu ,a lu m = 1 7 rn a /L . 

A R u n  11-T 3 : pH=«».68 , zp ,K + 2 .S , s e t ,  tu rb .» Z ,3  n tu ,  a lu m ® 2 3  m g /L

0 5 10 15 20 25
Filter run (hours)

Figure A-7 Run 11, sirmltaneous flter runs for single-stage 
alumadditton at pH 6.1 and 6.7, T1 alum added in static rrtxer. 
Zeta potential is optimized, htote difference in settled turbidity.

30
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A R u n  1 3 -T 3 :p H  = 6 ,8 ,z p .» - i0 .2 n iV , tu r b .» 3 .0 .a lu m = 1 9 m g /L  

O  R u n  1 3 -T 1 : p H  = 6 ,0 , z.p .=-t0.6 m V , tu rb .= 3 .4  n tu ,a lu tn = 1 5  m g /L  

□  R u n  1 2 -T 1 : p H  = 6 .0 4 , z ,p .* + 2 .5  m V , tu rb .= 2 .4  n tu ,  a lu m = 1 7  m g /L  

O R u n 1 2 - T 3 :  p H = 6 .7 ,z .p .= + 2 .0 m V ,tu rb .= 2 .1  n tu ,a lu m = 2 1  m g /L

6 8 
RIter run (hours)

Figure A-8 Runs 12-13. simultaneous filter runs at pH=6.0 
vs. 6.7. in Run 12, z.p. w as optimized (particle counts were 
almost identical for the two processes). Run 13 w as non­
optimized. The T1 particle counter failed during run 13.
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6 8 
RIter run (hours)

10 12

Figure A-9 Rutis 14-16, conducted in series because only 
one particle counter w as available at this time, istote 
difference between Ffttn 14 and 15 for a relatively siroll 
difference in alum dose and z.p.

14

i
E

AU)

c
a!

p  R u n  1 7 - T 1: s e t .  t u rb .» 1 .0 -1 .2  n tu .  a lu m = 3 9  m g /L  

I A R u n  1 7 -T 3  p H =6 7 , z p = + 1 . 4 m V ,s e t  tu rb  = 3 1 n tu ,a lu m » 2 ?  m g /L

pH=e.O, Z-p.=-7 rrW. 
turb.=12  ntu 

--------------------i — p H ” 7.6 ,z.p .= -4  mV, 
turb. = 1 2  ntu

10 15
Filter run (hours)

Rgure A-10 Ftun 17, simultaneous flter runs at high pH (T1) 
vs. pH=6.7 (atrtoient), T1 w as operated at two non-optirrfeed 
z.p. condittans to demonstrate inpact on fltratbn. Note 
difference in settled turb. Betw een T1 and T3.
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5 0  y— i O R u n 1 8 - T 1 ;p H  7 ,3 -7 ,S ,z ,p .« 0 - + 2 m V ,tu fb .« 1 0 n tu ,a U jm » 3 9 m g /L  

A R u f 'l® - T 3 :p H = 0 J ,a p .» 'M .8 m V , tu r b .* 3 .1  n tu ,  a lu m ®  2 2  m g /L

5 10 15
Filter run (hours)

Rgure A-11 Run 18. simultaneous filter runs at pH=7.5 vs.
6.7, single-stage alum, T1 alum w as added in statte mixer, 
htote difference in settled turb, alum dose.

O  R u n  1 9 -T 1: p H ® 7 .3 2 ,z .p .= + 2 -3  m V , s e t ,  tu rb ,= 0 ,9  n tu ,  a lu m = 4 0  m g /L  

4  R u n  1 9 -T 3 : pH  = 6 ,7 , z.p,=-H  .0 m V , s e t .  tu rb ,= 2 .9  n tu ,  a lu m = 2 1  m g /L

RIter run (hours)
Rgure A-12 Run 19, simultaneous filter runs at pH = 7.3 vs.
6.7. Zeta potential w as optimized for both processes. T1 
alum added in static rrtxer.
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O Run 20-T1: pH 7.4. &p,» -1.1 mV, set. furb,=Z,0, alum (RM )="42 mg/L
A Run 20-T3: pH=6.7, z.p.“ •*0.2 mV, set. Turt).=3,1 ntu, alurn*21 ma/L

6 8 10 
RIter run (hours)

12 14

Figure A-13 Run 20, simultaneous flter runs at pH = 6.7 vs. 
7.4 for single-stage coagulatton, Sw itching alum from static 
rrtxer (ftjns 18 and 19) to trackrrtxer increased set. turb. 
from 1 to 2 ntu, but did not appear to impact filtration.

O  R u n  21  -T 1 : p H = 6 .9 , ip .= -i-1 .6 m V , s e t .  tu tt> .=4 .4  n tu ,  a lu m = 1 7  m g /L  

A R u n 21-T 3 :p H » 6.7, 2.p.=-*-1.9 m V ,s e t . t u r b .= 3,1 n tu ,a lu m = 2 1  m g /L

E
A
(A®.2

0 iit-
10 15

Filter run (hours)
20 25

Rgure A-14 Run 21, simultaneous filter runs at pH= 5.9 vs.
6.7, single-stage coagulation. Zeta potential is optirrfeed for 
both processes. T1 alum was added at static rrtxer.

123

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



O  R u n  2 2 ; p H  ®6.0, « ,p ,»  -1 .9  m V , turt>.‘» 6 -7  n tu . a lu m = 1  S  m g /L  

A  R u n  2 2 : p H “ 9 7 ,  z ,p .“ 0 , 7  m V , turb .«»4.e  n tu ,  a lu m  » 1 9  m g /L

100

■0

CM

12 140 2 4 6 8 10
Filter run (hours)

Figure A-15 Run 22, simultaneous filer runs at pH=6.0 vs.
6,7, single-stage coagulation. T1 alum w as added in 
trackmixer (first low-pH run using backmixer). Both 
processes were non-optimized in terms of z.p.

50 —  O  R u n  2 3 - T 1 : p H  = 6 .0 , z .p .= + 1 .0  m V , tu rb ,= 5 .8  n tu ,  a lu m = 1 8  tn g /L

40 A 4_.,

30 .A...,-.... ..... O"

20
A 0
m o

6 8 
RIter run (hours)

Figure A-16 Run 23, simultaneous filtrattons runs at pH=6.0 
vs. 6.7. T1 alum w as added in tMckmixer. Zeta potential w as  
optimized for both processes. Unstable T1 particles w are 
due to erratic settled turbidity. Note set. turb. on T1 (conpare 
to Run 21).
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50 ■ 

40 ' 

30 

20

10 

0 ik-

O Run24-T1: pH®0.O,2,p.®+2.3,furbK3,8 ntu. alum® 1 / n j/l
A Ron 24-T3: pH®6.7, z,p.®+2.0, set. turb.“4.0 ntu, alum»2t mg/L

i i M m

6 8 10 12 14

RIter run (hours)

Rgure A-17 Run 24, simultaneous filtration runs at pH=6.0 
vs. 6.7. T1 alum added In static rttcer, zeta potential w as  
optlnrized for both processes.

.j

E

A0
I
r
£

 R u n  2 6 - T 1; p H » 6 ,9 5 , z .p .“ -H2,6 m V . tu rb .= 4 .4  n tu ,  a lu m = 1 7
m g /L

A  R u n  2 5 -T 3 : p H = 6 ,7 , zp .= -H  .6 m V , tu rt).= 4 .3  n tu , a lu m = 2 1  m g /L

O  R u n  2 5 - T 1: p H = 7 .4 , z.p,=-«3.5 m V , tu rb .“ 1 .2  n tu , a lu m » 3 9  m g / l

6 8 10 
RIter run (hours)

12 14

Rgure A-18 Rjns 25-26, comparteon of three single-stage 
processes at pH = 6,0,8.7,7.4. Zeta potential w as optimized 
except for pH=7.4 (slightly underdCKSd).
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-  5.0

O  F i lte r  e f f lu e n t  p ’a it ic te s  

— O "-*  S e t t l e d  tu rb w ity

p H » 6 .0 , 

* .p .» + 2 .0  mV
p H o S . 3 ,  

z . p . a  - 1 . S  mV

0 <>
0 2 4 6 8 10

Filter run (hours)
Figure A-19 Run 27, effect of z.p. on flltratton for lower pH 
conditbns using reservoir water. Settled turb. decreased 
w hile filter effluent particles Increased w hen pH w as 
increased by reducing CX)̂  dose.

50 O  R u n  2 5 -T  1; pH ® 7.4, z.p .= -i0 .5  m  V, t u rb .» 1 .2  n tu  

A  R u n  2 8 - T 1 : 2 - s t a g e ,  p H = 7 ,1 . z.p .= + 1.3  m V , t u r b . ’=1 .3  n ttJ

6 8 
Filter run (hours)

Figure A-20 Runs 25,28. Conparison of most effective 
single-stage (pH » 7.4) and a tw o-stage alum additton 
process. Two-stage process was slightly nore effective.
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Appendix B

Poudre River Filtration Runs
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40

30

20

10

0 CMr

A  R u n  1: A lu m ° 4 5  m g / L . r p . «-*4.0 m V , s e t t l e d  t u r b . «  4 ,6  n tu

D  R u n  2 ; A lu m ® 3 9  m g /L , z .p . =  +1.7 m V , s e t t l e d  tu rb , =  6 .3  n tu  

X  R ' -  ‘  ‘’jm = 4 S  m g / l ,  t p .  «■ ■*4.9 tnV , s e t t l e d  tu rb . “ 8 ,0  rrtu

O  R u n  4 :A lu m « '3 7  m g /L , z .p . =  -*3.8 m V , s e t t l e d  tu rb .  “ 7 .5  n tu

.................... a ............................   A-.....

25 50 75 100
RIter runtim e (min)

125 150

Figure B-1 Runs 1-4, preliminary runoff filtration runs at pH = 8.0. Sed. 
basin l-lR w as 0.34 gpm'fl®(this rate w as used for runs 1-5 only).

Ess
A

so

0 A~ 
0

O  R u n  8 ; p H = 7 .S , a lu m * 7 0  m g /L , * ,p .«  -7 .5  m V , s e t ,  tu rb .=  0 .6  n tu  

A R u n  8 : p H “ 7 .3 , a lu m » 7 0  m g /L . z .p .=  -S .5  m V , s e t .  lu rti.=  0 ,4  n tu  

■  R u n  7 : p H  “ 6 .0 , a lu m = 3 7  m g /L , z .p .=  -*4.4 m V , s e t .  tu rb .=  1 .0 5  n tu  

A  R u n  10: pH's'S.O, a lu m » 3 7  m g /L , z .p ,=  -*4.4 m V , s e t .  tu rb .=  1 .0 6  n tu

100 400200 300
Time (min)

Rgure B-2 Runs 6 -1 0  (Run 9 omitted). FWer runs at pH = 6,0 and 7.3 - 
7,5. High-pH processes were not optimized in terrr® of zeta potential. 
Ftew TOC = 7.5 mg/L Sed. basin H R  w as 0.17 gprrVft̂ .

500
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100 O  R u n  1 1 { T i ): p H  7 .3 , a lu m ®  9 7  tn g /L , z .p 40.B m V , s e t .  tu rb .®  0 .4  n tu

A  R u n  11 (T 3 ); p H ” 6 . i , a lu m - 2 6  m g /L , rp.<= + 1.2  m  V , s e t .  tu rb .®  1 .2 5  n tu

0 50 100 150 200 250
Filter run tim e (min)

Figure B-3 Run 11, simultaneous filtration runs at pH = 8.0 vs. 7.3. Note 
irrpact of optimizing alumdose/z.p. on figh-pH particle counts (compare 
to Runs 6 and 8 in Fgure B-2).

E
S'
A

15
s

I

100

90

80

70

60

50

40

30

20

10

0

0 R u n 7

O R u n  10

■  R u n 1 2

---------- ■—..... .
......... T . ....^ ......
..... ...... s ...

§
.— »—■

f

raw TOC«7.3-7.6mg/L
z.p.=+i.2 mV 

set, turb=1.13 ntu 
alum=26 rng/L

z.p.=+4.4 mV 
set. turl3=1.05 ntu 

alum=37 mg/L

100 200 300 400
Filter run time (min)

500 600 700

Figure B-4 Hfect of alum dose optirrization on filtration for low-pH 
condittons. Run 12 w as low-pH process only.
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100 A  R u n  1 3  (T 3 ): p H » 6 .1 , a lu n iK 2 6  m g /L , rp .®  -H 2 m V , s e t .  turb.®  1 .3  n tu  

A  R u n  1 3  { T 1 ): pHsiT'.a, a lu m « 9 7  m g /L , -2 .0  -  -H .2  m V , s e t .  tufb.®  0 .4  n tu

raw TOC “ 7.0 mg/L

40 ■

30

20 .

400 500 6000 200 300100
Filter run tim e (min)

Figure B-5 Run 13, simultaneous filtratton runs at pH6.1 and 7.3. Low- 
pH process w as not optirrized in terms of zeta potential.

O R u n  14 (T 1 ):p H = » 7 .3 ,a lu m = 9 7  m g / L , s e t .  turb .®  0 .5  n tu  

A  R u n  1 4  (T 3 ): p H * 5 .9 , alu rn® 26  m g /L , z .p .=  + 2.7  m V

400 600 800
Filter run time (min)

Figure B-6 Run 14, simultaneous filtratton runs at pH 5.9 and 7.3. Zeta 
potential data w as not available for tiigh-pH process.

1200
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O  R u n  1S; p H « 7 .4 , a lu m  = 9 9  m g /L , z.p.® - 1 .2  m V , s e t .  turb.®  0 .4  n tu  

i ,  R u n  15: p H = ® .2 ,« iu m = ‘2 8  m g /L iZ p .®  +2,1 m V , s e t .  tu fb ,»  1 .2  n tu  

O  R u n  16: p H k 7 .3 2 . a (u m = l0 1  m g /L , r p . »  -1 ,0  m V . s e t .  turt».= 0 .4  n tu  

•  R u n  16: p H « 0 .3 O , a lum s= 26 m g /l .,  7.p .=  +2.1 m V , s e t .  turb .®  1 .2  n tu

Raw TOC » S.6 mg/L

0
100 150
Filter run tim e (min)

Figure B-7 Runs 15-16 . comparison of filtration performance for 
optirrfeed coagulant doses at pH 6.2 and 7.4.
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Appendix C 

Preliminary PDA Experiments (C-1 -  C-7) 

and 

PDA data iiiustrating impact of NOM on particie aggregation
(Figure C-8)
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0,14

0,13

0.12

0.11

0.10

0.09

0.08

0.07

0.06

0.05

0.04

„ [  — ----6 n e-steg e , pH = 6.2
Two-stage, final pH ® 6.20 
2B (pH1«5.8, pH2=7.2)
1A (pH = 7.2)

-150 -75 75 150 225 300 375 450 525 600 678 750

Time after alum addition (sec )

Figure C-1 Flocculation index (FI) vs. time after alum addition (50 mg/L) for 4 coagulation 
scenarios in high-TOC water. TOC = 9.2 mg/L, turbidity = 60 NTU (kaolin added), T -  20°C. 
Polymer added at t = 20 sec (polymer use was discontinued after initial experiments). At final pH = 
7,2 alum was clearly underdosed, as indicated by flat trendlines for these conditions. Overall, two- 
stage coagulant addition produced the largest steady-state floe, although the use of polymer in 
these experiments generally produced larger floe than those observed in later phases of the 
project. A focus in these preliminary experiments was characterizing the response of the PDA to 
different coagulant processes.

Residual Turbidity 

TOC

S

.1s
3

i
E

1-stage, pH * 2-stage (Roc. 2-stage (Initial pH 1-stage, final pH
6.22 (ambient) 28: pHI = 5.8, = 6.4, final pH = = 7.22 (base

pH2=7.2) 5.2) added)

Coagulation conditions

Figure C-2 Residual turbidity and TOC concentration for the four coagulation processes illustrated 
in Figure 0-1, Alum = 50 mg/L, TOC = 9.2 mg/L. High-pH processes, as suggested by Figure D-1, 
appeared to be underdosed. Single-stage ambient process (far left) was most effective for turbidity 

removal. Although ( -̂potential analyses were not conducted during these experiments, it appeared 
that the final pH of 5.2 for the two-stage low-pH process (second from right) promoted the 
restabilization of a fraction of floe particles.
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X 4>
XIc
c0
1

0.12

0.11

0.10

0.09

0.08

0.07

o.oe

0.05 

0.04 ■ 

0.03

- — s in g le - s t a g e ,  a m b ie n t  p H  (6 .6 )  - 

w  >■" a - s t a g e  ( fin a l pH  »  8 .2 )  

s in g l e - s t a g ^  pH  =  7 .6 7  

2 B ( p H 1 « S . 9 , p H 2 « 7 2 )

* a « i

-150 0 150 300 450

Time after alum addition (sec)

600 7S0

Figure C-3 FI vs. time after alum addition (22 mg/L) for 4 coagulation scenarios using Horsetooth 
Reservoir water, TOC = 3.6 mg/L, turbidity = 4 NTU, temperature = 20°C. Process “2B“ was a two- 
stage process in which the first alum dose is applied under low-pH conditions and the second dose 
reacts under high-pH conditions, in this case pH = 7.2. The alum dose of 22 mg/L was sub­
optimum for both processes that used a relatively high final pH. As observed in Figure C-1, two- 
stage process produced largest steady-state floe. Polymer was used in these experiments, applied 
at t = 20 sec (immediately following rapid mix).

Turbidity

2-stage {final pH 1-stage ambient 2B (pHI = 5.7, 1A (pH = 7.67)
= 6.2) (pH = 6.55) pH2=7.2)

Coagulation Processes

Figure 0 4  Turbidity and TOC residuals for the 4 coagulation processes illustrated in Figure C-3. 
Alum = 22 mg/L, TOC = 3.6 mg/L. The low-pH two-stage process (far left) was significantly more 
effective for turbidity removal than the low-pH single-stage process. Both high-pH process (right 
side of figure) were ineffective for turbidity removal, as suggested by Figure C-3.
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X

£c
.9s
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I

0.12
0.11
0.10
0.09
0.08
0,07
0.06
0.05
0.04
0.03
0.02

• Alum-.--15 rtig/L 
Alum = 18mg/L

-150 0  150 300 450 600 750

Time (sec)

3
(_

I Alum »15mg/L 
I Alum »18 mg/L

Turbidity (NTU) TOC (mg/L)

Figure C-5 Correlation of PDA output (flocculation index) with turbidity and TOC removal for two 
alum doses in Horsetooth Reservoir water, TOC = 3.75 mg/L, turbidity = 5 NTU, temperature = 
20®C, Figures C-5 -  C-7 represent preliminary experiments correlating FI with particle removal in 
low-TOC conditions.

0.12 
0.11 
0.10 
0.09 - 
0.08 
0.07 
0.06 
0.05 
0.04 

0.03 
0.02

-150

A'um = 27 mg/L] 
Alum = 21 mg/L 
Alum = 24 mg/L

150 300 450
Time (sec)

600 750

. a  A l u m s :  m n f l

Alum = 27rr0L

Turbidity (MTU) TOC (mg/L)

Figure C-6 FI vs. time and turbidity/TOC residuals after sedimentation for three alum doses in 
Horsetooth Reservoir water. TOC = 3.62 mg/L.
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0.12
0.11
0.10K

Tl 0.09
£
r 0.08
.2 0.07 -

1 0.08
o 0.05 -
C

0.04 •
0.03 -
0.02

-Alums 21 mg/L 
*Alum»24 mg/L 
Alum = 27 mg/L

O Ahi I = 21 mg/L 
■ Afijm»24 Irig/L 
aAhJm~27rr^L

200 400 600
Tim® (sec)

800 1000 Turbidity (WTU) TOG (mg/L)

Figure C-7 FI vs. time and turbidity/TOC residuals after sedimentation for three alum doses in 
Horsetooth Reservoir water, TOC = 3.52 mg/L. These data indicate that an alum dose of 24 mg/L 
was optimum. The PDA output indicates no further advantage, in terms of floe formation kinetics, of 
increasing alum dose from 24 to 27 mg/L.
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0.040

0.035

0.030K
1 0.025
C.y 0.020is
i 0.015

0.010
0.005 -

0.000 ̂

— a l um( 40  me/l .)-NOM  -k a o l in  . 

“ — alu m  o n ly  (40 mg/L) 

a I u m (4 0 m 0 / L) • k a o  I! n 

a lum (4  m g / t ) - k a o l i n

-150 0 150 300

Time after alum addition (sec)

450

Figure C-8 PDA results illustrating the Impact of NOM on floe development. When NOM was 
added to the system (black trendline), floe formation was not observed For an alum dose of 40 
mg/L without the presence of NOM, significant particle aggregation was observed. Floe formation 
kinetics were more rapid for the alum-kaolin system (compared to alum only) due to increased 
collision frequency of particles.
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