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ABSTRACT 

Chemical coagulation of eighteen groundwater samples from 

the Santa Ana River Groundwater Basin was evaluated on the 

bench scale to determine its viability for treating these low 

quality groundwaters to current USEPA drinking water 

standards. The color and organic matter in both raw and 

treated water samples were characterized according to UV 

absorbance and DOC molecular weight fingerprints. 

Alum coagulation with 5 mg/L as A1 successfully treated 

raw waters with color of up to 60 pcu and 190 ng/L THMFP to 

meet the standards of 15 pcu and 100 /ig/L for color and THM, 

respectively. Variations of the coagulation process which 

showed merit were pH modification, pre-ozonation, and using a 

cationic polymer, Magnifloc 573C, as a sole coagulant. 

Coagulation preferentially removed high-molecular-weight 

material which was responsible for causing the greatest degree 

of color. These color bodies were not, however, responsible 

for the majority of the THMFP. 
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CHAPTER 1 

INTRODUCTION 

1.1. Motivation and Objectives. 

Various water utilities in the Orange County region of 

Southern California (e.g., Mesa Consolidated Water District, 

Orange County Water District, Irvine Ranch Water District, 

City of Huntington Beach) utilize groundwater as well as 

treated surface water supplied by the Metropolitan Water 

District (MWD) for water supply purposes. The groundwater 

basin, lying below the Santa Ana River, contains water with 

vastly varying quality. Due to the ever increasing demand for 

water in this region, more and more emphasis is being placed 

on treating lower quality waters for supply purposes. This 

research involves determining the viability of conventional 

treatment utilizing chemical coagulation for treating low 

quality groundwater from Orange County, California to meet the 

current USEPA drinking water standards. The primary objective 

for meeting these standards is the removal of color and THM 

precursors (i.e., dissolved organic matter, DOM). Other 

objectives stemming from this investigation include the 

characterization of the raw groundwater using state-of-the-art 

apparent molecular weight fractionation techniques and the 

identification of changes in the characterization caused by 
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coagulation. Finally, modifications of the coagulation 

process will be examined for potentially increasing removals 

of color and THM precursors. 

1.2. Background on the Santa Ana River Groundwater Basin. 

The Santa Ana River Groundwater Basin consists of an 

unconfined aquifer and a series of confined aquifers defined 

by several confining layers. For planning purposes, there are 

two geohydrological regimes of interest: upper and lower main 

aquifers. The estimated volumes of water associated with 

these two hydrologic regions are 5,000,000 acre-feet and 

12,000,000 acre-feet, respectively. In addition to natural 

recharge, the basin is artificially recharged by high quality 

treated effluent and excess MWD water. The upper aquifer 

represents a good quality source water with low dissolved 

organic carbon (DOC) levels. In contrast, the lower aquifer 

contains several mg/L of DOC of a suspected humic character. 

(In the extreme, samples with DOC levels of 14 mg/L and color 

levels greater than 200 c.u. have been observed) . Well 

drilling logs have indicated the presence of "redwood chips" 

at a depth of 1,300 feet. While wells penetrating to depths 

of 1,000 feet or less have generally provided water free of 

color, analysis of representative samples from the lower 

aquifer have indicated color levels in excess of the USEPA 

secondary standard of 15 color units (c.u.). A representative 
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level of the trihalomethane formation potential (THMFP) for a 

sample from the lower aquifer is about 100 to 150 ixqfL. 

The DOC present in a water sample includes both humic and 

nonhumic fractions. The humic fraction, encompassing color 

constituents, is more hydrophobic in character and is thus 

more amenable to removal by adsorption or coagulation. The 

nonhumic fraction (e.g., proteins, carbohydrates) is more 

hydrophilic in character, however, it represents much less of 

a water quality problem from the standpoints of color 

contribution and THM formation. 

A major water quality concern is that humic substances 

react with chlorine during water treatment to form 

trihalomethanes (THMs) as well as total organic halide (TOX). 

While the present USEPA for THMs is 100 nq/l>, there are 

indications that a more stringent standard of 25 ng/L will be 

promulgated by the early 1990's. Another concern relevant to 

Orange County groundwater users relates to the secondary 

drinking water standard for color of 15 color units (c.u.). 

1.3. Identification and Monitoring of DOM. 

Due to their heterogeneous and ill-defined character, 

there are no direct analytical techniques to measure humic 

substances and color bodies. Until recently, humic substances 

were normally characterized by nonspecific parameters based on 

their ability to absorb UV light (i.e., UV absorbance @ 254 
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nm), by their organic carbon composition (i.e., DOC), or by 

their potential to form trihalomethanes (i.e., THM formation 

potential, THMFP). 

Presently, state-of-the-art analytical characterization 

of humic substances/color bodies includes (1) apparent 

molecular weight (AMW) distribution and (2) the composition of 

acidic functional groups (i.e., carboxylic and phenolic 

acidities) (Collins, Amy, and Steelink, 1986) . 

A molecular weight characterization of the DOC present in 

a water sample provides a fingerprint that can be used to 

identify potential treatment strategies (Amy, Kuo, and Sierka, 

1987; Chadik and Amy, 1987). Humic/fulvic acid molecules can 

be removed "intact" by processes such as chemical coagulation 

and activated carbon adsorption, or can be transformed by 

oxidative processes into lower AMW by-products that are less 

reactive with chlorine and that impart less color (e.g., 

ozone, hydrogen peroxide-ozone, UV-catalyzed ozonation, or 

UV-catalyzed hydrogen peroxide) (Sierka and Amy, 1985). 

For example, a water source with higher molecular weight 

(e.g.,. 5,000 to 10,000) humic acids would be a good candidate 

for chemical coagulation. Conversely, a water source with 

very high molecular weight material may be difficult to treat 

by activated carbon adsorption due to possible size exclusion 

phenomena whereby large molecular size molecules are unable to 

enter the smaller pores of the activated carbon. A water 
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source with medium AMW material (e.g., 1,000 to 5,000) can be 

effectively treated by adsorption. Low molecular weight 

fulvic acids are very hydrophilic and not amenable to removal 

by coagulation or adsorption, and thus such a source becomes 

a candidate for an oxidative technique that can create partial 

oxidation products that are characterized by less color as 

well as a lower reactivity in forming THMs. 

In addition to the AMW fingerprinting technique, 

characterization of the acidic functional group makeup of 

humic and fulvic acids also provides insight in treatment 

process applicability. For example, fulvic acids with a 

higher carboxylic acidity (and hence higher charge density) 

are more difficult to chemically coagulate by charge 

neutralization than humic acids with a lower charge density. 

Moreover, lower charge density molecules are easier to adsorb 

onto activated carbon with all other factors equal. It is 

important to recognize that a simple lowering of the pH will 

reduce the charge density as acidic groups are converted to 

their nonionized form. 
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CHAPTER 2 

LITERATURE REVIEW 

It is well known, that colored waters are often caused by 

natural organic matter (NOM), and more specifically, humic 

substances. Colored water of this nature is not only 

aesthetically displeasing, but also has the capacity for 

trihalomethane (THM) formation upon chlorination during water 

treatment. The most common THM, chloroform (CHC13), is a 

proven animal carcinogen and a suspected human carcinogen 

(National Academy of Sciences, 1977; National Interim Primary 

Drinking Water Regulations, 1979). The present USEPA primary 

standard for total trihalomethanes (TTHM) is 100 fi g/L 

(National Interim Primary Drinking Water Regulations, 1979); 

however, there are indications that a more stringent standard 

of 25 /xg/L will be promulgated by the early 1990's. 

The treatment of water to reduce naturally occurring 

color of a humic nature without releasing THMs to the 

distribution system has three alternatives: (i) removal of 

the THM precursor material prior to chlorination, (ii) use of 

alternate oxidants which discourage THM formation, and (iii) 

removal of the THMs following formation. To date, the most 

successful alternatives have been the removal of precursors 
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and the use of alternate oxidants. This research involved 

reducing naturally occurring color from a groundwater source 

with chemical coagulation, thus removing the THM precursors 

prior to chlorination. 

2.1. Occurrence of Color. 

Humic substances are naturally occurring refractory 

organics which consist of humic acids, fulvic acids, and 

humins (Edwards and Amirtharajah, 1985; Hubel and Edzwald, 

1987). The molecular weight distribution of aquatic humic 

acids and fulvic acids ranges from approximately 500 to 

10,000. The stability of humic and fulvic acid molecules in 

water is largely due to a charge density imparted by acidic 

functional groups. A more complete description of each of 

these constituents can be found elsewhere (Carey, 1989). 

Aquatic humic substances account for approximately 50% of 

the dissolved organic carbon (DOC) present in most natural 

waters. The exact humic and dissolved organic carbon content 

of any natural water is however, highly environment specific. 

Carey (1989) reported that DOC is present in nearly all water 

sources and that the concentration of DOC in groundwater 

ranges from 0.7 mg/L to 100 mg/L. Additionally, the type of 

aquifer material is a major factor in the DOC content (Carey, 

1989). The major influences on the humic content of various 

water sources are the geographical, climatic, and chemical 
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environment of the source, the degree of evolution, the type 

of parent organic material, and the productivity of the 

environment (Thurman, 1985). 

2.2. Removal of Trihalomethane Precursors bv Coagulation. 

The removal mechanisms involved in the coagulation of 

humic substances have been suggested by many authors (Edwards 

and Amirtharajah, 1985; Hubel and Edzwald, 1987; Jekel, 1986; 

Kuo et al., 1988; Randtke, 1988). Generally, the two main 

mechanisms are described as (i) charge neutralization and (ii) 

sweep flocculation (Edwards and Amirtharajah, 1985; Hubel and 

Edzwald, 1987; Jekel, 1986; Kuo et al., 1988). However, a 

more in-depth description of the removal mechanisms has been 

reported by Randtke (1988). 

Edwards and Amirtharajah (1985) used charge 

neutralization and sweep flocculation to describe the removal 

of color when developing a color removal domain diagram for 

alum coagulation. Furthermore, these researchers contrasted 

the removal of color with the removal of turbidity by the two 

mechanisms. During charge neutralization removal, turbidity 

particles become coated with aluminum hydrolysis products and 

their natural negative charge is reduced allowing the 

particles to flocculate. The hypothesis for humics removal by 

charge neutralization suggests that humics tend to complex 

with the aluminum and form aluminum-humate precipitates. 
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Sweep flocculation of turbidity particles involves enmeshment 

of turbidity in aluminum hydroxide floes whereas sweep 

flocculation of color involves adsorption of color to aluminum 

hydroxide floes. 

In a more detailed description, Randtke (1988) reports 

that the removal of humic substances by coagulation utilizes 

three primary mechanisms: (i) colloid destabilization, (ii) 

precipitation, and (iii) coprecipitation. Colloid 

destabilization is a particle removal mechanism where as 

precipitation and coprecipitation are for dissolved 

contaminant removal only (Randtke, 1988). The general removal 

mechanisms mentioned in the previous paragraph make no such 

distinction. Those mechanisms account for both particulate 

and dissolved substances removal. 

Four secondary mechanisms are involved in colloid 

destabilization. They are (i) electrical double layer (EDL) 

compression, (ii) adsorption and charge neutralization, (iii) 

adsorption and bridging, and (iv) enmeshment in a precipitate 

(i.e., sweep flocculation) (Randtke, 1988). Of these four 

mechanisms, only EDL compression is not likely to occur to a 

significant degree under water treatment conditions (Randtke, 

1988). The other mechanisms will occur to a degree which 

depends on the treatment conditions (Randtke, 1988). 

Randtke (1988) describes precipitation as the conversion 

of a dissolved substance into a solid due to the exceedance of 
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its solubility product. Thus, this definition allows colloid 

destabilization and precipitation to remain mutually exclusive 

(Randtke, 1988). 

Randtke's (1988) definition of coprecipitation was 

derived from the work of Salutsky (1959) who described 

coprecipitation as the contamination of a precipitate by an 

impurity that is otherwise soluble under the conditions of the 

precipitation. Additionally, four types of coprecipitation 

have been defined (Kolthoff, 1932; Skoog and West, 1982). 

Isomorphic inclusion takes place when the impurity substitutes 

into the crystal lattice for an ion of similar size and 

chemical characteristics. Nonisomorphic inclusion occurs when 

the impurity appears to be dissolved in the precipitate. 

Occlusion is a type of coprecipitation which results in 

crystal imperfections. Impurities differing in size and 

chemical characteristics from the lattice ions are adsorbed at 

lattice sites as the crystal grows thus resulting in the 

imperfection. Impurities can also be adsorbed to the surface 

of the crystal rather than internalized. This type of 

coprecipitation has been distinguished as surface adsorption. 

Humic substances exist as negatively charged macro 

molecules of an ill-defined character (Edwards and 

Amirtharajah, 1985). Due to this humic nature, the removal of 

these dissolved organics is believed to occur mainly by 

occlusion (Randtke, 1988). 
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2.3. Findings of Other Researchers. 

Numerous researchers have studied the removal of NOM, 

color, and humic substances using coagulation (Amy and Chadik, 

1983; Babcock and Singer 1979; Chadik and Amy, 1983, 1987; 

Collins et al., 1985, 1986; Edwards and Amirtharajah, 1985; 

Hubel and Edzwald, 1987; Jekel, 1986; Johnson and Randtke, 

1983; Kuo et al., 1988; Randtke, 1988; Rest et al., 1983; 

Semmens and Ayers, 1985; Semmens and Staples, 1986; Sinsabaugh 

et al., 1986; Vik et al., 1985). Metallic coagulants such as 

aluminum sulfate (i.e., alum) and ferric sulfate as well as 

cationic polyelectrolytes have shown an ability to reduce the 

color and trihalomethane formation potential (THMFP) of the 

waters studied. 

Common conclusions have been stated by researchers 

experimenting with different source waters and coagulants. 

One almost universal result is that coagulation preferentially 

removes higher-molecular-weight, hydrophobic, acidic 

contaminants (Amy and Chadik, 1983; Chadik and Amy, 1983, 

1987; Collins et al., 1985, 1986; Jekel, 1986; Rest et al., 

1983; Semmens and Ayers, 1985; Semmens and Staples, 1986; 

Sinsabaugh et al., 1986). Also common is the belief that the 

fraction removed causes the greatest degree of color and has 

the highest THMFP (Amy and Chadik, 1983; Babcock and Singer, 

1979; Chadik and Amy, 1983; Collins et al., 1985, 1986; 

Johnson and Randtke, 1983; Rest et al., 1983). 
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These results are significant because the success of any 

coagulation process is dependent on a number of raw water 

characteristics and process variables (Amy and Chadik, 1983; 

Chadik and Amy, 1983, 1987; Randtke, 1988). The raw water 

characteristics of importance are the exact organic 

contaminants and inorganic species present (Randtke, 1988). 

These characteristics make each raw water unique. Typical 

measurements which are monitored to define these raw water 

characteristics are total organic carbon (TOC) , UV absorbance, 

turbidity, alkalinity, and ambient pH (Amy and Chadik, 1983; 

Chadik and Amy, 1983, 1987; Randtke, 1988). The process 

control variables that influence the effectiveness of 

coagulation include coagulant type, coagulant aids, coagulant 

dosage, and pH modification (Amy and Chadik, 1983; Chadik and 

Amy, 1983, 1987; Randtke, 1988). It must also be recognized 

that although common results were achieved, the degree of 

success of each coagulation process varied. Therefore, the 

success of coagulation needs to be evaluated for each 

individual water source. 

In addition to the common conclusions described above, 

Randtke (1988) reports that researchers experimenting with 

metallic coagulants have found that with a minimum coagulant 

dose, the optimum pH for NOM removal is 5-6. This conclusion 

is supported by a color removal diagram developed by Edwards 

and Amirtharajah (1985). The diagram is shown in Figure 2.1. 
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The major mechanism involved in color removal at this pH is 

charge neutralization. The diagram also indicates a second 

optimum color removal area. At higher pH (i.e., pH 6-8), the 

predominant mechanism for removal of color becomes sweep 

flocculation. 

2.4. Experience In Treating Colored Water. 

As mentioned previously, a number of researchers have 

studied the coagulation of NOM, color, and humic substances 

with a variety of source waters. The source water for this 

research is Orange County groundwater generally having a high 

color of a suspected humic nature and a low turbidity; 

therefore, the results of specific studies with similar 

sources are of particular interest. 

Chadik and Amy (1983), Amy and Chadik (1983), Hubel and 

Edzwald (1987), and Edwards and Amirtharajah (1985) have 

coagulated waters of low turbidity and high organic content. 

Chadik and Amy (1983) tested metallic coagulants for the 

removal of THM precursors from five natural waters. Amy and 

Chadik (1983) reported the results of cationic polyectrolytes 

for THM precursor removal from those s'me natural waters. 

Hubel and Edzwald (1987) compared metallic coagulants to a 

variety of polymers for removing THM precursors from low 

turbidity, low alkalinity waters. Edwards and Amirtharajah 

(1985) used a synthetic water containing varied amounts of 
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humic acid and turbidity to develop a color removal diagram 

for alum coagulation. The typical characteristics of the low 

turbidity, high organic containing waters used by these 

researchers are given in Table 2.1. 

Table 2.2 and Table 2.3 show the results of Chadik and 

Amy (1983), Amy and Chadik (1983), and Hubel and Edzwald 

(1987) at ambient pH and modified pH, respectively. From 

these tables, it is evident that THM precursor removal occurs 

and that the greatest removals occur at pH 5-6 for the 

metallic coagulants as concluded by other researchers. The 

percent removal of THM precursors exceeded the percent removal 

of TOC for all but one case reported in Table 2.2 and Table 

2.3. This supports the conclusion that the TOC removed by 

coagulation has the highest THMFP and is preferentially 

removed. The great variance in removal (i.e., 27%-72% for TOC 

and 38%-79% for THMFP) indicates that coagulation of TOC and 

THM precursors is highly source-water specific and must be 

evaluated on a water-by-water basis. 

Some conclusions were made by Hubel and Edzwald (1987) 

that are not evident from the results in Table 2.2 and Table 

2.3. Alum coagulation is more effective than polymers as sole 

coagulants. However, they also concluded that polymers may be 

economically effective at removing THM precursors from low 

turbidity, low TOC (i.e., <5 mg/L) waters in which 40% THMFP 

reduction is adequate to meet the needs of the water's use. 
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TABLE 2.1. Typical Raw Water Characteristic!. 

Researcher 
Water 
Source 

TOC 
(mg/L) 

UV Abs 
(cm1) 

THMFP 
0« /L) 

Color 
(pcu) 

Turbidity 
(NTU) 

Ambient 
pH 

Chadik & 
Amy (1983) 

Biscayne 
Aquifer 

9.0 0.128* 560 NA 0.37 8.50 

Chadik & 
Amy (1983) 

Daytona 
Beach 

Aquifer 

9.2 0.117* 667 NA 0.42 7.84 

Edwards & 
Amiitharajah 

(1985) 

Synthetic 
Humic Acid 

Solution 

4.0-
37.5b 

NA NA 100-
900 

0-30 adjusted 

Hubel & 
Edzwald (1987) 

Grasse 
River, 

New York0 

6.7 0.311' 656 NA 2.1 7.65 

Hubel & 
Edzwald (1987) 

Grasse 
River, 

New York* 

9.4 0.424' 746 NA 2.3 7.35 

Hubel & 
Edzwald (1987) 

Synthetic 
Humic Acid 

Solution 

1.9 0.015' 197 NA 1.3 adjusted 

Note: * UV Absoibance measured at 310 nm 
1 Humic acid concentration, not specifically measured as TOC 
* Sample collected 6/21/82 
' UV Absoibance measured at 254 nm 
* Sample collected 7/06/82 



TABLE 2.2. Results of coagulation at ambient pH. 

Researcher 
Water 
Source Coagulant Dose" 

Percent Removed 

TOC ™ 

Chadik & 
Amy (1983) 

Biscayne 
Aquifer 

AI(ni) 20 47 51 

Fe(m) 40 38 49 

Polymer1 20 NA 44 

Daytona 
Beach 

Aquifer 

Al(OI) 

Fe(m) 

30 

30 

40 

27 

43 

38 

Polymer* IS NA 47 

Hubel & 
Edzwald (1987) 

Grasse R., 
New Yortf 

Al(m) 2.8 53 53 

Grasse R., 
New York* 

Polymer' 9 58 52 

Synthetic 
Humic Acid 

Solution 

AIOD) 0.6 NA 77 

Note: * Dose given in mg/L as metal or in mg/L as polymer 
' Cationic, low molecular weight polyalkyl-polyamine 
• Cationic, ultra-low molecular weight quateraaiy polyamine 
' Sample collected 6/21/82 
* Sample collected 7/06/82 
' Magnifloc S73C + 70 mg/L Al](SOJ,'16 H,0 as coagulant aid 



TABLE 2.3. Reiulu of coagulation at modifled pH. 

Water 
Source 

Percent Removed 

Researcher 
Water 
Source Coagulant Dose" pH TOC 

THMF 
P 

Chadik & 
Amy (1983) 

Bitcayne 
Aquifer 

A1(II1) 10 5.4 63 65 

Fe(IU) 30 4.9 72 74 

Daytona 
Beach 

Aquifer 

A1(I11) 

Fe(III) 

30 

30 

5.3 

5.3 

53 

44 

57 

49 

Hubel & 
Edzwald (1987) 

Grasse R., 
New York' 

Ai(m) 1.2 5.5 43 69 

Synthetic 
Humic Acid 

Solution 

Ai(m) .1 5.5 NA 79 

Note: ' Doce given in mg/L aa metal or in mg/L a> polymer 
k Sample collected 6/21/82 
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Edwards and Amirtharajah (1985) synthesized a colored 

water by incorporating various amounts of humic acid into 

water for the purpose of developing a alum coagulation color 

removal diagram (Figure 2.1). These researchers varied the 

concentration of humic acid, the pH of coagulation, and the 

turbidity present in the development of the diagram. The two 

areas of optimum coagulation correspond to 90% removal of 

color. Conclusions made by Edwards and Amirtharajah (1985) 

include that the presence of turbidity has little effect on 

color removal except at low concentrations of color. Edwards 

and Amirtharajah (1985) hypothesized that at low color 

concentrations, the presence of turbidity allows for lower 

alum doses because more particles present increases the number 

of collisions between particles thus improving flocculation. 

On a related point, Chadik and Amy (1983) concluded that 

optimizing the coagulation process for color removal will 

provide adequate turbidity removal. 

In addition to the results of these researchers, one 

utility in the Orange County region is currently using 

chemical coagulation, at least in part, to treat highly 

colored groundwater for water supply purposes. The utility is 

the City of Long Beach Water Department (LBWD). 

The City of Long Beach Water Department (LBWD) operates 

a 25 MGD capacity water treatment plant for processing a 

moderate to highly colored groundwater (e.g., 35 c.u., color 
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units). The process train resembles that of a conventional 

surface water treatment plant, and includes aeration, 

coagulation/flocculation, sedimentation, filtration, and 

disinfection. In addition, groundwater with lower color 

levels (e.g., 7 c.u.) is treated according to an abbreviated 

process train involving free chlorination and chloramination 

only. LBWD also purchases treated and disinfected water from 

the Metropolitan Water District (MWD) which is further 

disinfected before distribution, with all three process 

streams blended prior to distribution. 

Treatment provided for the high color groundwater 

includes both coagulation and chlorination. Coagulation has 

been achieved with a cationic polyelectrolyte, Magnifloc 573C, 

a polymer reported to be resistant to chlorine. The polymer 

alone typically achieved a 60% reduction in color, with a 

further reduction provided by chlorine addition. 

Chlorine is first added before the filters at a dose of 

5.0 to 6.5 mg/L, providing a free residual of about 0.5 mg/L 

in the filter effluent as water emerges from a filter module 

after 20 minutes of contact time. Additional chlorine is then 

added to reach a level equivalent to 2.5 mg/L which is then 

tied up with NH3 added according to a C12/NH3 weight ratio of 

4.8:1. The final product water from the plant typically 

exhibits a color of <8 c.u. and a turbidity of <0.3 NTU. 
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Treatment provided for low color groundwater (up to 24 

MGD) consists of chlorination for both color reduction and 

disinfection. Chlorine, Cl2, is applied at a concentration of 

6 to 10 mg/L prior to introduction into a cistern. Ammonia, 

NH3, is subsequently added to convert the remaining free 

residual to monochloramine, based on a C12/NH3 mole ratio of 

1:1 which corresponds to a weight ratio of 4.8:1. The 

relevant reaction involving chlorine in the form of 

hypochlorous acid, H0C1, is shown below: 

H0C1 + NH3 > NH2C1 + H20 

Trihalomethane (THM) levels in the LBWD distribution 

system are typically about 60 /xg/L in the "blended service 

area". The blend of all process streams typically contains 

about 2.2 mg/L of NH2C1. 
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CHAPTER 3 

EXPERIMENTAL METHODS 

3.1. Sample Acquisition. 

A total of eighteen (18) water samples were acquired from 

well sites under conditions specified by the Orange County 

Water District (OCWD). The sample identification and 

collection date are listed in Table 3.1. Samples were 

collected by representatives of OCWD in nalgene containers. 

The nalgene containers were previously acid washed using a 50% 

sulfuric acid solution and then double rinsed using first 

distilled water and second ultrapure water (Milli-Q System, 

Millipore Corp.). Following collection, the water samples 

were packed in ice water and expeditiously shipped to the 

University of Arizona. Upon receipt, the samples were 

immediately refrigerated at 4° C and stored until use. 

3.2. Chemical Characterization of Groundwater Samples. 

The characterization of the raw water first involved 

filtration through a prewashed 0.45 #ra filter which provided 

an operational definition of dissolved organic matter (DOM). 

Following filtration, the water was split into aliquots for 

the purpose of characterizing the DOM. One aliquot of the DOM 



TABLE 3.1. Sample Identification and Collection Date. 

Well Source Date 

OCWD-Dl-a 08/17/88 

IRWD-13-a 09/18/88 

MCWD-4 09/29/88 

OCWD-CC 10/13/88 

IRWD-13-b 10/27/88 

OCWD-CMGC 11/14/88 

OCWD-GW3 12/01/88 

OCWD-GW4 01/05/89 

HBWD-2-a 01/23/89 

OCWD-C5 02/15/89 

OCWD-C3 03/01/89 

OCWD-C1 03/22/89 

HBWD-2-b 03/28/89 

OCWD-Dl-b 04/05/89 

MCWD-5 04/24/89 

HBWD-8 05/08/89 

IRWD-4 05/31/89 
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was subject to the following analysis: 

(i) non-purgeable dissolved organic carbon (DOC) 

(ii) UV absorbance 

(iii) trihalomethane formation potential (THMFP) 

(iv) total organic halide formation potential 

(TOXFP) 

(v) bromide 

A second aliquot of the DOM was subjected to an AMW 

distribution using stirred, 200-ml ultrafiltration (UF) cells 

(Amicon, Inc.), a technique described by Amy et al. (1987a). 

Those waters with a DOC > 2 mg/L were filtered through 

membranes having molecular weight cutoffs of 500; 1,000; 

5,000; 10,000; and 30,000. Waters with a DOC < 2 mg/L were 

filtered through membranes having molecular weight cutoffs of 

1,000 and 10,000. Each filtrate was subjected to DOC, UV 

absorbance, and THMFP analysis. 

Where appropriate, a third aliquot of the DOM was 

fractionated into humic and nonhumic fractions employing the 

technique described in Collins, Amy, and Steelink (1986), 

based on adsorption of humic substances onto a column of XAD-8 

resin (Rolm and Haas) under acidic conditions. Both the feed 

water (i.e., influent) and the column effluent containing 

material not retained on the resin were analyzed for DOC, UV 

absorbance, and THMFP. The material retained on the resin was 

subsequently eluted with NaOH. The eluent was also analyzed 
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for DOC and UV absorbance, as well as acidity. DOC 

measurements and corresponding sample volume data permitted 

mass balance calculations as an analytical control. The 

carboxylic acidity of the humic substances fraction was 

determined by the titration technique described in Collins, 

Amy, and Steelink (1986). 

The overall analytical protocol for characterization of 

the DOM in the groundwater samples is described in Figure 3.1. 

In summary, analytical characterization involved DOC, UV 

absorbance, and THMFP characterization of the overall DOM, the 

humic and nonhumic fractions of the DOM, and the molecular 

weight fractions of the DOM. In addition, the overall 

filtered waters were characterized according to TOXFP and 

bromide ion. 

3.2.1. Additional Analyses on Raw Water. 

A number of analyses were conducted on the groundwater 

samples which were intended to augment the characterization 

and provide additional insight on the performance of specific 

bench-scale treatments. The supplemental analyses which 

provided information relevant to the coagulation treatment 

were total organic carbon (TOC) content and color. Also, a 

water analysis which included a complete mineral analysis was 

performed at the OCWD laboratories for each groundwater 

sample. 
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FIG. 3.1. Overall Analytical Protocol. 
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3.3. Bench-scale Coagulation Procedure and Evaluation. 

Fifteen (15) of the eighteen (18) groundwater samples 

were subjected to the chemical coagulation protocol displayed 

in Figure 3.2. One water, 0CWD-C1, was not evaluated due to 

its high initial quality, low color and low DOC. Treatment of 

this sample would not provide any additional information on 

the removal of color bodies and humic substances. Two other 

samples, HBWD-2-b AND HBWD-8, were not subjected to bench-

scale coagulation but rather were part of a pilot study 

conducted by others. These raw waters were characterized and 

included in the overall assessment of the basin's water 

properties even though no coagulation treatment was done. 

Coagulation experiments were conducted in bench-scale 

mode using a conventional jar test. Conventional treatment 

was simulated using rectangular-shaped plexiglass jars and by 

providing rapid mixing for one minute at a velocity gradient, 

G, of 300 sec"1 followed by slow mixing, G = 30 sec"1, for 30 

minutes and finally quiescent settling for one hour. Rapid 

sand filtration (RSF) was simulated by filtration through a 

prewashed 5 fm membrane filter (Millipore Corp.). 

For each water source, a series of preliminary 

experiments was run to define appropriate coagulant doses for 

producing a larger batch of a treated water for molecular 

weight distribution analysis. Additionally, this "screening" 
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FIG. 3.2. Coagulation Protocol. 
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process provided an opportunity to compare types of coagulants 

and vary coagulation conditions (i.e., pH, turbidity). 

Importantly, it should be recognized that the principal goal 

of this task was not to directly optimize the coagulation 

process for humic substances removal but rather to provide 

some preliminary "mechanistic" insight into process 

applicability and process monitoring. Published color removal 

domain diagrams, such as the one shown in Figure 2.1, were 

used in selecting an appropriate range of alum doses in the 

preliminary coagulation experiments (Edwards and Amirtharajah, 

1985). 

All treated waters derived from these experiments were 

characterized according to TOC, DOC, turbidity, and UV 

absorbance with achieved reductions in DOC serving as a basis 

for selecting specific treated waters to be generated in 

larger batches for AMW characterization. For the selected 

coagulant, a unique treated water was produced for 

comprehensive characterization with a target DOC reduction of 

50%. 

The characterization of the large batch of treated water 

began with testing for total organic carbon (TOC) and 

turbidity following 5 /*m filtration. This filtrate was then 

subjected to 0.45 /im filtration and analyzed for DOC, UV 

absorbance, and THMFP. Finally, an AMW distribution similar 

to that done on the raw water was employed. 
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One important note is that the water treated by chemical 

coagulation was not filtered prior to processing. Therefore, 

any particulate matter present would have the capacity to act 

as a nucleation site for coagulation. This was an attempt to 

simulate a "real-world" situation. 

3.4. Analytical Procedures. 

3.4.1. Definition of Dissolved Organic Matter. 

Each water sample, treated as well as raw, was filtered 

through a prewashed 0.45 jum membrane filter (Millipore Corp.) 

to provide an operational definition of dissolved organic 

matter (DOM) . The prewashing of membrane filters involved the 

filtration of 500 ml of ultrapure water through the membranes 

to remove any residues resulting from preservation and 

packaging of the membranes. 

3.4.2. Apparent Molecular Weight Distribution. 

The apparent molecular weight distribution as determined 

by ultrafiltration employed stirred, 200 ml UF cells with YC 

and YM series hydrophilic membranes, all manufactured by 

Amicon, Inc. The raw and treated waters were both subject to 

ultrafiltration fractionation as described previously. The 

actual membranes used in the fractionation procedure were 

YM30, YM10, YM5, YM2, and YC05 and correspond to molecular 

weight cutoffs of 30,000; 10,000; 5,000; 1,000; and 500, 
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respectively. 

Each membrane was initially conditioned as recommended by 

the manufacturer. The conditioning procedure involved soaking 

the membrane in a 5% NaCl solution for at least 30 minutes to 

remove any materials which would interfere with measurement of 

UV absorbance on the filtrate. Next, the membrane was soaked 

in ultrapure water for a minimum of 2 hours, with the 

ultrapure water having been replaced 4 times during this 

preparation process. 

Use of the ultrafiltration system first involved placing 

the membranes in the UF cells and filling the cells with 180 

ml of ultrapure water. At least 50 ml of this water was 

processed through each membrane using 50 psig nitrogen gas as 

the driving force. This flushing was intended to remove any 

material trapped in the membrane which may have otherwise 

passed and contaminated the filtrate. The cells were then 

rinsed with the actual sample (raw or treated water) to be 

fractionated and filled with 180 ml of the sample. Prior to 

entering the UF cell, the sample was filtered through a 0.45 

jLtm filter. Again, 50 psig nitrogen served as the driving 

force. The first 5 ml of the filtrate was discarded to insure 

the removal of any Milli-Q flushing water trapped in the 

membrane pores and tygon exit tube. Up to 145 ml of filtrate 

was collected in acid washed, 250 ml erlenmeyer flasks and 
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stored at 4° C until analysis for DOC, UV absorbance (254 nm) , 

and THMFP could be performed. 

Following the fractionation, the cells and membranes were 

rinsed with ultrapure water. The membranes were stored wet at 

4° C between uses. The membranes were used a maximum of 10 

times prior to replacement with a newly conditioned membrane. 

It is important to note that the filtration cells were 

set up in parallel, thus producing filtrates which were 

cumulative fractions (e.g., <30K, <10K). The amount of DOM 

associated with each cumulative fraction was determined by 

direct measurement of the respective permeates. Discrete 

fractions (e.g., 10K-30K) were found via calculation by 

difference after analysis. 

This method of fractionation, like the methods of many 

other researchers does not consider the rejection properties 

of the ultrafiltration membranes. Subsequent investigation 

by Logan and Jiang (1989) has indicated that those properties 

should be taken into account. Logan and Jiang (1989) propose 

a method for determining the rejection properties of a 

membrane and accounting for them in other membrane separations 

by applying a determined factor called a rejection 

coefficient. In their investigation Logan and Jiang (1989) 

determined rejection coefficients for UF membranes similar to 

those used in this research. They also conducted a portion 
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of their investigation using OCWD groundwater. The results of 

Logan and Jiang (1989), when using this groundwater sample, 

suggest that when the rejection properties of the UF membranes 

are not accounted for, the low molecular weight fraction of 

the AMW distribution is underestimated. 

3.4.3. Organic Carbon. 

Many forms of organic carbon (OC) are defined in Standard 

Methods section 5310A (1989). Relevant OC forms as well as 

other OC forms defined for this research are listed in Table 

3.2. 

The type of organic carbon measured (e.g., TOC, DOC) was 

first isolated by membrane filtration following the definition 

shown in Table 3.2. Following the isolation, non-purgeable 

organic carbon was measured using the combustion-infrared 

method described in Standard Methods section 5310B (1989) and 

a Shimadzu TOC-500 Low-Level Organic Carbon Analyzer. 

The measurement of all forms of non-purgeable organic 

carbon involved the transfer of approximately 10 ml of the 

isolated sample to an acid-washed vial. The sample was then 

acidified to pH < 2 with 1.2 N HC1 and sparged with Ultra Zero 

air (<1 ppm C02, CO, and hydrocarbons). The purpose of this 

sparging step was to purge any inorganic carbon species (e.g., 

C02, HCOj"1, COj"2) . 



TABLE 3.2. Deflned Forms of Organic Carbon. 

Form Definition 

TOC Total organic carbon, unfiltered 

DOC Dissolved organic carbon, <0.45 /un 

NDOC Non-dissolved organic carbon (particulate), TOC-DOC 

NPOC Non-purgcablc organic carbon 

POC Purgeable organic carbon 
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Once purged, 50 fiL injections of the sample were made 

into the OC analyzer. The principle of measurement was that 

all the carbon species present were converted to a single 

form, C02, by catalytic-induced combustion. The C02 was then 

measured quantitatively by a nondispersive infrared analyzer. 

Duplicate injections were made and the results averaged. 

Samples were quantified by comparison to known carbon 

standards which were purged in the same manner as the samples. 

3.4.4. Absorbance. 

The physical property of absorbance was evaluated on 

selected raw and treated water samples. Absorbance in the in 

the ultra-violet (UV) light range was measured at a wavelength 

of 254 nm. The wavelength of 254 nm was chosen because this 

wavelength has been established and used as a measure of 

humics by others (Hubel & Edzwald, 1987). This analytical 

assessment was useful because the physical property of 

absorbance corresponds in part to the chemical composition of 

the water. Hence relationships between absorbance and other 

analytical parameters (e.g., DOC, THMFP) could be evaluated. 

Absorbance measurements were done on selected samples 

using a Shimadzu UV-160A UV-Visible Recording 

Spectrophotometer. This analyzer was micro-computer 

controlled and utilize a double-beam photometer. A quartz 
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cell with a one centimeter pathlength as used for all 

analysis. Samples were measured at pH 7 and 20° C following 

standardization of the spectrophotometer with ultrapure water. 

3.4.5. Trihalomethane Formation Potential. 

Trihalomethane formation potential (THMFP) was evaluated 

for selected raw and treated water samples by following the 

procedure outlined in Standard Methods section 5710 B (1989). 

In determining the THMFP, water samples were adjusted to 

pH 7 and transferred to 72 ml acid-washed serum vials which 

were then sealed with teflon coated septa held in place by 

aluminum caps. Chlorine (Cl2) was added from a stock solution 

of NaOCl (Fisher Scientific) via a two-syringe technique. In 

this process, chlorine was added to the serum vial with one 

syringe while a second syringe simultaneously collected 

displaced sample. This technique was employed to prevent air 

from entering the serum vial during chlorination. After Cl2 

addition, the vials were incubated in the dark at 20° C for 

168 hours. 

It should be recognized that an important stipulation of 

the THMFP test (as well as the TOXFP tests) is the need to 

maintain a positive chlorine residual over the 168-hour time 

frame. For most water sources, a C12/D0C ratio of 5:1 (mass 

basis) was required for this purpose. While Collins, Amy, and 
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King (1985) found that a ratio of 3:1 was adequate for a 

series of Colorado River samples, this lower ratio was not 

always adequate in the present study. Presumably, inorganic 

species (e.g., Fe2+, Mn2+, H2S, NH3-N), exerted a chlorine 

demand, necessitating a C12/D0C dose of 5:1. 

Positive chlorine residuals were maintained in all bulk 

water samples (<0.45 /nm, raw and treated). However, in a few 

UF filtrates (e.g., <10K), no chlorine residual existed. In 

these cases, positive chlorine residuals always existed in 

adjacent UF filtrates (e.g., <30K and <5K) and the THMFP of 

the sample with no residual chlorine was estimated based on 

the THMFP results of adjacent filtrates and the UV absorbance 

and DOC results of all three (e.g., <30K, <10K, <5K) samples. 

Trihalomethane species were measured quantitatively using 

a Hewlett-Packard 5790 gas chromatograph (GC) equipped with a 

DB-1 Megabore capillary column and an electron capture 

detector (ECD). Signals from the ECD were sent to a Hewlett-

Packard 3390 Reporting Integrator. The GC temperature program 

and integrator program are listed in Table 3.3. 

Prior to sample analysis, stock solutions of four 

trihalomethanes, chloroform (CHC13) , dichlorobromomethane 

(CHCl2Br), chlorodibromomethane (CHClBr2), and bromoform 

(CHBr3), were prepared in methanol from 97-99+% concentrations 

of each chemical purchased from Aldrich. From the stocks, 



TABLE 3.3. Gai Chromatograph and Integrator Programs. 

Gag Chromatograph Temperature Program: 

Temperature 1 45" C 

Timet 3.50 minutes 

Rale of Temperature Increase 30° C/minute 

Temperature 2 85° C 

Time 2 4.S0 minutes 

Integrator Program: 

Zero 10 

Attenuation 6 

Chart Speed 0.7 

Peak Width 0.04 

Threshold 5 

Area Rejection 0 

Time Table: 

Stop 9.S0 minutes 

Peak Response Times: 

Chloroform 2.8S minutes 

Dichlorobromomethane 4.38 minutes 

Chlorodibro mo methane 6.04 minutes 

Bromoform 8.22 minutes 
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standards containing all four THM species were prepared in 

capped serum vials containing 72 ml of ultrapure water. 

Extraction of the THM species from the water-based 

standards was necessary because aqueous injections would upset 

the operation of the ECD. Therefore, a liquid/liquid 

extraction was performed using pesticide or THM grade pentane. 

Prior to use, the pentane stock was analyzed for the presence 

(absence) of any THM species. 

The extraction procedure employed the two-syringe 

technique for addition of 5 ml of pentane to the serum vial. 

The vial was then agitated for two minutes to enhance the 

transfer of THMs to the pentane. After extraction, 2 fiL 

samples of the THM-laden pentane were injected into the GC. 

The results of the standards generally indicated a non

linear relationship between area count and THM concentration. 

Calibration curves were then developed for each THM specie 

from the standard results. 

Following incubation, THMFP samples were qualitatively 

tested for a positive chlorine residual using the DPD 

Colorimetric method outlined in Standard Methods section 4500-

C1 G (1989) . The vials were then dechlorinated with sodium 

thiosulfate (Na2S203) and quantitatively tested for THM 

content. The liquid/liquid extraction procedure and GC 

program used in analyzing the standards were employed for THM 
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quantification in the samples. 

3.4.6. Total Organic Halide Formation Potential. 

Total organic halide formation potential (TOXFP) was 

measured on select samples. Preparation and testing for TOXFP 

followed Standard Methods section 5320 B (1989) and utilized 

the same conditions as for the THMFP [i.e., pH 7.0, 20° C, 

Cl2/DOC =5:1 (mass basis), 168 hour incubation]. 

Chlorine residual was again tested for qualitatively at 

the end of the incubation period and the sample dechlorinated 

using Na2S203. Quantification of total organic halide (TOX) 

was then accomplished using a Dohrmann DX-20 total organic 

halide analyzer. 

Measurement of the organically-bound halide (OX) species 

with the Dohrmann instrument was a two-step procedure. The 

first step involved adsorbing the OX in the samples onto 

activated carbon while the second step was to combust the 

carbon and determine the TOX by microcoulometric titration. 

Samples ready for TOX measurement were prepared by 

diluting 2 ml to 50 ml with ultrapure water in a volumetric 

flask. This diluted sample was acidified by the addition of 

0.5 ml of concentrated nitric acid. Furthermore, 0.5 ml of 

sodium sulfite was added to ensure reduction of residual 

chlorine (Cl2 or 0C12) to chloride (CI"). The dilution step was 
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performed so that the measured TOX would remain in Dohrmann's 

suggested range for DX-20 operation (5.0-50.0 fig) . The 

acidification step was recommended by Dohrmann to aid in OX 

adsorption. 

Following this preparation, the samples and blanks (50 ml 

of ultrapure water only handled- in the same manner as the 

samples) were placed in the DX-20 adsorption channels and 

passed through two pyrex mini-columns containing powdered 

Filtrasorb 400 (Calgon Corp.). The carbon columns were placed 

in series and the driving force was 15 psig C02 ( 99 . 99% pure) . 

Subsequently, the columns were rinsed with 2 ml of 5000 mg/L 

potassium nitrate which was intended to remove any inorganic 

halide adsorbed onto the carbon. Six psig C02 served as the 

driving force during the rinse. 

Prior to blank and sample TOX measurement, start-up and 

calibration checks were made. These checks involved first 

pyrolyzing a sample boat containing only a piece of cerafelt 

onto which a standard solution of 2,4,6-trichlorophenol 

(2,4,6—TCP) would be placed. This standard was then combusted 

to check the instrument recovery. Recovery was calculated 

using the following formula: 

% Recovery = (Measured/Standard) x 100 

Better than 90% recovery was typical. Lower recoveries 

indicated the need for analyzer maintenance. 
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Adsorbed samples and blanks were analyzed by removing the 

carbon from the mini-columns, placing it in the pyrolyzed 

sample boat, and combusting it. The two mini-columns were run 

separately and the results of each column compared to ensure 

the adsorption capacity of the carbon was not exhausted. As 

long as the TOX on the second column in series was no greater 

than 10% of the TOX on the first column, complete adsorption 

was considered to have been achieved. 

For each sample, the TOX of the two mini-columns were 

added and the TOX of the blank subtracted. This TOX was then 

corrected for the dilution factor, resulting in the final 

TOXFP of the sample. 

3.4.7. Bromide. 

The bromide (Br") concentration of selected samples was 

measured using an Orion Model 95-35 ion specific electrode 

(ISE). The ISE was connected to a Corning pH meter #125. 

Prior to sample measurement, a calibration curve was made 

using bromide standards of 100, 180, 260, 340, and 420 /ig/L. 

These standards were prepared from a purchased stock solution 

(0.1 M, Orion). One hundred (100) milliliter aliquots of the 

standards were analyzed. A ten minute stabilization period 

was allowed for the meter and then the millivolt reading was 

recorded. Constant ionic strength was maintained for all 
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measurements (standards and samples) by addition of 1 ml of 

1.0 M NaCl. 

Sample measurement followed the same procedure using 100 

ml aliquots, ionic strength adjustment, and 10 minute 

stabilization. The millivolt reading was then noted and the 

bromide concentration determined from the calibration curve. 

After sample analysis, standards were again run to ensure the 

accuracy of the calibration. 

3.4.8. Turbidity. 

Turbidity measurements were done on select samples using 

a Hach Model 2100A Turbidimeter. Calibration was performed 

using Gelex Secondary Turbidity Standards (Hach). Following 

calibration, sample aliquots were measured and the turbidity 

read directly from the meter. 

3.4.9. Color. 

The color of selected samples were measured using a 

Hellige Aqua Tester with color disc #611-11. Prior to use, 

the accuracy of this method of color determination was 

assessed by measurement of color standards prepared according 

to Standard Methods section 204 A (1989) . The color standards 

and color wheel determinations were in agreement. 

Measurement of color on samples involved comparison to 40 

ml aliquots of the sample to a blank of 40 ml of ultrapure 
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water. All measurements were conducted at room temperature. 

The sample and the blank were placed in the aqua tester and a 

light source was passed through both simultaneously. The 

color wheel was then adjusted until the blank and the sample 

were visually comparable and the color was read directly from 

the color wheel. Color measurements were confirmed by 

multiple-person analysis. 

3.4.10. Other Analyses. 

Other procedures- htive been eluded to but not described. 

These include humic versus non-humic content, potentiometric 

titration, and fluorescence. These analyses were performed on 

the raw water samples only and by another investigator. The 

details of these procedures have been described by Carey 

(1989). 
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CHAPTER 4 

RESULTS 

4.1. Molecular Weight Fingerprints of Raw Untreated Waters. 

The apparent molecular weight (AMW) fingerprints of 

seventeen source waters studied are shown in Figures 4.1a, 

4.1b, and 4.1c in terms of UV absorbance and Figures 4.2a, 

4.2b, and 4.2c in terms and DOC. One sample, 0CWD-C1, was not 

subjected to fingerprinting due to its very low color. The 

UV absorbance results generally indicated comparable AMW 

distributions even though UV absorbance values varied from 

.040 to .758 cm"1. This trend suggests that "dilution" may be 

an influential factor affecting color in the Santa Ana River 

Groundwater Basin. 

From the UV absorbance fingerprints, it is noteworthy 

that there is an abundance of higher molecular weight organic 

matter within the >10K and even >3OK fractions. A 

predominance of high AMW material suggests the viability of 

chemical coagulation as a treatment protocol. 

From the DOC fingerprints, there is once again a general 

similarity in AMW distributions with the exception of two 

samples taken from one source water, IRWD-13. About 40% of 

the DOC found in this water source exhibited a AMW of <0.5K. 



Raw Water 

UV Absorbance Fingerprints 

>30 10-30 5-10 1-5 0.5-1 

AMW Fraction (Thousands) 
<0.5 

0CWD-D1-a 

IRWD-13-a 

IRWD-12 

MCWD-4 

g] OCWD-CC 

[/j IRWD-13-b 

FIG. 4.1a. Raw Water Fingerprints: UV Absorbance. en 
o\ 
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>30 10-30 5-10 1-5 0.5-1 

AMW Fraction (Thousands) 
<0.5 

| OCWD-CMGC 

g] 0CWD-GW3 

22 0CWD-GW4 

^ HBWD-2-a 

|2] 0CWD-C5 
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FIG. 4.1b. Raw Water Fingerprints: UV Absorbance. 
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FIG. 4.1c. Raw Water Fingerprints: UV Absorbance. ui 
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FIG. 4.2a. Raw Water Fingerprints: DOC. in 
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FIG. 4.2b. Raw Water Fingerprints: DOC. 
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FIG. 4.2c. Raw Water Fingerprints: DOC. 
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For all the source waters, the very low AMW material 

(e.g., <0.5K) exhibited a low specific absorbance: that is, 

organic matter that is measurable by DOC but that does not 

impart color nor absorb UV light at 254 nm. Indeed, most of 

the color was attributable to higher AMW material. 

4.2. Statistical Analysis of Experimental Error. 

Two triplicate series were run on each of two samples 

(MCWD-4 and OCWD-GW3) in order to determine the experimental 

error associated with ultrafiltration (UF) as well as 

analytical characterization of UF permeates by DOC, UV 

absorbance, and THMFP. The results of this statistical 

exercise are summarized in Table 4.1a and Table 4.1b, showing 

average parameter levels along with corresponding coefficients 

of variance (C.V.), for MCWD-4 and OCWD-GW3, respectively. 

These data were used to conduct a series of paired, two-

tailed t-tests to define statistical differences in terms of 

confidence levels (Carey, 1989). Results of paired t-tests 

are also shown in Table 4.1a and Table 4.1b. In most cases, 

parameter measurements derived from "adjacent" UF membranes 

(e.g., 3OK and 10K, IK and 0.5K) were statistically different 

at the 95% confidence level. This exercise allows one to 

attribute shifts in molecular weight distributions to 

treatment effects as opposed to analytical/protocol errors. 

To determine the experimental error associated with the 



TABLE 4.1a. Replicate Series and Statistical Analysia: MCWD-4. 

Parameter Measurements: 

Fraction 
DOC (mg/L) 
+. C.V. (%) 

UV Aba (cm1) 
+ C.V. («) 

THMFP (fjg/L) 
+ C.V. (%) 

<0.45 fun 

<30K 

<10K 

<5K 

<1K 

<0.5K 

Paired t-test Results: 

Fractions 

3.31+. 2.1 

3.00 +. 7.3 

1.75 ± 8.8 

1.31 +. 16 

0.68 + 25 

0.58 + 1.7 

DOC 

0.185 +. 2.8 

0.138 ± 3.3 

0.079 ± 8.2 

0.049 + 26 

0.015 + 10 

0.008 +.33 

Significance LeveM* 

UV Aba 

196 +13 

162 +. 6.0 

117 ± 6.0 

104 +12 

67.3 +. 13 

46.7 + 11 

THMFP 

<0.5Kvs <1K 

< IK va <5K 

<5K va <10K 

<10K va <30K 

<30K vs <0.45 fim 

p < 0.20 

p < 0.025 

p < 0.05 

p < 0.005 

p < 0.05 

p < 0.005 

p < 0.05 

p < 0.05 

p < 0.005 

p < 0.005 

p < 0.01 

p < 0.01 

p < 0.20 

p < 0.01 

p < 0.10 

Note: • A 95 % confidence level corresponds to p=0.05 



TABLE 4.1b. Replicate Series and Statistical Analysis: OCWD-GW3. 

Parameter Measurements: 

DOC (mg/L) UV Abs (cm ') THMFP (ftg/L) 
Fraction n ± C.V. (%) +, C.V. (%) ± C.V. (%) 

<0.45 pm 3 3.44+. 5.2 0.166+ 0.0 144 +. 9.0 

<30K 3 2.41 ± 2.6 0.118 ± 1.2 120 +16.0 

<10K 3 1.74+. 0.6 0.072 ± 3.6 95.8 +. 8.2 

<5K 3 1.17+ 3.8 0.038 + 3.2 83.5 +, 15 

< IK 3 1.01 i, 7.3 0.013 ± 17 54.9 +. 12 

<0.5K 3 0.57 i 3.9 0.003 + 16 39.2 + 22 

Paired t-test Results: 

Significance Levels* 

Fractions DOC UV Abs THMFP 

<0.5Kv« <1K p < 0.01 p < 0.01 p < 0.025 

<1K vs <5K p < 0.025 p < 0.005 p < 0.10 

<5K vs <10K p < 0.001 p < 0.005 p < 0.20 

<10K vs <30K p < 0.005 p < 0.0005 p < 0.01 

<30K vs <0.45 tan p < 0.01 p < 0.0005 p < 0.10 

Note: • A 95 56 confidence level corresponds to p=0.05 
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bench-scale treatment process, one water (0CWD-GW3) was 

subjected to replicate coagulation protocol treatments (n=3). 

A statistical analysis of those replicates is shown in Table 

4.2. The C.V. (%) was less than 4.3%, based on either UV 

absorbance or DOC. 

4.3. Process Screening Experiments. 

Each source water was subjected to a series of 

"screening" experiments to delineate the general response to 

alum dose. Monitoring of screening experiments was based on 

DOC. From each screening experiment, a "select" dose was 

defined for producing a larger batch of treated water for a 

more thorough characterization (i.e., UF, etc.). The criteria 

for defining a "select" dose included both technical as well 

as pragmatic concerns (i.e., economics). Generally, 

"targeted" reductions of roughly 50% of the DOC were defined 

for alum coagulation. 

The overall results of the coagulation screening 

experiments are shown in Figures 4.3a, 4.3b, 4.3c, and 4.3d. 

Figure 4.3a compares TOC (i.e., <5.0 urn) to alum dose while 

Figures 4.3b, 4.3c, and 4.3d compare DOC (i.e., <0.45 fin) to 

alum dose. The difference in Figure 4.3a results from no DOC 

measurements having been taken on a number of screening 

experiments for these four waters. The protocol of taking 

both TOC and DOC measurements was installed following the 
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TABLE 4.2. Replicate Seriea and Statistical Analysis: Untreated & Coagulated OCWD-GW3. 

Status n Fraction 
Alum Done 

(mg/L ai Al) 
DOC (mg/L) 
+ C.V. (*) 

UV Aba (cm1) 
+. C.V. (%) 

Untreated 3 <0.45 fun 0 3.44+ 5.2 0.166+, 0.0 

Coagulated 3 <0.45 fan 5.0 1.45 + 4.0 0.071 ± 4.3 



Coagulation Screening 

OC WD-D1 -a 

IRWD-13-a 
e 

IRWD-12 

A--

-0 

o 1 2 3 4 5 6 7 

Alum (mg/L as Al) 

FIG. 4.3a. Coagulation Screening Experiments. 
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* 
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e 
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FIG. 4.3b. Coagulation Screening Experiments. 
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FIG. 4.3c. Coagulation Screening Experiments. 
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FIG. 4.3d. Coagulation Screening Experiments. 
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coagulation of OCWD-CC, a water in which there was a distinct 

difference in the 5.0 n m and 0.45 /im filtrates of the 

coagulated water. A comparison of TOC and DOC for OCWD-CC is 

given in Figure 4.3b. Following treatment of this water, a 

decision was made to evaluate the screening experiments on DOC 

rather than TOC. 

It is important to recognize that source waters evaluated 

in coagulation were not prefiltered to isolate DOM ( i.e., 

<0.45 fim) : that is, the naturally occurring colloidal matter 

was not removed and considered as potential nucleation sites 

for coagulation and floe growth. In order to evaluate the 

amount of colloidal matter present in the source waters, TOC 

measurements were made. The TOC and DOC contents of the 

source waters are listed in Table 4.5. 

In summary, the coagulation protocol involved evaluating 

non-prefiltered aliquots in jar test experiments. After 

flocculation and settling, an aliquot of the supernatant was 

processed through a 5.0 /im filter intended to simulate rapid 

sand filtration (RSF). This 5.0 nm filtrate was analyzed for 

total organic carbon, TOC. The filtrate was further processed 

through a 0.45 /xm filter, with the 0.45 #xm filtrate analyzed 

for true UV absorbance and dissolved organic carbon, DOC. 

Typically, either a colloidal sol or a pin floe was produced 

after flocculation, depending on A1 dose and water source. In 

the former case, the post-flocculation settling period of one 
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hour provided no discernable solids-liquid separation. For 

almost all of the water sources, the colloidal sol was 

effectively retained by a 5.0 /*m filter. In contrast, for 

OCWD-CC, most of the colloidal sol passed through the 5.0 /xm 

filter while being retained by the 0.45 nm filter (recall that 

the basis of DOC, as opposed to TOC, is 0.45 jum filtration). 

The implication is that coagulation of OCWD-CC produced 

raicro-flocs principally in the range of 0.45 to 5.0 or that 

floes sheared and passed during 5.0 nm filtration. Past 

experience indicates that the "collector efficiency" of a RSF 

is a function of floe size, with some retention of 2-5 jLtm floe 

expected (Amy, 1989). 

A more detailed summary of coagulation screening 

experiments along with related parallel experiments appears in 

Tables 4.3a, 4.3b, and 4.3c. While the original screening 

experiments indicated that 5 mg/L of A1 provided superior 

performance over 3 mg/L of Al, parallel experiments were run 

to examine possible tradeoffs involving the use of the lower 

alum dose (i) at a reduced pH of 6.0, (ii) in the presence of 

externally added bentonite clay serving as potential 

nucleation sites, (iii) in conjunction with a coagulant aid (1 

mg/L Cat-Floc-T), or (iv) in conjunction with pre-ozonation 

(0.25 mg 03/mg DOC). In addition, a low molecular weight 

cationic polyelectrolyte, Magnifloc 573C, and a medium 



TABLE 4.3a. Summary of Coagulation Screening Experiments. 

TOC (mg/L) {DOC} 

Sample Raw Al=5 mg/L Al=3 mg/L 
Al=3 mg/L + 
10 mg/L clay 

Al=3 mg/L 
@ pH 6 

MF573C 
=5 mg/L 

Cat-FIoc-T 
=5 mg/L 

Al=3 mg/L + 
1 mg/L C-F-T 

Pre-O, + 
Al—3 mg/L Fe=5 mg/L 

OCWD-Dl-a 3.81 
{3.43} 

2.62 3.37 2.92 

IRWD-13-a 1.37 
{1.30} 

0.62 1.06 

IRWD-12 1.44 
{1.36} 

1.04 1.41 1.10 0.78 

MCWD-4 3.59 
{3.29} 

1.39 3.40 2.95 0.95 1.81 

OCWD-CC 5.04 
{5.00} 

4.28 
{2.30} 

4.75 
{4.12} 

3.30 
{2.85} 

1.23 
{0.99} 

2.52 
{2.52} 

UV Abcotbance (cm1) 

Sample Raw Al=5 mg/L Al=3 mg/L 
Al=3 mg/L + 
10 mg/L clay 

Al=3 mg/L 
@ p H 6  

MF573C 
=5 mg/L 

Cat-Floc-T 
=5 mg/L 

Al=3 mg/L + 
1 mg/L C-F-T 

Pre-O, + 
Al=3 mg/L Fe=5 mg/L 

OCWD-Dl-a 0.218 0.098 0.150 0.133 

IRWD-13-a 0.062 0.035 0.062 

IRWD-12 0.072 0.032 0.050 0.042 0.022 

MCWD-4 0.183 0.049 0.127 0.103 0.025 0.054 

OCWD-CC 0.266 0.108 0.192 0.145 0.023 0.096 

Notes: (i) TOC measurements were taken after 5.0 fan filter used to simulate rapid sand filtration. DOC and UV Absoibance measurements were made after 0.45 /un filtration, 
(ii) Samples evaluated during coagulation experiments were not prefiltcrcd. ami contained turbidities ranging from 0.26 to 0.49 NTU. 

LO 



TABLE 4.3b. Summary of Coagulation Screening Experiments. 

TOC (mg/L) {DOC} 

Sample Raw Al=5 mg/L Al=3 mg/L 
Al=3 mg/L + 

10 mg/L clay 

Al=3 mg/L 

® p H 6  
MF573C 
=5 mg/L 

Cat-Floc-T 
=5 mg/L 

Al=3 mg/L + 

1 mg/LC-F-T 
Pre-O, + 

A!=3 mg/L Fe=5 mg/L 

OCWD-Dl-a 1.41 
{1.35} 

0.64 0.87 0.85 0.53 1.61 

IRWD-13-a 14.5 
{14.4} 

13.7 
{9.31} 

13.8 
{12.3} 

13.8 
{10.3} 

10.6 
{5.83} 

12.4 
{10.4} {13.0} 

IRWD-12 3.61 
{3.44} 

2.65 
{1.49} 

3.07 
{3.07} 

1.27 
{0.98} 

1.68 
{1.68} {2.52} 

MCWD-4 2.55 
{2.32} 

1.16 
{1.04} 

2.15 
{2.00} 

1.02 
{0.74} 

1.20 
{1.20} 

1.37 
{1.37} 

1.96 
{1.22} 

1.80 
{1.29} 

OCWD-CC 1.21 
{1.21} 

0.64 
{0.64} 

0.71 
{0.68} 

0.67 
{0.67} 

2.52 
{2.07} 

1.53 
{1.41} 

0.84 
{0.62} 

0.83 
{0.76} 

UV Absoibance (cm1) 

Sample Raw Al=5 mg/L Al=3 mg/L 
Al=3 mg/L + 

10 mg/L clay 

Al=3 mg/L 

® pH 6 
MF573C 
=5 mg/L 

Cat-Floc-T 
—5 mg/L 

Al=3 mg/L + 

1 mg/LC-F-T 
Pre-O, + 

Al=3 mg/L Fe=5 mg/L 

OCWD-Dl-a 0.060 0.017 0.031 0.022 0.009 0.029 

IRWD-13-a 0.758 0.472 0.605 0.616 0.327 0.605 0.495 

IRWD-12 0.166 0.051 0.166 0.013 0.056 0.109 

MCWD-4 0.121 0.032 0.094 0.013 0.036 0.049 0.042 0.037 

OCWD-CC 0.045 0.018 0.025 0.009 0.033 0.029 0.020 0.009 

Notes: (i) TOC measurements were taken after S.O ftm filter used to simulate npid sand filtration. DOC and UV Absoibance measurements were made after 0.45 (an filtration, 
fii) Samples evaluated during coagulation experiments were not prefiltered, and contained turbidities ranging from 0.26 to 0.49 NTU. 

(iii) Pre-Ozonation conditions corresponded to 0.25 mg Qj/mg DOC 

-J 



TABLE 4.3c. Summary of Coagulation Screening Experiments. 

TOC (mg/L) {DOC} 

Sample Raw Al=5 mg/L Al=3 mg/L 
Al=3 mg/L + 

10 mg/L clay 

Al=3 mg/L 
@ p H 6  

MF573C 
=5 mg/L 

Cat-Floc-T 
=5 mg/L 

A!—3 mg/L + 
1 mg/LC-F-T 

Pre-O, + 
Al=3 mg/L Fe=5 mg/L 

OCWD-C5 9.00 
{8.56} 

7.87 
{4.30} 

8.00 
{6.54} 

8.05 
{4.54} 

7.10 
{6.66} 

6.94 
{6.94} 

8.04 
{6.61} 

7.45 
{7.41} 

OCWD-C3 1.32 
{1.32} 

0.84 
{0.74} 

1.36 
{0.89} 

0.71 
{0.71} 

1.32 
{0.72} 

0.85 
{0.85} 

1.18 
{1.00} 

1.08 
{1.06} 

OCWD-DI-b 3.28 
{3.28} 

2.26 
{1.86} 

3.03 
{2.74} 

1.46 
{1.18} 

1.85 
{1.85} 

3.03 
{3.03} 

3.25 
{2.56} 

2.78 
{2.68} 

MCWD-5 0.80 
{0.80} 

0.56 
{0.56} 

0.60 
{0.59} 

0.53 
{0.53} 

1.12 
{0.93} 

0.53 
{0.53} 

0.75 
{0.56} 

0.59 
{0.59} 

IRWD-4 0.97 
{0.97} 

0.56 
{0.56} 

0.83 
{0.73} 

UV Absoibance (cm1) 

Sample Raw Al=5 mg/L Al=3 mg/L 
Al=3 mg/L + 

10 mg/L clay 

Al=3 mg/L 
@ p H 6  

MF573C 
=5 mg/L 

Cat-Floc-T 
=5 mg/L 

Al—3 mg/L + 
1 mg/LC-F-T 

Pre-O, + 
Al=3 mg/L Fe=5 mg/L 

OCWD-C5 0.442 0.259 0.385 0.227 0.382 0.435 0.380 0.704 

OCWD-C3 0.070 0.019 0.036 0.013 0.011 0.026 0.031 0.079 

OCWD-Dl-b 0.184 0.075 0.124 0.023 0.082 0.171 0.134 0.181 

MCWD-5 0.035 0.011 0.016 0.006 0.017 0.009 0.012 0.015 

IRWD-4 0.043 O.OU 0.020 

Notts: (i) TOC measurements were taken after 5.0 pm filter uaed to simulate rapid sand filtration. DOC and UV Abaoibance measurements were made after 0.45 fan filtration, 
(ii) Samples evaluated during coagulation experiments were not pre filtered, and contained turbidities ranging from 0.26 to 0.49 NTU. 

(Hi) Pre-Ozonation conditions corresponded to 0.25 mg 0,/mg DOC 

U1 
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molecular weight cationic polyelectrolyte, Cat-Floc-T, were 

each studied as a sole primary coagulant. Finally, the 

performance of ferric chloride was contrasted against that of 

alum. 

Adjustment of the raw water pH to 6.0 during coagulation 

proved to be the most successful modification process. As 

shown in Tables 4.3a, 4.3b, and 4.3c, coagulation with 3 mg/L 

A1 at pH 6.0 equalled or exceeded coagulation with 5 mg/L A1 

in removing DOC and UV absorbing material from every water 

studied. Also, the performance of 3 mg/L A1 at pH 6.0 over 5 

mg/L A1 was more pronounced with respect to UV absorbance 

removal than with respect to DOC removal, suggesting that the 

preferential removal of color bodies is greater with pH 

modification. 

Addition of turbidity in the form of 10 mg/L bentonite 

clay enhanced removals of DOC and UV absorbance. Table 4.3a 

shows that coagulation with 3 mg/L A1 + 10 mg/L bentonite clay 

outperformed coagulation with 3 mg/L of A1 alone. However, 

this modification did not perform as well as 5 mg/L A1 alone 

for any of the waters studied. This modification was 

therefore discontinued so that other treatment strategies 

could be examined. 

The results shown in Tables 4.3b and 4.3c indicate 

coagulation with 3 mg/L A1 in conjunction with 1 mg/L Cat-

Floc-T typically did not perform any better than coagulation 
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with only 3 mg/L Al. Thus, this treatment modification also 

did not yield results attributed to a treatment with 5 mg/L 

Al. 

The results given in Tables 4.3b and 4.3c indicate 

ozonation with 0.25 mg 03/mg DOC followed by coagulation with 

3 mg/L Al generally outperformed coagulation with 3 mg/L Al 

but did not match the DOC and UV absorbance removals of 5 mg/L 

Al. The enhancement of coagulation by pre-ozonation showed 

enough merit to warrant further investigation. The results of 

that study will be presented later in this text (Section 4.6). 

Initial coagulation studies involving polymers as sole 

coagulants included a wide variety of polymers, however only 

two showed any promise and were included in this study. 

Magnifloc (MF) 573C and Cat-Floc-T possessed the ability to 

remove color-causing humics from most of the waters tested. 

Generally, MF 573C was more successful than Cat-Floc-T in 

reducing DOC and UV absorbance but as shown in Tables 4.3a, 

4.3b, and 4.3c, Cat-Floc-T did perform better on a few 

selected waters. 

The performance of Magnifloc 573C with respect to 5 mg/L 

Al was such that further consideration should be given to this 

polymer in the optimization of the coagulation process. Of 

the eleven waters coagulated with both 5 mg/L Al and 5 mg/L MF 

573C, the polymer performed nearly as well as alum on eight. 
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The three waters on which MF 573C did not perform well had low 

initial concentrations of organic matter (i.e., <1.5 mg/L 

DOC). The lack of success on these waters may have been due 

to overdosing of MF 573C, causing restabilization of the 

organics and in some cases a polymer residual following 

filtration. This theory could be tested by coagulating these 

waters with polymer doses ranging from 0.5-5 mg/L. 

Coagulation with ferric chloride at 5 mg/L as Fe did not 

remove DOC and UV absorbing material to the extent that was 

achieved by 5 mg/L Al. It should be recognized that 5 mg/L Fe 

corresponds to approximately 2.5 mg/L Al in terms of charge 

equivalence. Thus, comparison of this iron dose should be 

made to the results obtained from coagulation with 3 mg/L Al. 

Table 4.3c shows that 5 mg/L Fe was capable of removing more 

DOC than 3 mg/L Al, however, a concomitment decrease in UV 

absorbance was not observed in three of the four waters 

examined. This may have been due to residual iron inducing a 

yellow tint to the water and causing an interference in the UV 

absorbance measurements. Based on these results and the 

objective of the study (the removal of color), alum 

coagulation is preferred to iron coagulation. However, two 

possibilities exist for correction of the iron problem. 

First, the iron coagulation process was not optimized. It may 

be possible to adjust the ferric chloride dosage to enhance 

coagulation while limiting the iron residual. Second, it has 
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been proven that ferric sulfate will remove organics and may 

represent an alternative iron coagulant which will not impart 

a color residual. 

4.4. Summary of Results at "Select" Doses. 

A summary of results derived from the "select" doses of 

A1 is presented in Table 4.4 along with the untreated water 

characteristics. Other important characteristics of the raw 

waters appear in Table 4.5. 

4.4.1. Results of Trihalomethane Formation Potential Tests. 

As mentioned previously, the present primary standard for 

total trihalomethanes (TTHMs) is 100 (ig/I> and will likely be 

lowered to 25 /xg/L. It must be recognized, however, that this 

USEPA standard for THM concentration relates to the actual THM 

concentration in a distribution system and that THMFP tests 

relate to a maximum THM concentration formed under a given set 

of conditions. Those conditions are not necessarily 

representative of water treatment and distribution system 

conditions. The conditions for THMFP used in this research 

employed higher chlorine dosages and longer contact times than 

would be typical of a water treatment distribution system 

condition. Thus, these THMFP tests tend to overestimate 

distribution system THM concentrations. 

In an attempt to correlate these THMFP concentrations to 
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TABLE 4.4. Overall Experimental Summary: OCWD, IRWD, MCWD, & HBWD Samples. 

Water Source 
Status 

DOC 
(mg/L) 

UV Aba 
(cm1) 

UV Aba 
DOC 

THMFP 
(Mg'L) 

THM (w) 
DOC (mg) 

Color 
(pcu) 

OCWD-Dl-a Untreated 3.43 0.218 0.064 254 74.1 60 
OCWD-DI-a Al=5 mg/L 1.99 0.085 0.043 173 86.9 n/a 

IRWD-13-a Untreated 1.30 0.062 0.048 137 105 20 
mWD-13-a A1=5 mg/L 0.97 0.016 0.017 84.7 87.3 n/a 

IRWD-12 Untreated 1.36 0.072 0.053 118 86.8 20 
IRWD-12 Al=5 mg/L 0.83 0.023 0.028 76.9 92.7 n/a 

MCWD-4 Untreated 3.29 0.183 0.054 196 57.6 55 
MCWD-4 Al=5 mg/L 1.42 0.049 0.035 102 71.8 10 

OCWD-CC Untreated 5.00 0.266 0.053 209 41.8 100 
OCWD-CC Al=5 mg/L 2.30 0.080 0.035 142 61.7 20 

IRWD-13-b Untreated 1.35 0.060 0.044 126 93.3 20 
IRWD-13-b Al=5 mg/L 0.64 0.017 0.027 81.2 127 <5 

OCWD-CMGC Untreated 14.4 0.758 0.053 389 27.0 210 
OCWD-CMGC AI=5 mg/L 9.31 0.472 0.051 296 31.8 110 

OCWD-GW3 Untreated 3.44 0.166 0.048 144 41.8 55 
OCWD-OW3 Al=5 mg/L 1.49 0.051 0.034 116 77.9 10 

OCWD-GW4 Untreated 2.15 0.121 0.056 162 75.4 45 
OCWD-GW4 Al=5 mg/L 1.04 0.032 0.030 62.2 59.8 10 

HBWD-2-a Untreated 1.10 0.045 0.041 60.6 55.1 13 
HBWD-2-a Al=5 mg/L 0.64 0.018 0.028 44.1 68.9 3 

OCWD-C5 Untreated 8.56 0.460 0.054 206 24.0 150 
OCWD-C5 Al=5 mg/L 4.30 0.259 0.060 241.6 56.2 55 

OCWD-C3 Untreated 1.25 0.071 0.057 87.2 69.7 15 
OCWD-C3 Al=5 mg/L 0.84 0.020 0.024 62.8 74.8 3 

OCWD-C1 Untreated 0.30 0.001 0.003 23.6 78.7 5 

HBWD-2-b Untreated 0.90 0.054 0.060 54.2 60.2 15 

OCWD-Dl-b Untreated 3.45 0.187 0.054 180 52.2 50 
OCWD-Dl-b AJ=5 mg/L 1.75 0.073 0.042 80.5 46.0 15 

MCWD-5 Untreated 1.15 0.040 0.035 88 76.0 10 
MCWD-5 Al=J mg/L 0.56 0.015 0.027 36.5 65.2 3 

HBWD-8 Untreated 1.70 0.065 0.038 80.4 47.3 10 

IRWD-4 Untreated 0.97 0.043 0.044 68 70.1 12 
IRWD-4 Al=5 mg/L 0.56 0.011 0.020 28 50.0 5 



TABLE 4.5. Other Parameters of Untreated Waters. 

Water 
Source 

TOXFP 
(fig/L) 

B r "  
(Mg/L) 

TOC 
(mg/L) 

DOC 
(mg/L) 

Humic-DOC 
(% of total) pH 

Alkalinity 
(mg/L as CaCOs) 

AvgAMW 
(DOC) 

Caiboxyl Acidity 
(meq/gC) 

OCWD-Dl-a 1830 250 3.81 3.43 78 8.26 175 8,800 21 

KWD-13-a 1310 230 1.37 1.30 55 8.40 151 600 26 

IRWD-12 590 120 1.44 1.36 63 8.61 152 3,600 23 

MCWD-4 2630 160 3.59 3.29 78 8.00 157 9,300 18 

OCWDCC 2420 450 5.04 5.00 94 8.67 163 12,000 16 

IRWD-13-b 505 180 1.41 1.35 65 8.07 148 900 22 

OCWD-CMGC 3200 450 14.5 14.4 88 8.42 246 15,000 6 

OCWD-GW3 1410 390 3.61 3.44 78 8.61 152 9,400 16 

OCWD-GW4 890 310 2.55 2.15 78 7.87 98 8,700 22 

HBWD-2-a 270 320 1.21 1.15 56 8.07 114 3,300 26 

OCWD-C5 1500 475 9.00 8.56 90 8.70 140 8,100 9 

OCWD-C3 835 291 1.25 1.25 65 8.50 115 11,000 24 

OCWD-C1 170 198 n/a 0.30 n/a 8.20 128 n/a n/a 

HBWD-2-b n/a 371 0.92 0.90 n/a 8.20 125 1,400 n/a 

OCWD-Dl-b 1300 318 3.55 3.45 84 8.60 136 10,600 19 

MCWD-5 n/a 243 1.15 1.15 63 8.30 116 3,650 25 

HBWD-8 598 250 n/a 1.70 n/a 7.80 99 4,900 n/a 

IRWD-4 312 299 0.97 0.97 n/a 870 122 3,300 n/a 
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distribution system THM concentrations, simulated distribution 

system (SDS) THM tests were conducted using OCWD groundwater. 

The results of the SDS THM tests can be found elsewhere (Amy 

et al., 1988). Essentially, SDS THM concentrations were 25% 

of THMFP concentrations (Amy et al., 1988). Thus, as 

presented in Table 4.4, the THMFP results represent a "worst-

case" scenario and actual distributions system THMs will 

likely be significantly lower. 

4.4.2. Results of Other Tests. 

Several noteworthy trends emerge from Table 4.5: (i) 

significant bromide levels, (ii) some particulate organic 

carbon, POC (TOC-DOC), (iii) a very high humic content, (iv) 

high pH and alkalinity levels, (v) high average molecular 

weights (except IRWD-13), and (vi) relatively high carboxylic 

acidities. 

The significance of bromide as it relates to coagulation 

is that elevated bromide levels enhance brominated THM 

formation upon chlorination. This increases the need to 

remove THM precursors prior to chlorination. 

Particulate organic carbon is significant to the 

coagulation because it is the fraction of OC that is the most 

susceptible to removal by coagulation and may also act as 

nucleation sites for floe growth. Better flocculation should 

then enhance the removal of dissolved organic carbon. POC is 
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also important because it may not be removed by other 

processes, such as carbon adsorption, because of its size. 

Coagulation has been shown to preferentially remove 

organic contaminants of a humic nature. Edwards and 

Amirtharajah (1985) further detailed the removal mechanisms of 

humic substances as sweep flocculation and charge 

neutralization (Figure 2.1). Under the conditions of ambient 

pH and an alum dose of 5 mg/L as Al, sweep flocculation should 

predominate. The high humic content associated with the DOC 

of the raw waters supports the viability of chemical 

coagulation. 

High pH and alkalinity levels suggest that chemical 

coagulation, in order to be economical, will have to be 

successful at ambient pH rather than at the optimum pH of 5-6 

for metallic coagulants. High alum doses may be required with 

attendant increases in sludge production. A balance must be 

made to determine whether it is more economical to use high 

alum doses which produce large volumes of sludge or to modify 

the pH of these highly buffered waters and use lower alum 

doses. Finally, a determination of whether either coagulation 

scheme is economical will need to be made. 

The high average molecular weights of these waters is 

significant because it supports the viability of chemical 

coagulation. Coagulation preferentially removes high-

molecular-weight material. The higher the average molecular 
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weight, the greater amount of high molecular weight material 

present. 

Carboxylic acidity is a measure of the charge density of 

humic substances. High carboxylic acidities relate to high 

charge densities which in turn correspond to molecules which 

are stable in water. The stability caused by a high charge 

density makes the humics more difficult to remove by 

coagulation. This conclusion is supported by Carey (1989), 

who showed that the successful removal of humics by 

coagulation was inversely proportional to carboxylic acidity 

for these same fifteen waters tested. 

It is interesting to note the changes in molecular weight 

distributions imparted by the treatment. These effects are 

shown in Table 4.6. Chemical coagulation preferentially 

removes higher molecular weight DOC with little overall effect 

on low AMW material. 

4.5. Detailed Characterization at "Select" Doses. 

The results of the individual water characterizations 

were described in terms of DOC, UV absorbance and THMFP 

fingerprints. Both raw and coagulated water fingerprints for 

the fifteen waters treated by a select alum dose as well as 

the fingerprints of the two raw waters characterized but not 

treated by coagulation are presented in Figures 4.4-4.20. 

Generally, a significant amount of high-molecular-weight 



TABLE 4.6. DOC-Based Average Molecular Weight at Select Doses, 
Assuming Log-Normal Distribution. 

Sample Untreated Coagulated 

OCWD-Dl-a 8,800 700 

IRWD-13-a 600 <500 

IRWD-12 3,600 500 

MCWD-4 9,300 1,100 

OCWD-CC 12,000 1,200 

IRWD-13-b 900 700 

OCWD-CMGC 15,000 5,400 

OCWD-GW3 9,400 900 

OCWD-GW4 8,700 <500 

HBWD-2-a 3,300 500 

OCWD-C5 8,100 6,300 

OCWD-C3 11,000 800 

OCWD-C1 — — 

HBWD-2-b 1,400 — 

OCWD-Dl-b 10,600 1,800 

MCWD-5 3,650 600 

HBWD-8 4,900 — 

IRWD-4 3,300 700 



0CWD-D1-a: Raw Water 86 

• DOC (3.43 mg/L) 
HUV Abs (.218 cm-1) 
• THMFP (254 jig/D 

<0.5 

AMW Fraction (Thousands) 

OCWD-D 1-a: Coagulation 
Al = 5 mg/L 

>10 5-10 1-5 0.5-1 <0.5 

AMW Fraction (Thousands) 

0 DOC (1.99 mg/L) 
• UV Abs (.085 cm-1) 
• THMFP (173 pg/L) 

FIG. 4.4. AMW Distribution: OCWD-D 1-a. 



(RWD-13-a: Raw Water 87 

>10 5-10 1-5 0.5-1 <0.5 

AMW Fraction (Thousands) 

• DOC (1.30 mg/L) 
HUV Abs (.062 cm-1) 
• THMFP (137 jjg/L) 

IRWD-13-a: Coagulation 
Al = 5 mg/L 

M. MZL 

I 

>10 5-10 1-5 0.5-1 <0.5 

AMW Fraction (Thousands) 

• DOC (0.97 mg/L) 
SUV Abs (.016 cm-1) 
• THMFP (85 Mg/L) 

FIG. 4.5. AMW Distribution: IRWD-13-a. 



IRWD-12: Raw Water 
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• DOC (1.36 mg/L) 
HUV Abs (.072 cm-1) 
• THMFP (118 ng/L) 

AMW Fraction (Thousands) 

IRWD-12: Coagulation 
Al = 5 mg/L 

>10 1-10 <1 

AMW Fraction (Thousands) 

• DOC (0.83 mg/L) 
QUV Abs (.023 cm-1) 
• THMFP (76.9 |jg/L) 

FIG. 4.6. AMW Distribution: IRWD-12. 



MCWD-4: Raw Water 

>30 10-30 5-10 1-5 0.5-1 <0.5 

AMW Fraction (Thousands) 

• DOC (3.40 mg/L) 
HUV Abs (.183 cm-1) 
• THMFP (196 Mg/L) 

MCWD-4: Coagulation 
Al = 5 mg/L 

m DOC (1.42 mg/L) 
• UV Abs (.049 cm-1) 
• THMFP (102 pg/L) 

>30 10-30 5-10 1-5 0.5-1 <0.5 

AMW Fraction (Thousands) 

FIG. 4.7. AMW Distribution: MCWD-4. 



OCWD-CC: Raw Water 90 

>30 10-30 5-10 1-5 0.5-1 <0.5 

AMW Fraction (Thousands) 

• DOC (5.00 mg/L) 
HUV Abs (.266 cm-1) 
• THMFP (209 pg/L) 

OCWD-CC: Coagulation 
Al = 5 mg/L 

>30 10-30 5-10 1-5 0.5-1 <0.5 

AMW Fraction (Thousands) 

m DOC (2.30 mg/L) 
QUV Abs (.080 cm-1) 
• THMFP (142 Jig/L) 

FIG. 4.8. AMW Distribution: OCWD-CC. 



IRWD-13-b: Raw Water 

• DOC (1.35 mg/L) 
HUV Abs (.060 cm-1) 
• THMFP (126 lig/L) 

AMW Fraction (Thousands) 

IRWD-13-b: Coagulation 
Al = 5 mg/L 

>10 1-10 <1 

AMW Fraction (Thousands) 

• DOC (0.64 mg/L) 
0UV Abs (.017 cm-1) 
0 THMFP (81.2 ng/L) 

FIG. 4.9. AMW Distribution: IRWD-13-b. 



OCWD-CMGC: Raw Water 92 

>30 10-30 5-10 1-5 0.5-1 <0.5 

AMW Fraction (Thousands) 

U DOC (14.4 mg/L) 
BUV Abs ( .758  cm-1)  
• THMFP (389 Mg/L) 

OCWD-CMGC: Coagulation 
Al = 5 mg/L 

10-30 5-10 0.5-1 

AMW Fraction (Thousands) 

• DOC (9.31 mg/L) 
QUV Abs (.47 2 cm-1) 
• THMFP (296 |jg/L) 

FIG. 4.10. AMW Distribution: OCWD-CMGC. 



0CWD-GW3: Raw Water 93 

>30 10-30 5-10 1-5 0.5-1 <0.5 

AMW Fraction (Thousands) 

• DOC (3.44 mg/L) 
BUV Abs ( .166  cm-1)  
• THMFP (144 pg/U 

0CWD-GW3: Coagulation 
Al = 5 mg/L 

>30 10-30 5-10 1-5 0.5-1 <0.5 

AMW Fraction (Thousands) 

• DOC (1.49 mg/L) 
QUV Abs (.051 cm-1) 
0 THMFP (116 jjg/L) 

FIG. 4.11. AMW Distribution: OCWD-GW3. 



0CWD-GW4: Raw Water 94 

>30 10-30 5-10 1-5 0.5-1 <0.5 

AMW Fraction (Thousands) 

• DOC (2.15 mg/L) 
HUV Abs ( .121  cm-1)  
• THMFP (162 pg/L) 

0CWD-GW4: Coagulation 
Al = 5 mg/L 

>30 10-30 5-10 1-5 0.5-1 <0.5 

AMW Fraction (Thousands) 

• DOC (1.04 mg/L) 
0 UV Abs (.032 cm-1) 
• THMFP (62.2 \ig/L) 

FIG. 4.12. AMW Distribution: OCWD-GW4. 



HBWD-2-a: Raw Water 

• DOC (1.10 mg/L) 
SUV Abs ( .045  cm-1)  
• THMFP (60.6 ng/L) 

AMW Fraction (Thousands) 

HBWD-2-a: Coagulation 
Al = 5 mg/L 

>10 1-10 

AMW Fraction (Thousands) 

• DOC (0.64 mg/L) 
E9UV Abs (.018 cm-1) 
• THMFP (44.1 pg/L) 

FIG. 4.13. AMW Distribution: HBWD-2-a. 



0CWD-C5: Raw Water 96 

10-30 5-10 0.5-1 

• DOC (8.56 mg/L) 
IS UV Abs (.460 cm-1) 
• THMFP (206 M9/L) 

AMW Fraction (Thousands) 

0CWD-C5: Coagulation 
Al = 5 mg/L 

>30 10-30 5-10 1-5 

AMW Fraction (Thousands) 

• DOC (4.30 mg/L) 
QUV Abs (.259 cm-1) 
• THMFP (242 pg/L) 

FIG. 4.14. AMW Distribution: 0CWD-C5. 



0CWD-C3: Raw Water 97 

• DOC (1.25 mg/L) 
SUV Abs ( .071  cm-1)  
• THMFP (87 i ig /L )  

> 1 0  1 - 1 0  < 1  

AMW Fraction (Thousands) 

0CWD-C3: Coagulation 
Al = 5 mg/L 

• DOC (0.84 mg/L) 
• UV Abs (.020 cm-1) 
• THMFP (63 pg/L) 

1-10 

AMW Fraction (Thousands) 

FIG. 4.15. AMW Distribution: 0CWD-C3. 
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HBWD-2-b: Raw Water 

>10 1-10 <1 

AMW Fraction (Thousands) 

• DOC (0.90 mg/L) 
El UV Abs (.054 cm-1) 
• THMFP (54 Mg/L) 

FIG. 4.16. AMW Distribution: HBWD-2-b. 



0CWD-D1-b: Raw Water 99 

>30 10-30 5-10 1-5 0.5-1 <0.5 

AMW Fraction (Thousands) 

• DOC (3.45 mg/L) 
I*) UV Abs (.187 cm-1) 
• THMFP (180 ng/L) 

OCWD-D 1-b: Coagulation 
Al = 5 mg/L 

J 
>30 10-30 5-10 1-5 0.5-1 <0.5 

AMW Fraction (Thousands) 

• DOC (1.75 mg/L) 
QUV Abs (.073 cm-1) 
• THMFP (81 |jg/L) 

FIG. 4.17. AMW Distribution: OCWD-D 1-b. 



MCWD-5: Raw Water 100 

>10  1 -10  <1  

AMW Fraction (Thousands) 

m DOC (1.15 mg/L) 
BUV Abs ( .040  cm-1)  
• THMFP (88 Mg/L) 

MCWD-5: Coagulation 
A! = 5 mg/L 

• DOC (0.56 mg/L) 
QUV Abs (.015 cm-1) 
• THMFP (37 Mg/L) 

>10 1-10 <1 

AMW Fraction (Thousands) 

FSG. 4.18. AMW Distribution: MCWD-5. 
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HBWD-8: Raw Water 

>10 1-10 <1 

AMW Fraction (Thousands) 

• DOC (1.70 mg/L) 
E UV Abs (.065 cm-1) 
• THMFP (80 yg/L) 

F!G. 4.19. AMW Distribution: HBWD-8. 



IRWD-4: Raw Water 102 

• DOC (0.97 mg/L) 
G3 UV Abs (.043 cm-1) 
• THMFP (68 pg/L) 

AMW Fraction (Thousands) 

IRWD-4: Coagulation 
Al = 5 mg/L 

>10 1-10 <1 

AMW Fraction (Thousands) 

• DOC (0.56 mg/L) 
• UV Abs (.011 cm-1) 
• THMFP (28 M9/L) 

FIG. 4.20. AMW Distribution: IRWD-4. 
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material was present in the raw waters. Coagulation caused a 

shift in the fingerprints by removing portions of the high MW 

fractions. A brief discussion of each individual water, with 

an emphasis on AMW distributions and shifts thereof induced by 

treatment, has been assembled and is presented in Appendix A. 

4.6. Pre-ozonation Study. 

The effect of ozone addition to waters subsequently 

treated by inorganic primary coagulants has been credited at 

times with reducing treatment chemical doses while improving 

water quality. The results of this pre-ozonation have been 

called "microflocculation" and appear to be water specific 

(Dowbiggen and Singer, 1989). 

Although the reasoning for microflocculation has not yet 

been identified specifically, several mechanisms for ozone-

enhanced particle destabilization have been proposed and can 

be summarized as follows (Dowbiggen and Singer, 1989): 

(i) Ozonation increases the number of carboxyl groups 

which may lead to increases in the associations of 

organics and metallic cations. 

(ii) Ozonation decreases the molecular weight of the 

organic matter which may decrease the adsorption of 

the organics to particles in water, destabilizing 

them. 

(iii) Ozonation causes the formation of metastable 
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organics that polymerize and act as a 

polyelectrolyte bridge between particles and 

metallic cations. 

(iv) Ozonation breaks organic-metal bonds which releases 

cations into solution and increasing adsorption-

destabilization of particles or ozonation increases 

the amount of metal-organic complexes at the partial 

surface resulting in partial destabilization. 

(v) Ozonation causes lysis of algae which results in the 

release of biopolymers. 

Independent of the mechanism that actually produces the 

microflocculation effect, the results of the screening 

experiments (Table 4.3b) support the occurrence of 

microflocculation. To further examine the possibility of 

ozone-enhanced coagulation, eight water sources were treated 

at a constant ozone dose ratio of 0.25 mg 03/mg DOC followed 

by various alum doses. 

The data in Table 4.7 indicate that for OCWD-CMGC water 

pretreated with ozone, UV absorbance decreased directly with 

A1 dose (0.5 to 3.0 mg/L Al). The 3.0 mg/L A1 dose without 

ozone pretreatment produced a water with an 0.605 cm"1 

absorbance while pretreatment with ozone followed by 3.0 mg/L 

Al produced a water with a 0.495 cm'1 absorbance. This same 

trend occurred with most of the eight waters tested. 



TABLE 4.7. Detailed Pre-ozonation Study. 

A1 o, UV Abiorbance 
Sample (mg/L) (mg/mg DOC) (cm') 

OCWD-CMGC 0 0 0.758 
OCWD-CMGC 3.0 0 0.605 
OCWD-CMGC 0 0.25 0.610 
OCWD-CMGC 0.5 0.25 0.611 
OCWD-CMGC 1.0 0.25 0.585 
OCWD-CMGC 2.0 0.25 0.549 
OCWD-CMGC 3.0 0.25 0.495 

OCWD-GW3 0 0 0.166 
OCWD-GW3 3.0 0 0.156 
OCWD-GW3 0 0.25 0.158 
OCWD-GW3 0.5 0.25 0.154 
OCWD-GW3 1.0 0.25 0.129 
OCWD-GW3 2.0 0.25 0.124 
OCWD-GW3 3.0 0.25 0.109 

OCWD-GW4 0 0 0.118 
OCWD-GW4 3.0 0 0.094 
OCWD-OW4 0 0.25 0.104 
OCWD-GW4 3.0 0.25 0.037 

HBWD-2-a 0 0 0.046 
HBWD-2-a 3.0 0 0.025 
HBWD-2-a 0 0.25 0.042 
HBWD-2-a 3.0 0.25 0.009 

OCWD-C5 0 0 0.451 
OCWD-C5 5.0 0 0.259 
OCWD-C5 0 0.25 0.425 
OCWD-C5 5.0 0.25 0.217 

OCWD-C3 0 0 0.071 
OCWD-C3 5.0 0 0.019 
OCWD-C3 0 0.25 0.070 
OCWD-C3 5.0 0.25 0.021 

OCWD-Dl-b 0 0 0.187 
OCWD-Dl-b 3.0 0 0.124 
OCWD-Dl-b 3.0 0.25 0.081 

MCWD-5 0 0 0.040 
MCWD-S 2.0 0.25 0.022 
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The enhancement of coagulation by pre-ozonation has been 

attributed to a microflocculation effect caused by additions 

of small doses of ozone. To examine this effect, two waters, 

0CWD-GW4 and HBWD-2-a, were treated with an ozone dose ratio 

of 0.25 mg Oj/mg DOC and then subjected to an AMW 

fractionation. The fractions were characterized by DOC and UV 

absorbance. The untreated and ozonated water fingerprints for 

OCWD-GW4 is shown in Figure 4.21. The microflocculation 

effect is evident from this figure, however the magnitude of 

the effect was subtle. 



0CWD-GW4: Raw Water 107 
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CHAPTER S 

DISCUSSION 

Groundwater is utilized by a number of utilities in the 

Orange County region of Southern California. With the ever 

increasing demand for water in this highly populated area, 

these utilities must explore the possibilities for treating 

groundwater with a decreasing quality for supply purposes. 

The groundwater basin lying below the Santa Ana River 

contains approximately 12,000,000 acre-feet of poor quality 

groundwater which could represent a new source if it can be 

treated economically to meet current groundwater standards. 

The poor quality is attributed to the presence of humic 

substances in the groundwater. The humics pose two major 

concerns. First, during water treatment, humics react with 

chlorine to form carcinogenic trihalomethanes. Secondly, the 

humics impart a yellowish-brown color to the water. The 

current USEPA primary standard for THMs is 100 nq/L and there 

are indications that a lower standard of 25 ng/Ij will be 

enacted in the early 1990's. The current USEPA secondary 

standard for color is 15 pcu. 

Chemical coagulation using metallic coagulants such as 

Al(III) has proven moderately effective in reducing color and 

THMFP. Moreover, cationic polyelectrolytes acting as sole 
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coagulants have also demonstrated some ability in THM 

precursor removal. Other researchers have shown that at lower 

pH with lower coagulant doses the primary removal mechanism of 

color by metallic coagulants is charge neutralization while 

higher pH and higher coagulant doses utilize sweep coagulation 

for the removal of color (Figure 2.1). Furthermore, it has 

been shown that coagulation preferentially removes high 

molecular weight material, including THM precursors and color 

bodies. 

The major objective of this study was to determine the 

viability of chemical coagulation for treating low quality 

groundwater to meet present USEPA drinking water standards. 

The character of the groundwater was examined and changes in 

the character due to coagulation identified. 

5.1. Characterization of the Groundwater. 

The characterization of the groundwater basin lying below 

the Santa Ana River in the Orange County region of Southern 

California suggested that dilution may be an influential 

factor affecting the color of this groundwater. The UV 

absorbance and DOC fingerprints revealed similar trends for 

all eighteen sources studied although quality characteristics 

varied greatly. Color varied from 5 pcu to 210 pcu. DOC 

concentrations of 0.30 mg/L to 14.4 mg/L were found as were UV 
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absorbance variations of 0.001 cm'1 to 0.758 cm'1. The THMFP of 

the sources differed from 23.6 jtig/L to 389 jig/L. Humic 

substances were found to be present at high levels. The humic 

concentration accounted for greater than 55% of the DOC in the 

fourteen samples tested for humic content. Another 

interesting aspect of the characterization was the high 

average molecular weight of the samples. Typically, the 

average AMW for waters with a moderate to high DOC (i.e., >2 

mg/L) was >5,000. 

With this great variability, it was found that six of the 

fifteen source waters would meet present USEPA drinking water 

standards for color and THM concentration without treatment. 

Those sources were HBWD-2, 0CWD-C3, 0CWD-C1, MCWD-5, IRWD-4, 

and HBWD-8. These waters could be pumped and treated as they 

exist or used to dilute the waters with exceptionally high DOC 

and color, possibly making the lower quality waters treatable. 

5.2. Screening Experiments. 

Alum coagulation using 5 mg/L as A1 was consistently more 

successful in removing color and THM precursors than other 

modifications of the coagulation process. The only 

modification to perform as well was coagulation using an A1 

dose of 3 mg/L and a pH of 6. According to Edwards and 

Amirtharajah (1985), at ambient pH and Al=5 mg/L, the primary 
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removal mechanism utilized in reducing color and THMFP is 

sweep coagulation. In most cases, coagulation produced a 

colloidal floe that was removable by filtration, thus 

suggesting that filtration alone (and not sedimentation) would 

be required as a solids-liquid separation process. Moreover, 

rapid mixing and a period of flocculation were required after 

chemical introduction, thus making in-line coagulant addition 

followed by filtration an unlikely scenario. 

The only modification to equal and in many cases 

outperform Al=5 mg/L is the adjustment of the pH to 6 and 

coagulation with 3 mg/L Al. Due to the high ambient pH 

(typically 8.4) and alkalinity (typically >140 mg/L as CaC03), 

it is believed that coagulation with 5 mg/L Al would be more 

economical although no cost comparisons have been attempted. 

The economic evaluation of these two processes should compare 

the cost of pH adjustment and the savings of lower alum doses 

with the cost of higher alum doses and the added sludge 

production caused by the higher alum dose. 

Other modifications of alum coagulation were the 

reduction of the alum dose to 3 mg/L in combination with clay 

addition which produced turbidity, addition of a polymer as a 

coagulant aid, or pre-ozonation as a coagulant aid. All of 

the modifications were successful at improving removal of DOC 

and UV absorbance when compared to 3 mg/L Al alone, however 
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none achieved the removals of 5 mg/L Al. These modifications 

also have the benefit of less sludge production with the lower 

alum dose. Pre-ozonation has the additional benefit of 

possibly decreasing the reactivity of some DOC species and 

thus reducing the overall THMFP. 

Magnifloc 573C was the most successful poly-electrolyte 

tested. MF 573C exhibited the best results when used on 

moderate DOC waters (i.e., 2-4 mg/L). Tables 4.3a, 4.3b, and 

4.3c indicate that a noticeable advantage of MF 573C when 

compared to 5 mg/L Al is that almost no difference in OC 

exists between the 5 fim filtrate and the 0.45 fim filtrate. 

This suggests that MF 573C promotes larger floe growth and 

better filterability. Magnifloc 573C has been used in the 

past by the Long Beach Water District to treat highly colored 

groundwater. 

5.3. Results of Coagulated Water Characterizations. 

The coagulation of fifteen Orange County, California 

groundwaters resulted in the removal of DOC, UV absorbing 

material, and color in all cases and the removal of THM 

precursors in all but one case. The removals of DOC, UV 

absorbance, color and THMFP are shown in Figures 5.1, 5.2, 

5.3, and 5.4, respectively, color shows the best response to 

removal by coagulation as indicated by the extent that the 

values of color in the coagulated waters lie below the line of 
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zero removal. The removal of DOC and UV absorbance appear to 

be comparable to each other while THMFP removals varied 

greatly from water to water. This is supported by a linear 

regression analysis on each of these four parameters. Values 

of r2 for color, DOC, and UV absorbance removal were 0.90, 

0.97, and 0.97, respectively while the r2 for THMFP removal 

was 0.80. Figures 5.3 and 5.4 also show the extent to which 

coagulation treatment meets the current drinking water 

standards for color and trihalomethanes. A treated water 

color of 15 pcu was achieved with a maximum raw water color of 

50 pcu to 60 pcu while the 100 jug/L THM standard was achieved 

with maximum untreated water THMFPs ranging from 140 fig/1, to 

190 /xg/L. Recall that THMFP represents a worst case scenario 

and that typical water treatment plant conditions generate 

distribution system THM levels which are approximately 25% of 

THMFP levels for these waters and test conditions. 

Numerous researchers have concluded that coagulation 

preferentially removes high-molecular-weight organic matter. 

This was the case for the fifteen Orange County waters 

coagulated. The AMW distributions shown in Figures 4.4 

through 4.15, Figure 4.17, Figure 4.18, and Figure 4.20 as 

well as the DOC-based average molecular weights shown in Table 

4o6 support this conclusion. The AMW distributions show a 

downward shift in the fingerprints when comparing the 
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untreated to coagulated waters. Most untreated water 

fingerprints indicate a bimodal distribution with significant 

amounts (i.e., 40%) of both high (i.e., >10K) and low (i.e., 

<1K) molecular weight material. The coagulated water 

fingerprints conversely show only a significant presence in 

the low molecular weight fractions. The DOC-based average 

molecular weights are lower for the coagulated waters than for 

the untreated waters. This indicates the preferential removal 

of high-molecular-weight material. 

Another conclusion of numerous researchers is that the 

high-molecular-weight material causes the greatest degree of 

color in waters. If high-molecular-weight material is 

preferentially removed, then color should be preferentially 

removed as well. Preferential removal of color by coagulation 

occurred and is supported by Figures 5.5, 5.6, and 5.7. 

Figure 5.5 and 5.6 show correlations between color and UV 

absorbance and between color and DOC, respectively, for both 

the raw (untreated) and the coagulated waters. From these 

figures, it is evident that color is preferentially removed 

because the correlation for the coagulated waters lies below 

the correlation for the raw waters. Based on Figure 5.5, an 

absorbance of 0.4 cm"1 relates a color of 119 pcu in a raw 

water while that same absorbance causes a color of only 91 pcu 

in a coagulated water. Continuing the argument, Figure 5.6 
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indicates a DOC of 5 mg/L causes a color of 78 pcu and 57 pcu 

in a raw water and a coagulated water, respectively. Linear 

regressions yielded r2 values of greater than 0.97 for these 

parameters with both the raw and coagulated waters. A more 

detailed description of the correlations is given in Table 

5.1. 

The preferential removal of color causing DOC is probably 

best shown by Figure 5.7. This figure compares the percent of 

color removed to the percent of DOC removed. As indicated,the 

percentage of color removal exceeds the percentage of DOC 

removed in all cases examined. 

Another conclusion reached by Chadik and Amy (1983), Amy 

and Chadik (1983), and Hubel and Edzwald (1987) is that 

coagulation preferentially removes THM precursors. The 

results of this study suggest mixed results. This figure 

indicates that in five cases, THM precursors were 

preferentially removed and in nine cases precursors were 

removed, however to a lesser degree than DOC was removed. It 

should be noted that the one case in which the THMFP of the 

coagulated water was greater than that of the untreated water 

is not shown in this figure. 

The mixed results of THM precursor removal are also 

supported by Figures 5.8 and 5.9 which correlate THMFP to UV 

absorbance and DOC, respectively. These correlations are not 
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TABLE S.l. Regrcsaion Correlationa for Untreated and Coagulated Watera. 

Correlation Regression' 

Untreated Water: 

Color vs UV Absorbance 

Color vs DOC 

Color vs THMFP 

Color va Reactivity 

Linear 

Linear 

Linear 
Exponential 

Linear 
Power 

1.38 

-0.01 

-31.5 
6.25 

159 
35,229 

293 

15.7 

0.55 
0.011 

-1.75 
-1.74 

0.98 

0.97 

0.78 
0.82 

0.49 
0.46 

18 

18 

18 
18 

18 
18 

THMFP v» UV Absorbance 

THMFP vs DOC 

Linear 
Power 

Linear 
Power 

75.7 
346 

74.9 
74.5 

425 
0.43 

22.4 
0.67 

0.81 
0.84 

0.77 
0.84 

18 
18 

18 

18 

Coagulated Water: 

Color va UV Absorbance 

Color vs DOC 

Color vs THMFP 

Color vs Resctivity 

Linear 

Linear 

Linear 
Exponential 

Linear 
Power 

-0.15 

-5.13 

-17.5 
2.51 

61 
513 

229 

12.5 

0.35 
0.013 

-0.65 
-0.99 

1.00 

0.99 

0.87 
0.87 

0.35 
0.45 

12 

12 

12 
12 

12 
12 

THMFP vs UV Absorbance 

THMFP vs DOC 

Linear 

Linear 
Power 

62.8 

50.2 
71.8 

561 

30.5 
0.76 

0.84 

0.82 
0.84 

15 

15 
15 

Note: * Regression formulas: Linear 
Exponential 
Power 

y»ax+b 
y=aeta 

y=ax* 
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as strong as those relating color to UV absorbance and DOC. 

The correlations are detailed in Table 5.1. Values of r2 for 

the THMFP correlations are 0.84 in all cases. Although the 

correlations are not as strong, the figures suggest that at 

high UV absorbance (i.e., >0.2 cm'1) and high DOC concentration 

(i.e., >4 mg/L), THM precursors are not preferentially 

removed, and in fact are removed to a lesser extent than the 

overall UV absorbance and DOC. At lower UV absorbance and DOC 

concentration, however, THM precursors may be preferentially 

removed. 

Following from these last two conclusions, preferential 

color removal without preferential THM precursor removal, it 

can be concluded that the material responsible for color is 

not entirely responsible for THMFP. Figure 5.7 shows that 

removals of color consistently exceeded removals of THMFP. 

Figure 5.10 displays the correlation between color and 

THMFP for raw and coagulated waters. The correlations for the 

raw and coagulated waters are similar in shape, however a 

THMFP of 200 /ug/L results from an untreated water color of 56 

pcu while a coagulated water color of 34 pcu results in the 

same THMFP. This suggests that color reductions due to 

coagulation may not result in THMFP reductions. 

Also in support of this conclusion, Figure 5.11 displays 

the correlation between color and THM reactivity for both raw 
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and untreated waters. The shape of the two curves suggest 

that the DOC which causes color does not cause the same degree 

of THMFP. Low colored waters exhibit a much greater 

reactivity than highly colored waters. Thus, the DOC which 

causes THMFP does not always cause color. 
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CHAPTER 6 

CONCLUSIONS 

A total of eighteen groundwater samples were obtained 

from the Santa Ana River Groundwater Basin, fifteen of which 

were evaluated on the bench scale to determine the viability 

of chemical coagulation for treating these low quality 

groundwaters to meet current USEPA drinking water standards. 

The color and organic matter in both the untreated and 

coagulated waters were characterized according to molecular 

weight fingerprints to provide insight into treatment process 

applicability and to provide a means of monitoring treatment 

process performance. 

Based on the molecular weight fingerprints of the 

untreated waters, the color and organic matter found 

throughout the basin appears to be of a generally similar 

organic character, with the main difference being varying 

levels. The DOC content, UV absorbance, THMFP and color 

ranged from 0.30 to 14.4 mg/L, 0.001 to 0.758 cm"1, 23.6 to 389 

jug/L, and 5 to 210 pcu, respectively. This suggests the 

potentially important role of dilution throughout the basin. 

Other important characteristics of the untreated water 

which suggest the viability of chemical coagulation are a 
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generally high average molecular weight, a high humic content, 

and the presence of some particulate organic carbon. 

Furthermore, the DOC based fingerprints indicate a bimodal 

distribution resulting from the majority of the organic matter 

falling into the very high (i.e., >10K) and very low (i.e., 

<1K) molecular weight fractions. 

Chemical coagulation using alum exhibited good 

performance in reducing both color and THMFP, although 

relatively high doses were necessary. At ambient pH, an alum 

dose of 5 mg/L as A1 was required for significant color and 

THMFP reduction. Raw waters with color of up to 60 pcu and 

190 ng/L THMFP were treated to meet the current USEPA 

standards of 15 pcu and 100 /xg/L for color and THM, 

respectively. 

Coagulation using 5 mg/L A1 was found to preferentially 

remove high-molecular-weight material, color and to a lesser 

degree THM precursors. This suggests that the material 

responsible for the greatest degree of color is not 

responsible for the majority of the THMFP. In most cases, 

chemical coagulation produced a colloidal floe that was 

removed by filtration, thus suggesting that filtration alone 

(and not sedimentation) would be required for solids-liquid 

separation. Moreover, rapid mixing and a period of 

flocculation were required following chemical addition. 

Modifications of the coagulation process which showed 
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merit were pH modification, pre-ozonation, and using a 

cationic polymer, Magnifloc 573C, as a sole coagulant. 

Reduction of the untreated water pH to 6 in combination with 

coagulation at an alum dose of 3 mg/L A1 resulted in DOC and 

UV absorbance removals equal to and exceeding those of 5 mg/L 

A1 alone. This is consistent with the results of other 

researchers who found that the optimum pH for coagulation of 

NOM by metallic coagulants to be between 5 and 6. Pre-

ozonation also allowed for a reduction in alum dose, however, 

removals of DOC and UV absorbance were not equal to 5 mg/L A1 

in all cases. Magnifloc 573C performed the best of the 

polyelectrolytes tested. Moderate DOC waters (i.e., 2-4 mg/L) 

proved to be the most amenable to coagulation with MF 573C. 

Another advantage of the polymer was that, following 

coagulation, almost no DOC difference existed in the filtrates 

from the 5.0 nm and 0.45 /xm membranes. This suggests that MF 

573C promotes larger floe growth and thus better filterability 

than alum. 
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CHAPTER 7 

RECOMMENDATIONS FOR FUTURE RESEARCH 

This research dealt only with a mechanistic look at a 

number of coagulants and modifications to the coagulation 

process for removing color bodies and THM precursors from a 

groundwater. The results of this research suggested that four 

coagulation conditions warranted further investigation. Those 

conditions are alum coagulation (5 mg/L as Al), pH modified 

alum coagulation (3 mg/L Al at pH 6), pre-ozonation (0.25 mg 

Oj/mg DOC followed by 3 mg/L Al), and using a polymer, 

Magnifloc 573C (5 mg/L), as a sole coagulant. 

The research project did not optimize the coagulation 

process for any of the treatment scenarios examined. In order 

to more completely evaluate coagulant effectiveness and 

determine if modifications to the treatment process are cost 

effective, optimization of the coagulation process for removal 

of color bodies and THM precursors should be attempted. 

It. also would not be feasible to provide coagulation 

treatment on an individual well basis as was used in this 

research. If further information is sought for using to 

coagulation to treat this specific groundwater, the 

coagulation of a water from multiple wells, preferably 
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combined by location and estimated pumping capacity, would be 

worthwhile. Furthermore, this type of research would 

determine if those wells that could meet USEPA quality 

standards without coagulation treatment should be used to 

dilute lower quality waters and possibly make them more 

treatable or if such combination would only produce a greater 

amount of undesirable water. 
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APPENDIX A 

DESCRIPTION OF INDIVIDUAL WATER FINGERPRINTS 

A.l. OCWD-Dl-a. 

Sample OCWD-Dl-a was highly colored (60 pcu), and 

exhibited a high alkalinity (175 mg/L as CaC03) and pH (8.26). 

The DOC concentration was 3.43 mg/L which was measured on 0.45 

/xm filtrate of the original untreated (TOC = 3.81 mg/L) 

sample. Humic material accounted for 78% of the DOC. 

Figure 4.4 shows the distribution of DOC, UV absorbance, 

and THMFP as a function of AMW for the raw/untreated as well 

as the treated water. The raw/untreated water data indicate 

that over 50% of both the DOC and UV absorbing organic matter 

are high in molecular weight (i.e., >10K) . In terms of THMFP, 

the AMW range 0.5K-1K contributed the largest amount of 

precursor material. 

Coagulation screening experiments were conducted with 

alum in the range of 1 to 7 mg/L as Al(III). An alum dose of 

5.0 mg/L as A1 was the "select" dose used to produce a large 

batch for UF fractionation. The results are depicted in 

Figure 4.3a. This chemical treatment was successful in 

removing most molecular sizes of organic matter, especially 
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A.2. IRWD-13-a. 

The raw/untreated as well as treated water AMW 

fingerprints are shown in Figure 4.5. The raw/untreated water 

is characterized by a predominance of DOC in the <5K size 

range. Most of the color was due to >10K organics, as 

quantified by the surrogate parameter UV absorbance, and the 

THMFP was derived from both high and low AMW organic matter. 

This water had a low TOC (1.37 mg/L) and DOC (1.30 mg/L), a 

high pH (8.40) and alkalinity (151 mg/L as CaC03), and a low 

color (20 pcu). About 55% of the organic matter was defined 

as humic material. 

Coagulation data for the screening experiments were 

previously shown in Figure 4.3a. Corresponding AMW 

fingerprint data at a "select" dose of 5 mg/L are shown in 

Figure 4.5. Coagulation was found to be very effective in 

removing medium-to-high molecular size material, with little 

removal of <0.5 K material observed. 

A.3. IRWD-12. 

The molecular weight fingerprints (Figure 4.6) for 

IRWD-12 contains fractionation data within three AMW ranges: 

>10K, 1-10K, and <1K. A decision was made to employ an 
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abbreviated fractionation protocol for low colored, low DOC 

containing waters (i.e., <20 pcu, <2 mg DOC/L). The actual 

characterization of IRWD-12 resulted in a color of 20 pcu, a 

DOC of 1.36 mg/L, and THMFP of 118 fig/L. 

Screening data for the coagulation experiments were shown 

in Figure 4.3a, with corresponding AMW fingerprints at the 

"select" dose (Al=5 mg/L) shown in Figure 4.6. As before, 

alum coagulation was effective in removing medium-to-high 

molecular weight material. The final DOC of the treated water 

was 0.83 mg/L while the resulting THMFP was 76.9 jtg/L. 

A.4. MCWD-4. 

The fourth sample studied, MCWD-4, contained high color 

(55 pcu), and a high pH (8.40) and alkalinity (157 mg/L as 

CaC03) . The data for the untreated water AMW fingerprint 

(Figure 4.7) appears in six discrete fractions. The addition 

of the >3OK fraction was instituted to yield a clearer 

description of high color (i.e., >20 pcu) and high DOC (i.e., 

>2 mg/L) waters that are found to contain a significant 

fraction of very high molecular weight material. 

Basically, the 3.29 mg/L of DOC was fairly evenly 

distributed over the entire range of molecular weight size 

ranges as was the THMFP (196 /ig/L) . Most of the UV absorbing 

material had a molecular weight in excess of IK. 
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Screening data for the coagulation experiments and the 

corresponding AMW fingerprint for the "select" dose (A1 = 5 

mg/L) are shown in Figure 4.3a and Figure 4.7, respectively. 

As expected, alum coagulation effectively removed medium-to-

high molecular weight material which resulted in the following 

treated water characteristics: DOC=1.42 mg/L, THMFP=102 Mg/L, 

and color=10 pcu. 

A.5. OCWD-CC• 

The sample designated as OCWD-CC had the highest color 

(100 pcu) of any sample tested during the Is quarter. 

Likewise, the pH (8.67), alkalinity (163 mg/L as CaC03), and 

DOC (5.0 mg/L) were high. The humic content of the organic 

matter in the sample was 78%. AMW fingerprint data in Figure 

4.8 shows that over 55% of the DOC had an AMW of >10K. 

Curiously, little organic matter was found in the 0.5-1.OK 

region. 

The coagulation screening data were previously shown in 

Figure 4.3b. Using an A1 "select" dose of 5 mg/L, the AMW 

fingerprints shown in Figure 4.8 were developed. The general 

trends reported for the four previous samples were also seen 

for the OCWD-CC sample. That is, alum is effective in 

removing >5K organic matter. Removal of these fractions of 

NOM resulted in a color reduction of 80% from 100 pcu to 20 
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pcu, however only a one-third reduction in THMFP (209 /xg/L for 

untreated versus 142 ng/L for treated) was realized. 

A.6. IRWD-13-b. 

The initial pH of this water source, a second sample from 

IRWD-13, was 8.07, while the total alkalinity was 148 mg/L. 

The sample exhibited a low color (20 pcu), DOC (1.35 mg/L) and 

UV absorbance (0.060), yet the THMFP was relatively high at 

126 fig/h. Dissolved organic matter with a <5K AMW accounted 

for 93% of the THMFP. Depicted in Figure 4.9 are the AMW 

distributions of DOC, UV absorbance, and THMFP as a function 

of molecular weight for untreated and treated IRWD-13-b 

samples. 

Chemical coagulation with a select dose of 5 mg/L A1 was 

suggested by the screening experiments (Figure 4.3c) and 

applied to IRWD-13-b. Due to the low color present in the raw 

water, the fingerprint procedure was modified so that only the 

three separations were performed with the 0.45 filter and 

the 10K and IK UF membranes. The filtrates were analyzed for 

DOC, UV absorbance, and THMFP and are reported in Figure 4.9. 

The alum treatment produced a water with <5 pcu color 

residual. 

A.7. OCWD-CMGC. 

The sample designated as OCWD-CMGC had the highest amount 
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of color (210 pcu), DOC (14.4 mg/L), THMFP (389 nq/L), and UV 

absorbance (0.758 cm"1) of any water analyzed during the 

project. The untreated as well as the treated water AMW 

fingerprints are shown in Figure 4.10. Approximately 36% of 

the DOC had an AMW greater than 30K, while only 14% of the 

organics were low molecular size (<1K) in character. 

Examination of the UV absorbance data shows that the 

distribution of percentages in each AMW fraction paralleled 

the DOC fractionation results. This was not the case with 

respect to THMFP where most of the activity (53%) was found in 

association with molecules having an AMW of <1K. This water 

source also was high in alkalinity (246 mg/L) and pH 8.42. 

Coagulation data for the screening experiments were 

previously summarized in Figure 4.3b. The fingerprint data 

for the select dose is given in Figure 4.10. Due to the 

extreme concentration of organic matter present in OCWD-CMGC, 

alum coagulation with 5 mg/L as Al only produced a water with 

a DOC of 9.31 mg/L, a UV absorbance of 0.472, a THMFP of 296 

jug/L, and a color of 110 pcu. Once again, the value of 

coagulation was manifested mainly in the medium to high AMW 

categories where DOC removals were maximized. 

A.8. OCWD-GW3. 

Untreated OCWD-GW3 can be classified as a water with 
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modest DOC (3.44 mg/L) and color (55 pcu). Other chemical 

characteristics of the sample were pH=8.61, alkalinity=152 

mg/L, and THMFP=144 Mg/L. The fingerprint data for the 

untreated sample, shown in Figure 4.11, was distributed 

approximately equally over the AMW ranges tested, with the 

exception of the 1K-5K range. Here only 5% of the total 

sample DOC was found. 

Coagulation with alum at the select dose of 5 mg/L was 

performed in order to generate a treated water sample for 

fingerprinting (Figure 4.11). The ability of alum to absorb 

color (55 pcu for untreated versus 15 pcu for treated) and DOC 

(3.44 mg/L for untreated versus 1.49 mg/L for treated) were 

again in evidence via this procedure. Alum treated 0CWD-GW3 

had a THMFP of 116 ng/L. 

A.9. QCWD-GW4. 

An untreated 0CWD-GW4 had a DOC of 2.15 mg/L yet when 

chlorinated, produced 162 (ig/L of THMFP. The color of this 

water was moderate (45 pcu), with a UV absorbance of 0.121 cm" 

'. The fingerprint data are displayed in Figure 4.12. 

Approximately 50% of the THMFP was due to organic matter above 

and the remaining 50% below the 10K AMW level. 

The coagulation screening experiments for OCWD-GW4 were 

previously shown in Figure 4.3c. For the select dose of 5 
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mg/L Al, a large sample was prepared and fingerprinted. The 

data found in Figure 4.12 show that 71.2% of the remaining DOC 

(1.21 mg/L) had an AMW <500 and caused 33.1% of the remaining 

THMFP (62.2 ng/L). Overall color reduction was excellent (45 

pcu for untreated versus 10 pcu for treated). 

A.10. HBWD-2-a. 

This sample had the lowest DOC (1.10 mg/L) and color (13 

pcu) tested to date. The untreated water and alum treated 

water fingerprints are shown in Figure 4.13. Due to the 

nature of HBWD-2-a, an abbreviated fingerprinting technique 

was employed. The initial water characteristics were a DOC of 

1.10 mg/L, a UV absorbance (254 nm) of 0.045, a THMFP of 60.6 

jug/L, and a color of 13 pcu. 

Coagulation screening experiments were detailed in Figure 

4.3c. The select alum dose of 5 mg/L as Al produced a treated 

sample which was characterized as follows: D0c=0.64 mg/L, UV 

absorbance (254 nm) =0.018 cm1, THMFP=44.1 /xg/L, and a color of 

3 pcu. 

A. 11. OCWD-C5. 

The 0CWD-C5 sample was the first of three samples taken 

from the same well as a function of depth. (The sample series 

OCWD-C5, -C3, and -CI represent samples taken as a function of 
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depth). This sample exhibited the second highest DOC (8.56 

mg/L) of all samples examined during this project. A large 

portion (>45%) of the DOC had an AMW in excess of 10K, which 

produced 34% of the THMFP in the untreated water sample. The 

AMW fingerprints for the untreated and treated water samples 

are displayed in Figure 4.14. 

Coagulation screening experiments were shown in Figure 

4.3b. Alum at the select dose of 5 mg/L was very effective in 

removing DOM with an AMW of >10K. As seen in Figure 4.14, 

total DOC removals were fairly impressive (8.56 to 4.30 mg/L), 

although a concomitant decrease in THMFP was not observed. 

A.12. OCWD-C3. 

OCWD-C3 is a sample taken from the same well as OCWD-C5. 

However, the water was abstracted from a much shallower depth. 

The organic content of the raw water, based on the DOC (1.25 

mg/1), UV abs (0.071 cm1) and THMFP (87 ng/L), was low. 

Because the untreated water quality was relatively good, an 

abbreviated AMW fingerprinting technique was employed. 

Screening experiments for OCWD-C3 were shown in Figure 

4.3d. Examination of the AMW distribution data in Figure 4.15 

again highlights the differences caused by the treatment 

process. Chemical coagulation with 5 mg/L of alum yielded a 

finished water with a DOC of 0.84 mg/L, a UV absorbance of 
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0.020 cm"1, a THMFP of 62.8 ng/L, and a significantly reduced 

average AMW (11,000 to 800). This trend is reflected in 

Figure 4.15 in the DOC bar graphs where the largest decrease 

occurred in the >10K organics fraction. 

A.13. OCWD-C1. 

OCWD-C1 was the last of the three samples (OCWD-C5, -C3, 

and -CI) which were taken from the same well where the quality 

of the abstracted water was analyzed to measure the change 

with depth. 0CWD-C1 was found to be an excellent raw water, 

exhibiting low levels of DOC (0.3 mg/L), UV absorbance (0.001 

cm1), color (5 pcu) and THMFP (24 ng/L). In fact, the quality 

was so good that a decision was made not to subject this 

sample to bench-scale treatment. 

It is interesting to note that the THMFP of OCWD-C1, -C3, 

and -C5 were directly proportional to the depth at which the 

water was obtained. Basically, all of the organic-based 

analytical determinations made for these three samples were 

directly related to the depth at which they were procured. 

A.14. HBWD-2-b. 

This sample was one of the two waters involved in the 

study which was subject to pilot-plant treatment rather than 

bench-scale treatment. Since the pilot treatments did not 
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involve coagulation, they are not included in this report. 

However, the raw water was characterized and those results 

have been included in the overall evaluation of the basin. 

The AMW fingerprint of this water is shown in Figure 

4.16. An abbreviated fractionation procedure was used because 

HBWD-2-b was a high quality water with a low color (15 pcu), 

DOC (0.90 mg/L), and THMFP (54 #ig/L) • The DOC and THMFP 

fingerprints indicate significant levels of low molecular 

weight material (i.e., <1K) ; however, 90% of the UV absorbance 

is due to material >1K. 

A.15. OCWD-Dl-b. 

OCWD-Dl-b was the second sample from this water source. 

It was obtained (4/5/89) to determine if any quality changes 

had occurred since the first sample (OCWD-Dl-a, 8/17/88) was 

taken. Basically, there were no major shifts in any quality 

parameter measured, however, the DOC (3.15 mg/L) observed in 

OCWD-Dl-b was less than that found in OCWD-Dl-a (3.43 mg/1), 

as was the THMFP (180 mg/L vs 254 ng/L). Most other measured 

analytical parameters were within 10%. 

The DOC of untreated OCWD-Dl-b appeared to be bimodally 

distributed with 66% in the >5K AMW range and 23% in the <500 

AMW range. Similarly, 45% of the THMFP was due to DOC with an 

AMW >5K and 32% to DOC in the <0.5K range. 

A select dose of 5 mg/L AL was chosen based upon 
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screening experiments (Figure 4.3d). The subsequent 

fingerprints in Figure 4.17 suggest that coagulation removed 

all of the organic matter with a >30K AMW. Also, most of the 

10-3OK AMW DOC was removed. This resulted in color reductions 

from 60 pcu to 15 pcu, with a final THMFP concentration of 81 

Hg/L. Most of the residual THMFP emanated from DOC with a 

<0.5K AMW. 

A. 16. MCWD-5. 

MCWD-5 was a high quality raw water source containing 

little color (10 pcu), UV absorbance (0.040 cm"1) and DOC (1.15 

mg/L), but a moderately high THMFP (88 nq/L). Due to quality 

considerations, an abbreviated AMW fingerprinting technique 

was used. These fingerprints are shown in Figure 4.18. 

Screening experiments for the coagulation process shown 

in Figure 4.3d indicate little increase in DOC removal with 

increasing alum dose; however, a "select" dose of 5 mg/L as A1 

was chosen to maintain a continuity with the other samples 

coagulated. The "select" dose of 5 mg/L Al reduced the THMFP 

to 37 /ig/L, the DOC to 0.56 mg/L, and the UV absorbance to 

0.016 cm*1. Quality improvements were directly related to the 

removal of >10K AMW DOC as shown in Figure 4.18. 
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A. 17. HBWD-8. 

This was the second of two samples chosen for pilot 

testing rather than for bench-scale treatment. Again, the raw 

water characterization has been included in the overall 

assessment of the basin's raw water properties. The pilot 

plant results are not included. 

HBWD-8 is a relatively high quality water with a low 

color (10 pcu) despite a DOC of 1.70 mg/L. An abbreviated 

fractionation procedure was employed. The AMW fingerprint of 

the raw water (Figure 4.19) shows the DOC to be evenly 

distributed throughout the molecular-weight fractions; 

however, both the UV absorbance and THMFP show predominance in 

the medium molecular weight fraction (i.e., 1-10K) with 

approximately 60% of both parameters being accounted for in 

that fraction. 

A.18. IRWD-4. 

IRWD-4 was a source water sample of high quality 

(D0c=0.97 mg/1, UV absorbance=0.043 cm"1) yet it yielded a 

THMFP of 68 ng/L upon chlorination. The full AMW fingerprint 

analysis was not performed on the IRWD-4 sample but instead it 

was subjected to an abbreviated fractionation into three AMW 

ranges (>10K, 1-10K and <1K). The fingerprints for untreated 

and alum-treated water are presented in Figure 4.20. 



148 

The percentage of raw water DOC was essentially equal 

(42% and 47% for the >10K and <1K ranges). However the 

reactivity of the organics in the >10K range (70 ng THMFP/mg 

DOC) was more than three times that of the DOC in the <1K 

range (20 #xg/mg). The highest percentage (47%) of THMFP was 

found in the 1-10K AMW range. 

Figure 4.3d included the screening experiments for IRWD-

4. As with MCWD-5, little increase in DOC removal was noticed 

with increasing alum dose but 5 mg/L A1 was used for 

characterization purposes. Subsequent coagulation was 

successful in reducing THMFP (68 jug/L to 28 ng/L) and DOC 

(0.97 mg/L to 0.56 mg/L). These reductions occurred primarily 

by removals achieved in the >10K and 1-10K AMW ranges. 
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