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I. INTRODUCTION 

The lead article in the Summer/1982 edition of UP-DATE: Public 

Drin~i!!g Water in V1rgin1~ (Taylor, 1982) stated: 

"On November 29, 1970, the National Interim Primary 
Drinking Water Regulation for total trihalomethane (TTHMs) 
became effective. Amendments to the Virginia Waterworks 
Regulations that became effective February 1, 1982 have 
established that Federal TTHM regulation of 100 micrograms 
per liter (pg/L) and its associated monitoring and 
reporting requirements as Virginia Regulation. The new 
regulations have a phased implementation plan. Initially, 
the regulations apply only to those waterworks with 75,000 
or more population. Monitoring, then compliance are phased 
for those waterworks serving 10,000 to 75,000 populations 
with full compliance required by November 29, 1983 •••• 

"The TTHM regulations came about as a result of a 
direct association between cancer in laboratory test ani-
mals and TTHM doses. There is an inferred increased cancer 
risk in man related to the long term {20-30 years) exposure 
to relatively low levels of TTHMs •••. 

"Virtually all of the THMs found in Virginia drinking 
water are formed in the water treatment plants. Chlorine 
added for water disinfection reacts with certain organic 
precursors present in the water to form THMs." 

Removing the organic precursors from raw water supplies would 

serve to eliminate the formation of trihal omethanes (THMs). 

Conventional alum coagulation/flocculation processes have been shown 

to be somewhat effective in removing THM precursors in operating 

water treatment plants. Moreover, preferential removal of THM pre-

cursors with coagulation has been demonstrated using waters syntheti-

cally contaminated with humic and fulvic substances. 

Color-causing organics, including humic materials, have been 

thought to be THM precursor materials. Optimal removals of color-

causing organic material has been reported to occur in the pH range 

5.2 - 5.9 using alum coagulation. Optimal removal of humic acid has 
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been reported to have occurred at pH 5.2 with alum coagulation. THM 

yields have been reported to be related to the molecular weight frac-

tion of the organic matter found in natural water and a synthetically 

prepared water. 

The relationships among the material removed from the natural 

waters by alum coagulation, THM precursor materials, and the molecu-

lar weight distribution (MWD) of organic materials in raw and treated 

waters remain to be explored. 

The objectives of this research were to: 

l) compare the effectiveness of turbidity and total organic 

carbon (TOC) concentration as surrogate parameters for indi-

cating the removal of THM precursors, 

2) determine if operating the coagulation process at pH 5.2 

would increase the removal of THM precursors in comparison to 

non-pH-control1ed coagulation, 

3) determine the molecular weight fraction of material removed 

from natural waters by alum coagulation, 

4) determine if THM precursors are preferentially removed (in 

comparison to contaminants that do not form THMs) from water by 

alum coagulation, and 

5) determine if a relationship exists between the molecular 

weight of an organic contaminant and the amount of THMs produced 
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by that contaminant and, if so, determine the molecular weight 

of the species which produce the major portion of THMs. 

In order to accomplish the aforementioned aims, research was 

conducted to examine the relationship between the amounts of tur-

bidity, TOC, and THM precursors removed from water and the amount of 

alum used in the coagulation process utilizing water drawn from the 

Duck Pond at Virginia Polytechnic Institute and State University 

(VPI). In a following investigation using Peak Creek water, the alum 

dose range was expanded and the effect of conducting the coagulation 

process at pH 5. 2 was examined. 

As part of this in~estigation it was determined how concentrated 

a water must be in order to produce recognizable separations of the 

molecular weight fractions during gel filtration of filtered natural 

and treated Claytor Lake and Peak Creek waters. Raw and treated 

waters were concentrated by vacuum distillation, the molecular weight 

distribution of the organic material in the waters was determined by 

gel filtration through separate columns packed with Sephadex G-25 and 

G-75, and the MWDs of the waters were compared. Finally, the THM 

formation potentials (THMFP) of various molecular-weight fractions of 

raw and alum-coagulated waters were determined and compared. 



II. LITERATURE REVIEW 

General References 

Excellent literature reviews have been published on many of the 

topics of concern in this thesis. A few of these are considered in 

this section. 

The Research Committee on Coagulation of the American Water 

Works Association (AWWA, 1979) prepared a report which discussed the 

nature of organics in water, clay-organic interactions, coagulation 

of humic substances with inorganic salts, polymer coagulation of 

humic substances, turbidity and organics removal, pesticides, the 

influence of operational variables on coagulation for organics remo-

val, and reduction in THMs by coagulation of precursors. The report 

also summarized perceived research needs. 

Christman et~- (1981) prepared a review which considered 

lignin chemistry, humic matter, classification of humics, chemical, 

physical, and structural properties of soil and aquatic humic 

substances, and reactions of phenolic material with chlorine. 

Chapter 3 of a text authored by the Safe Drinking Water 

Committee of the National Research Council (NRC, 1980) discussed the 

chemistry of disinfectants in water. Among other topics, the chapter 

considers the haloform reaction, humic substances, reactions of 

hypochlorous acid with organic compounds, THMs, and chlorination of 

model compounds. 

Gjessing (1976) discussed the origin, formation, distribution, 

chemical composition, properties, and characteristics of aquatic humus. 

4 
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Quantitative and qualitative methods of analyzing aquatic humus were 

considered. The monograph summarized the knowledge of aquatic humus 

acquired by the Norwegian Institute for Water Research. 

Hatt (1978) discussed theoretical aspects of gel filtration, 

calibration of gel permeation chromatography columns, resolution of 

peaks, interpretation of chromatograms, and practical aspects of gel 

filtration including column packing techniques, 5ample preparation 

and loading, detectors and column dimensions. Pharmacia Fine 

Chemicals published a booklet discussing gel filtration utilizing 

their products. Determann (1968) has authored a classic text, as 

judged by the number of citations to it found in the literature, con-

cerning gel chromatography. 

Symons et .!}_. (1981) compiled an excellent text entitled 

Treatm~~1: Technique~ for ~2..lliQ..g: Trihalometh~nes in Drinkil'!.9. 

Water. This text summarized the literature concerning the discovery 

of the THM problem and related health and regulatory information. 

Measurement of THMs and mechanisms of formation were discussed. 

State-of-the-art treatment techniques for removing THMs and THM pre-

cursors were presented. Maintenance of bacteria 1 ogi c qua 1 ity and 

cost were considered. 

Trihal~~~tha!)_es:_ Dis~Q.~~~!. Occ~r_ren~~!. Health Effects 

The historical record of recent concern with THMs in public 

drinking water supplies is well-documented in many literature sour-

ces. Although no firm conclusion associating contaminants in 

drinking water with cancer mortality or morbidity can be made at 
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present, -due to various limitations with present data (Symons et ~· 

1981), the literature does establish THMs as a potential public-

health threat. 

Rook (1974) and Bellar et~· (1974) hypothesized that THMs are 

formed upon chlorination of natural waters. Possible adverse public 

health effects were postulated following a report of the presence of 

THMs in drinking water of New Orleans (Environmental Protection 

Agency, 1975) and a report correlating consumption of New Orleans 

drinking water with increased incidence of cancer in white males 

(Page et ~· 1976). Symons et ~· (1975) reported on an EnvirDn-

mental Protection Agency (EPA) study of public water supplies and 

drinking water sources in 80 cities. They reported that four THMs 

were prevalent in chlorinated drinking waters .[chloroform (CHCl3), 

bromodichloromethane (CHCl2Br), dibromochloromethane (CHClBr2), and 

bromoform (CHBr3)J. 

In her literature review, Carter (1980) reported that 

"chloroform has been shown to be an animal carcinogen" (National 

Cancer Institute, 1976), 11 bromoform produced a positive carcinogenic 

response in a pulmonary adenoma bioassay on mice" (Theiss et~· 

1977) and 11 brominated THMS ••• (exhibited) mutagenic activity in a 

bacterial assay using Salmonella" (Simmon and Tardiff, 1978). 

Kraybill (1980) addressed the controversy concerning the car-

cinogenicity of synthetic organic chemicals in drinking water. He 

reported that "hypotheses from epidemiological studies indicate that 

the risk of cancer may be greater in the following situations: 

a) surface water compared to ground water sources 
b) chlorinated water compared to unchlorinated water 
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c) high levels of THMs compared to low levels of THMs 
d) highly polluted sources compared to less polluted sources." 

The preponderance of evidence seems to suggest that THMs may be 

a public health hazard and, as such, should be removed or prevented 

from forming in public drinking water supplies. The EPA has 

recognized this potential threat and has established a maximum con-

taminant level (MCL) of 0.1 mg/L of TTHMs based on the technological 

feasibility of achieving this level of treatment (EPA, 1979). 

Trihalomethane Precursors 

The Safe Drinking Water Committee of the National Research 

Council (1980) stated that: 

"many investigators have assumed that THMs form in chlorinated 
water via the mechanism involved in the 'haloform reaction' 
and that the principal precursors of THMs that are found in 
natural waters are humic substances." 

However, Kavanaugh et~· (1979) felt that THM formation 

occurred through non-haloform pathways because they found that THM 

formation was dependent on the applied chlorine concentration, an 

event that is not predicted by the classic haloform mechanism. 

Whatever the mechanism of formation of THMs, precursor compounds 

are needed. Rook (1974) hypothesized that humic substances in the 

water supply for Rotterdam reacted with chlorine to form the THMs 

that had been detected in the product water of the Berenplaat treat-

ment pl ant. 

Humic substances are found in the soil and may be leached from 

it into surface waters by runoff and percolation. These substances 

are the products of vegetation decay and may form directly in surface 

waters from floating leaves and vegetation debris. Christman and 
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Ghessemi (1966) suggested that humic substances were the source of 

color in natural waters. They classified the humic substances in the 

traditional manner: fulvic acid - soluble in alcohol, and humic 

acid - insoluble in mineral acid and alcohol. Edzwald et al. (1977) 

stated that humic substances are amorphous, acidic, partially aroma-

tic, chemically complex, polymeric substances containing carboxyl and 

phenolic hydroxyl groups. Furthermore, they stated that humics form 

negatively charged colloids under the pH conditions encountered in 

natural waters. Christman et!}_. (1981) have completed an in-depth 

review of the literature concerning the formation, structure, chemi-

cal and physical characteristics of soil and aquatic humus that is 

extremely valuable for anyone engaged in research with humic substan-

ces in water. 

Hoehn et!}_. (1979) and Briley et _tl.(1980) reported that algae 

produce extracellular products which yield as much chloroform per 

unit organic carbon as humic and fulvic acids. These products may be 

important sources of THM precursors in waters with large algal 

biomass populations. 

Oliver and Lawrence (1979) reported that sulfonated lignins, 

tannins, and phenolic compounds may also be THM precursors. Boyce 

and Hornig (1980) reported that model diketones and polyhydroxyben-

zene compounds react with chlorine in dilute aqueous solution to form 

intermediates which subsequently decompose to yield chloroform under 

the conditions of aqueous injection chromatography (DAI). The amount 

of chloroform formed was a function of the temperature of the injec-

ti on port. 
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Trihalom~!_ha~~ Pre~ursor Remova! by Coagulat!on 

Prior to 1975 the organic materials causing natural color in 

water were not thought to form substances that would be injurious to 

health. Natural color-forming substances were removed from water for 

aesthetic reasons. Black and Willems (1961) found that excellent 

color reduction occurred in the pH range 5.2 to 5.9 when alum was 

used to treat natural waters. In a subsequent study, Black et~· 

(1963) treated highly colored surface waters with commerical ferric 

sulfate and discovered that a stoichiometric relationship existed 

between the raw-water color and the optimum coagulant dose for its 

removal. Hall and Packham (1965) extracted humic substances from 

natural waters and separated them into two fractions: fulvic acids 

in one fraction, humic and hymatomelanic acids in the other. Using 

alum as a coagulant, they found that the floe formed by humic and 

fulvic acids was smaller and slower settling than clay floe. They, 

too, reported a stoichiometric relationship between acid con-

centration and the amount of alum required for optimum color removal. 

They postulated that color was removed according to a chemical pre-

cipitation mechanism as insoluble basic humate or fulvate. 

Mangravite et~· (1975) investigated the stability of humic 

acid sols as a function of pH, alum dosage, and humic acid con-

centration. The humic acid was extracted from peat in sodium 

hydroxide (NaOH) solution and diluted with distilled water. Two 

distinct regions of coagulation were found. Coagulation of humic 

acid was accompanied by precipitation of aluminum hydroxide for 

alum dosages greater than 2 x lQ-4 M Al and a pH of 5 to 7. 
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Destabilization and removal of humic acid was caused by soluble, 

hydrolyzed, polynuclear, aluminum species in the pH range of 4 to 6 

with alum concentrations of 2 x lo-5 M Al. 

Narkis and Rebhun (1975) studied the flocculation of clay 

suspensions artificially contaminated with the sodium salts of humic 

and fulvic acids. They found that organic matter inhibited the floc-

culation process making large doses of coagulant necessary for 

removal of the clay. They suggested that the cationic, polyelectro-

lytic coagulant in use reacted first with the free organic acids, 

then with the humates and fulvates adsorbed on the surfaces of the 

clay particles, then lastly with the clay particles in the suspen-

sion. In a subsequent study, Narkis and Rebhun (1977) suggested that 

the sodium salts of humic and fulvic acids reacted chemically with 

alum through the carboxylate and phenolate groups. They reported 

that a stoichiometric relationship existed between the humic acid or 

fulvic acid content of the solution and the alum dose required for 

effective coagulation. The alum requirement was found to be less at 

lower pH values. They postulated that the degree of dissociation of 

the humic or fulvic acid molecules was lower at lower pH values. 

Edzwald et 21· (1977) extracted humic acid from peat and 

dissolved it in NaOH. They found that alum coagulation was not very 

effective in removing the humic acid at pH 6, but the coagulation 

that did occur was in the presence of precipitated aluminum hydroxide 

or aluminum humates, a result in agreement with Mangravite {1975). 

Edzwald et!}_. found the most effective pH for coagulating humic acid 
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with alum to be 5.2, a result that would have been predicted by 

Black and Willems (1961). 

THM precursor removal in water treatment plants varies greatly. 

Edzwald et~- {1981) reported average THM precursor removals for two 

water treatment plants located in New York. The plant using conven-

tional alum coagulation, flocculation, sedimentation and dual media 

filtration exhibited THM precursor removals of 45 percent. The plant 

also had a long detention time. The plant with a much shorter deten-

tion time using alum coagulation with non-ionic polymer addition to 

the flocculation basin, tube settlers, and mixed-media filtration 

achieved 68 percent THM precursor removal. Symons et~- (1975) 

reported 30 percent removal of nonvolatile total organic carbon 

(NVTOC) in a study of 63 water treatment plants. Kavanaugh et~

(1978) aptly pointed out that the plants cited were operated to opti-

mize turbidity removal, not organics removal. They felt that 

"organic removals up to 80 percent could be achieved depending upon 

the type of organics present, pH, coagulant dose, and the efficiency 

of the solids-liquid separation process." Reporting on investiga-

tions performed for a treatment plant in California, Kavanaugh et .!l· 
found the pH optimum with alum coagulation was nearly the same for 

turbidity removal and TOC removal and that the alum required to main-

tain a maximum of 100 µg/L TTHM concentration increased as the pH of 

the treated water increased. 

Amy and King (1981) coagulated synthetic waters contaminated 

with humic and fulvic acids. They found that coagulation was more 

effective for removing humic acid then for removing fulvic acid. 
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The cause was suggested to be either the colloidal dimensions of 

humic acid molecules encouraged removal via a "sweep floe" mechanism, 

or that the lower charge density of the humic acid facilitated charge 

neutralization. Turbidity inhibited the removal of humic or fulvic 

acid when alum was used as the coagulant, a finding similar to that 

of Narkis and Rebhun (1975) who reported that humic and fulvic acid 

inhibited the coagulation of clays. Amy and King also found that 

chloroform precursors were preferentially removed from solution. 

Babcock and Singer (1979) also extracted humic and fulvic acids 

from Michigan peat to prepare synthetic waters. They found that the 

humic acid was more effectively removed than the fulvic acid. Color 

removal paralleled TOC removal for humic acid waters, with almost all 

the humic acid being removed by coagulation. However, with fulvic 

acid waters, color was preferentially removed, leaving considerable 

TOC. Moreover, humic acid yielded more chloroform than an equivalent 

mass of fulvic acid. Good coagulation processes resulted in the 

removal of 70 percent of the chloroform precursors from both humic 

and fulvic acid solutions. Babcock and Singer felt that the pre-

ferential removal of both color and chloroform precursors from the 

fulvic acid fraction indicated that the color portion and chloroform-

precursor portion of the fulvic acid molecule may be the same. 

Symons et ~· (1981) reviewed coagulation/sedimentation studies 

performed at water treatment plants and found that THM precursor 

removals varied from 16 to 51 percent. However, ih the only case for 

which pH was reported, the coagulation pH was 6.9. Because water 

treatment plants usually do not operate in the low 5.2 to 5.9 pH 
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range found to be necessary for excellent color removal by Black and 

Willems (1961), good removal efficiencies should not be predicted. 

Sephadex Gel FiHr<!~:!__on of Hurni£ Subs!:_~~ces 

Gel filtration is a process which may be used to determine the 

molecular weight distribution (MWD) of naturally occurring compounds 

and synthetic polymers. The process has been in use for more than 

twenty years since its introduction by Porath and Flodin (1959). The 

basic process was described by Hatt (1978): 

"A column is packed with small porous particles and is eluted 
with either an organic or an aqueous solvent. A polymer, 
dissolved in a small volume of solvent, is loaded on top of the 
column and is washed through the packed bed by more solvent. 
Large polymer molecules are effectively excluded from the 
solvent present in the pores of the particles due to their large 
size, and so they are soon eluted from the column. The small 
polymer molecules have access to most of the solvent inside the 
stationary particles and they are thus eluted much later than 
the large molecules. The molecules of intermediate size, which 
can partially penetrate the pores, elute at times between the 
two extremes. So the polymer sample elutes with the constituent 
molecules leaving the column in the order of decreasing size, 
the smaller particles being retarded to a greater extent because 
of their ability to spend more time in the stationary solvent in 
the porous particles •••. A suitable detector inserted in the 
effluent stream from the column will give a response which is 
proportional to the amount of polymer that is in the eluate at 
that time. A plot of this response against time is the g.p.c. 
chromatogram; its shape depends on the MWD of the polymer. When 
the chromatographic system has been calibrated, a mathematical 
treatment of the chromatogram yields the MWD of the sample. 11 

11 Sephadex11 is a registered trademark of Pharmacia Fine 

Chemicals. It is described as a "bed-formed gel prepared by cross-

linking dextran with epichlorohydrin •••. The G-types of Sephadex 

differ in their degree of cross-linking and hence in their ••• frac-

tionation range. 11 
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Sephadex G-type gels are an accepted standard for gel fi"ltration 

and have often been used in the study of humic substances obtained 

from softs and from water. Gelotte (1960) indicated that Sephadex 

provides good reproducibility. He also stated that substances having 

an aromatic or heterocyclic structure would interact with the bed 

material resulting in delayed elution. Furthermore, ionic strength 

and pH changes could produce strong adsorption of certain basic 

substances and desorption of certain acidic substances. The adsorp-

tion and desorption effects are important because they would result 

either in incorrect low or incorrect high molecular-weight deter-

minations. Gelotte stated that these effects could be eliminated 

through proper selection of eluant and indicated that 0.05 M sodium 

chloride (NaCl) was usually a good choice. Gelotte's observations 

are especially pertinent to fractionations of humic substances 

because their complex structure has been reported to contain phenolic 

and aromatic hydroxyl groups (Black and Christman, 1963b). 

Posner (1963) found that Sephadex used with an electrolytic 

eluant performed poorly when fractionating humic acid from soil. He 

found the use of an electrolyte necessary because humic acid carries 

a large charge which caused the acid molecules to be excluded from 

the pores in the Sephadex due to the charge on the Sephadex. He 

recommended that the sample to be applied be dissolved in a high-

ionic-strength electrolyte and then be eluted with distilled water. 

Posner felt that one could not choose an electrolyte concentration 

that would simultaneously eliminate adsorption and exclusion effects. 
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Dell'Agnola and Ferrari (1971) reported that in an earlier study 

(1965) they had found that by making up and eluting soil humus with 

0.02 M sodium borate, they obtained negligible adsorption of humic 

matter on Sephadex. 

L indqvist (1967) thought that the use of Posner's method would 

lead to a "serious misinterpretation of results." He claimed that 

humic acid molecules in salt solutions were strongly adsorbed onto 

Sephadex gels and were released from the adsorption sites as the 

distilled water front came through the column, resulting in sudden 

break-through when the low-ionic-strength eluant exited the column. 

He emphasized that ionic-strengh gradients must be avoided during 

gel-separation procedures • 

• Jansen (1967) stated that Sephadex exhibited electrostatic 

interactions with humic materials due to the terminal carboxylic 

groups on the cross-linked, dextran chains. The interactions were 

more noticeable on the more tightly cross-linked types (G-50, G-25, 

G-15 and G-10). He also noted that high-ionic-strength eluants may 

reduce the water of hydration of the gel, exposing sorption sites and 

retarding the movement of the molecules through the column. Such an 

action would yield incorrect, low-molecular-weight values. However, 

Butler and Ladd (1969) were unable to substantiate the claims of 

Lindqvist. 

Hall and Lee (1974) reported on a thesis by Plumb (1968) who 

found that changing the concentration of organic matter prior to 

charging the Sephadex changed the relative amounts of organic matter 

appearing in the fractions obtained upon elution. He postulated that 
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the apparent shift towards lower molecular weight during con-

centration was due to an increase in the ionic strength of the solu-
tion. He found that the shift in molecular weight with changing 

concentration could be eliminated by adding NaCl to the sample to a 

conductance of 1000 millimhos per centimeter before placing the 

sample on the column. Plumb insisted that the shift to lower molecu-

1 ar weight with increasing ionic strength was not a result of the 

breakdown of the organic sample. He thought that a repulsion existed 

between the carboxyl groups on the Sephadex and the natural organic 

matter at low ionic strengths. This repulsion caused the molecules 

to be excluded from the pores of the gel and flow through the column 

faster, yielding an incorrect, high molecular weight. Adding ionic 

species to the sample neutralizes the small repelling forces and per-

mits true molecular size separation to occur. 

Swift and Posner (1971) approached the humic acid-gel 

interaction-eluant problem directly, studying the behavior of soil 

humic acids on Sephadex utilizing a number of eluant systems. They 

stated that the whole of the applied sample must be eluted within the 

total column volume and the elution volume of substance must be inde-

pendent of the sample concentration and flow rate in order to achieve 

a separation based solely on molecular weight differences. Thus, 

adsorption must not be permitted to occur. At high ionic strengths, 

there is an adsorption of organic matter on Sephadex. However, at 

low ionic strengths, the negative electrical charges of the organic 

matter and the Sephadex repel each other. The problem is to balance 

these two opposing effects. They concluded that "the gel column 
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should be packed and eluted with an alkaline buffer, preferably TRIS 

or one containing a similar amino cation." 

In a subsequent work, Cameron et~· (1972) discussed calibra-

tion of gels for use with humic acid. They found that "the retention 

behavior of humic acid on an uncalibrated gel cannot be predicted 

from the known calibration curve for proteins or dextrans. 11 TRIS 

buffer eluant provided the best linear relationship between the 

logarithm of the molecular weight (log MW) and Kav (the fraction of 

the stationary gel volume which is available for diffusion of a given 

solute species) in the MW range 2500 to 100,000. The curve obtained 

with primary humic acid standards paralleled that made with colorless 

proteins but exhibited an exclusion limit below that predicted by the 

proteins. Borax buffer provided a good linear relationship between 

log MW and Kav in the same range. However, the curve obtained was 

not parallel to that obtained when data obtained by separations of 

colorless proteins were plotted. The smaller molecules exhibited a 

lower value for Kav in the borax buffer than they did with the TRIS, 

indicating that part of the volume of the Sephadex was inaccessible 

while using the borax buffer. 

The reported works on the use of buffer solutions for use in 

eluting humic substances from gel permeation columns are those of 

soil scientists. These works seem to have been ignored or not 

accepted by researchers wonking with aquatic humic materials, as 

attested to by the continued use of distilled water as the eluant in 

recent studies reported in the following section. 
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Molecular Weigh! Distributio~ of Hurni~ Matei:_!~l~ 

Early research into the nature of organic compounds that cause 

color in natural waters was performed by Black and Christman (1963a, 

1963b). They concentrated natural waters using a vacuum evaporator 

with an ordinary water aspirator as the vacuum source at a bath tem-

perature of 45oc. They found no differences in the properties of 

water concentrated either by freeze drying or by vacuum evaporation. 

Uses of Sephadex gels to determine molecular weight distribu-

tions of organic compounds in natural waters have been reported by 

numerous investigators. Gjessing (1965) found two types of humic 

substances in Norwegian surface waters: one type with a molecular 

weight range of 100,000 to 200,000 and a second type with a MW less 

than 10,000. He found it necessary to concentrate his samples 400 

times (400X) before passing them through the Sephadex, using 

distilled water as the eluant. Gjessing and Lee (1967) separated the 

organics in concentrated waters from Black Earth Creek into ten frac-

tions using five sizes of Sephadex gels in 30 mm x 70-100 cm columns. 

They concentrated waters by vacuum evaporation. They claimed that 

distilled water was the best eluant for use in separating the frac-

tions of natural organic matter in water on Sephadex. They found 

that Sephadex gave reproducible results whether several columns were 

used or if all separations were carried out with a single column. 

Christman et..!!· (1981) reported that Shapiro (1966) used 

Sephadex gels to determine the MWD patterns for 22 Minnesota lakes. 

Shapiro identified four, basic, elution patterns which he thought were 

caused by different proportions of aquatic humic fractions present. 
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He found the molecular weight of humic materials to be greater than 

10 ,000. 

Ghassemi and Christman (1968) found that the molecular weights 

of yellow organic acids found in natural waters to lie mostly in the 

range of 700 to 10,000 with a small fraction being greater than 

50,000. They passed waters concentrated by vacuum evaporation 

through five grades of Sephadex gels. The concentration factor was 

not reported. The molecular weight of the color molecules was found 

to be a function of pH, increasing as pH increased. 

Hall and Lee (1974) dealt with the problem of the coulombic 

attraction of organic materials to Sephadex by adjusting the water 

sample to the "proper ionic strength" and eluting with distilled 

water. They obtained six fractions. However, the Kav of one frac-

tion exceeded 1.0, indicating that some adsorption had taken place, 

i.e.j the ionic strength was too high. Moreover, the procedure 

involved an ionic strength gradient, a practice criticized by 

Lindqvist {1967). 

Schnoor et al. {1979) used Sephadex gel G-75 to separate 

naturally occurring organics in Iowa River water into apparent mole-

cular weight (AMW) fractions. These fractions were subsequently 

chlorinated and analyzed from THMs. The methods used in this study 

will be described in greater detail due to their importance in the 

research reported in this thesis: 

Grab samples were centrifuged at 2000 rpm to remove suspended 

solids and stored at 3oc for one to three weeks. The samples were 

then concentrated by freeze-drying. The residue from 500 milli-
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liters (ml) of river water was redissolved in 2 ml of elution water, 

yielding a concentration factor of 250. The elution water was 

distilled, purified with a Millipore Milli-Q system and purged of 

THMs with nitrogen gas. Undissolved solids were removed by 

centrifugation. 

The organic compounds were fractionated by passing them through 

a 2.2 cm diameter x 60 cm long polyethylene column packed with 

Sephadex G-75. Eluant was collected at the rate of 40 ml/hour in 

2.5 ml sample volumes for total organic carbon (TOC) analysis. A 

total of 200 ml of elution water was collected for each elution. The 

eluted samples were combined into groupings of various molecular 

weight ranges. Each sample yielded from four to nine fractions. The 

grouped eluant samples were treated to conditions similar to those 

existing in the University of Iowa lime-softening water treatment 

plant. The pH was adjusted to 10.8 and the samples were chlorinated 

to a free residual of 2 mg/l, then stored in the dark for 10 hours at 

3°C. The eluant consisted of a 0.1 M K2HP04 buffer solution util-

izing 0.02 percent sodium azide as a bacteriocide adjusted to a pH 

of 6.95. Proteins of known molecular weight were used to calibrate 

the column. 

The first peak during the elution of organics in the sample 

collected on October 10, 1977 appeared in the 48 to 72 ml fraction. 

This peak most likely consisted of material excluded from the gel, 

represented a molecular weight greater than 50,000 and comprised less 

than one percent of the TOC. The second peak eluted from the column 

appeared in the 144 to 192 ml fraction. 
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Seventy-five percent of the THMs were formed from substances 

with molecular weight less than 3,000. This fraction made up 90 per-

cent of the TOC. Twenty percent of the THMs were formed from 

substances with molecular weights less than 1,000. These substances 

comprised only seven percent of the TOC. The authors reported con-

siderable loss of TOC in the freeze-drying process. Organic recovery 

was improved with vacuum distillation. 

Veenstra and Schnoor (1980) extended the aforementioned study 

utilizing similar procedures. This time concentration of raw water 

samples was by rota-evaporation to 150-250 X. During the summer 

months a small, high-molecular-weight (AMW greater than 40,000) peak 

occurred which was subsequently identified as humic acid. Throughout 

the year, a large, low-molecular-weight (AMW less than 6,500) peak 

was present. Eighty-seven percent of the TTHMs were formed from 

materials with AMW less than 3,000, with 33 percent being formed from 

material with AMW less than 1,000. The greatest yield per unit 

organic carbon for each of the four major THMs occurred in the group 

with AMW less than 1,000. The greatest concentration of chloroform 

developed after chlorination of the sample containing compounds with 

AMW in the range of 1,000 to 2,800. 

Jewett and O'Brien (1979) fractionated a soil-derived, fulvic 

acid mixture using Sephadex (G-50, G-100 and G-25) gels, recon-

centrated the fractions by rotary freezing followed by freeze-drying, 

reconstituted the fractions to a common 8 mg C/l concentration, and 

chlorinated the fractions with a 10 mg/L chlorine for 48 hours to 

cause THM formation. They found four significant fractions, each of 
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which produced chloroform. They reported that fraction 3 gave the 

highest yield of chloroform. Unfortunately, the columns must not 

have been calibrated, as apparent molecular weights were not 

reported. However, fraction 3 appeared to be the one containing 

substances in the lowest molecular weight range. 

Odegaard and Koottatep (1982) concentrated river water 20X by 

vacuum evaporation and fractionated the organics on Sephadex G-25 and 

G-75 columns, detecting the fractions with an ultraviolet detector. 

They found that 33 percent of the humic substances had an AMW greater 

than 50,000, 39 percent had an AMW in the range 5,000 to 50,000, with 

28 percent having an AMW less than 5,000. These figures differ 

greatly from those reported by Veenstra and Schnoor (1980). 

Summ~~Y-

The presence of THMs in drinking water may pose a threat to 

public health. Humic substances have been implicated as being THM 

precursor materials. Humic substances have also been identified as 

the materials which impart colors to many natural waters. Alum 

coagulation has been reported as effective for removal of color-

causing compounds and has been thought to have potential for removal 

of THM precursors from water. However, experience at water treatment 

plants indicated that only small percentages of THM precursors had 

been removed with alum coagulation. Alum coagulation has been 

reported as most effective in removing color and humic acid when con-

ducted at pH 5.2. Studies concerning the removal of THM precursors 

with alum coagulation conducted at acidic pH values have not been 

reported. If color-causing substances and humic acid are THM 
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precursors, alum coagulation conducted at acidic pH should produce 

more effective THM precursor removal than alum coagulation conducted 

at a higher pH. The research reported in this thesis considers if 

coagulation conducted near a pH of 5.2 is more effective in removing 

THM precursors than coagulation conducted at higher pH. 

Sephadex gels have been used to determine the MWO of both soil-

derived and aquatic humic materials. Aquatic studies have considered 

both natural and synthetically contaminated waters. However, the 

effect of water treatment practices on the MWO of organic substances 

found in water has not been considered. The research reported in 

this thesis considers the effect of alum coagulation on the MWO of 

organic materials found in a natural water. 



III. MATERIALS AND METHODS 

This project was intended as an initial attempt to determine the 

relationship between coagulant dose and the removal of trihalomethane 

precursors (as THM formation potential, THMFP); the relationship be-

tween the molecular weight (MW) of organic components of water and 

THMFP; and the relationship among coagulant dose, MW of organic con-

taminant removed, and THMFP removed from water. Natural water 

samples were collected, coagulated, concentrated, fractionated, 

chlorinated and subjected to various analyses in the attempt to 

determine the aforementioned relationships. This work was intended 

to establish some base line data for future use. 

Sample Coll~~tio~ 

Raw water was obtained from three sources. The source of water 

utilized for initial determinations of the relationship between THMFP 

and coagulant dose was the Duck Pond located on the campus of 

Virginia Polytechnic Institute and State University. The water used 

in the major portion of this work was obtained from Peak Creek, 

Pulaski County, Virginia, at a point just below the State highway 

bridge crossing the creek above Conrad Brothers Boat Dock. The third 

source was Claytor Lake, Pulaski County, Virginia, with the sample 

being collected at a location near the Claytor Lake State Park head-

quarters building. Samples were obtained by submerging 25-liter 

Nalgene containers unti"I they were filled. The samples were taken to 

the laboratory and either refrigerated or processed immediately. 

24 
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Alu'!! Coagulat!~"! 

All coagulation/flocculation procedures were performed using a 

standard six-place Phipps and Bird (Richmond, VA) laboratory stirrer, 

square glass coagulation jars and one-liter water samples. A stand-

ard solution of alum (Al2(S04)3·18H20) was prepared. The appropriate 

volume of stock solution was added to one liter of sample water to 

produce the desired alum concentration. Alum was added to the sample 

jars with the stirrer operating at full speed [in excess of 100 revo-

lutions per minute (rpm)]. After one minute, the rotation of the 

stirrers was reduced to 40 rpm, and the samples were stirred at that 

speed for twenty minutes. The water samples were then permitted to 

settle for sixty minutes. Settled samples were vacuum filtered using 

Whatman glass-fiber filters (GF/C or 634-AH, according to 

availability) and refrigerated to await further processing. 

In the trials when pH adjustment was required, the aforemen-

tioned procedure was altered by adding sufficient acid solution (0.1 

N hydrochloric acid, HCl) to reduce the pH to a range where addition 

of alum would produce a final pH in the desired 5.2 - 5.3 range. 

Alum was added utilizing the same procedure and times as stated pre-

viously. Final pH adjustment was made at the beginning of the floc-

culation step by adding 0.1 N HCl and/or 0.1 N sodium hydroxide 

(NaOH). 

Physical an~ Chemical Analyse~ 

pH. Samples were analyzed for pH using a specific ion electrode 

as described in Standard Method~, method 423. 
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Turbi~i!~· Natural waters, treated waters and filtered natural 

and treated waters were analyzed for turbidity using the nephelo-

metric method as described in Standar~ Met~od~, method 214A. 

Chlorine. Chlorine concentrations were determined with one of 

two methods. The amperometric titration method, as described in 

Standar~ Methods, method 408C, was used to determine the con-

centration of the stock chlorine solution. The chlorine residual of 

chlorinated sample waters for the investigation into the effect of 

coagulant dose on THMFP removal for Peak Creek water was estimated 

using diethyl-p-phenylenediamine (OPO #1) tablets and LaMotte 

Chemical Products Company (Chestertown, Maryland) color comparators. 

Chlorine residuals of the samples that were chlorinated following 

fractionation with Sephadex columns were estimated using one milli-

liter (ml) of sample, approximately one-fourth of a DPD #1 tablet, and 

the LaMotte color comparators. 

TOC. The method utilized was the same as that described by 

Carter (1980): 

"Total organic carbon was measured using the Dohrmann/Envirotech 
(Santa Clara, Cal1fornia) OC-54 Ultra Low Level Total Organic 
Carbon Analyzer System, designed for samples containing less 
than 10 mg/L carbon. Each sample was mixed with a solution of 
phosphoric acid and potassium persulfate. The instrument purges 
the sample with helium which carries carbon dioxide (C02) and 
the purgeable organic carbon (POC) through a C02 scrubber where 
the C02 is removed. The POC is pyrolyzed by a hydrogen-enriched 
nickel catalyst which reduces it to methane. The methane is 
detected by flame ionization and read from a digital display as 
mg/L carbon. The water sample containing the nonpurgeable 
organic cargon (NPOC) is driven through an ultraviolet reaction 
coil which completes the oxidation to C02. This C02 is con-
verted to methane and detected as previously described. All 
samples were analyzed at least twice and the average result 
reported." 
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Concen!!:~!lQ.lJ. of Water Sampl~~ 

Filtered raw and treated waters were concentrated with a Buchi 

(Switzerland) Rotavapor RllO vacuum evaporator with one-liter capac-

ity and an ordinary laboratory aspirator as a vacuum source. A 

water bath temperature of 40°C. was utilized. The tear-drop-shaped 

sample flask was acid washed, then rinsed with tap water and sample 

water before each use. Usually 2400 ml of sample was concentrated to 

50-100 ml. The 50-100 ml of concentrated sample was vacuum filtered 

to remove condensed salts, then further concentrated to 6 ml. If 

less than 6 ml of sample remained at the end of the process, the 

sample was diluted to 6 ml using collected distillate as diluent. 

Concentrated samples were refrigerated to await further processing. 

Trihalomethane Formation Potential 

Glassware. Water samples to be analyzed for THMFP were not per-

mitted to contact containers other than glass with the following 

exceptions: all water contacted with Nalgene containers used to 

collect and store raw water samples; samples eluted from columns 

packed with Sephadex contacted natural-rubber and plastic tubing 

during the gel-filtration and detection processes. (The latter was 

minimized by utilizing glass tubing whenever possible.) Concentrated 

water samples and reagents were stored in and pipetted with glass. 

Glassware and Pierce (Rockford, Illinois) Teflon (registered 

trademark) Silicone discs were washed with Trend (Purex Corporation, 

Lakewood, California) detergent, rinsed with tap water, rinsed twice 

with distilled water, and dried at 1050 C. for one hour. The ini-

tial, glassware washing procedure included an acid-washing step with 
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chromic acid. Subsequent washing procedures did not include the acid 

wash. 

Chlorination of Duck Pond Wate~ A dose of 10 mg/L chlorine was 

arbitrarily selected for use in this preliminary investigation. 

Chlorine was obtained from a concentrated stock solution of calcium 

hypochlorite. A 50-mL aliquot of each sample was used to determine 

the amount of buff er solution required to maintain the pH in the 

range of 7.0 - 7.2. A 500-mL volumetric flask was partially filled 

with sample, the appropriate doses of buffer and stock calcium 

hypochlorite solutions added, the dosed sample mixed, and additional 

sample was added to bring the volume to 500 ml. The chlorinated 

solution was poured into 32-mL, clear-glass, screw-cap, septum vials, 

and the vials were capped, sealed, and stored in the dark at room 

temperature for 24 hours. Following the incubation period, the vials 

were uncapped, an excess of 4 Normal (N) sodium sulfite solution was 

added to dechlorinate the sample, and the vials were capped and 

resealed. Analyses for THMFP were begun immediately, and all samples 

were analyzed within 12 hours of dechlorination. 

Chlorination of Peak Creek Water. The TOC concentration of each 

sample was measured. Chlorine was applied at a dose of three parts 

chlorine for each part TOC; based on the work of Munn (1983) con-

ducted at the same time as this study. Buffer and stock hypochlorite 

solutions were added in the manner outlined in the previous 

paragraph. Chlorinated samples were poured into 130-mL, amber-glass, 

screw-cap, septum vials, and the vials were capped, sealed, and 

stored in the dark at room temperature for 96 hours. (The 96-hour 
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period was determined to be optimal by Munn.) Separate vials were 

maintained for chlorine-residual .determinations. Following the incu-

bation period, the vials were uncapped, an excess of sodium sulfite 

solution was added to dechlorinate the solution, and the vials were 

quickly recapped, resealed, and refrigerated until analysis for THMFP 

could be initiated. All THMFP analyses were completed within 72 

hours of dechlorination. The separate bottles maintained for 

chlorine residual determinations were analyzed at the end of the 

96-hour incubation period. 

Chlorination of Saml?..l~ Fractionated by Sep~~~ex!. The TOC con-

centration of the corresponding unconcentrated sample was utilized to 

calculate the amount of TOC applied to the column packed with 

Sephadex. Calculations of the amount of TOC contained in the frac-

tions taken from the Sephadex packed column and, subsequently, the 

TOC concentrations of the fractions were based on the following 

assumptions: 1) no TOC was lost during concentration of the water 

sample, 2) all TOC applied to a column was eluted from and was pre-

sent in the fractions collected, 3) no TOC was present in the 

eluant, and 4) the TOC present in a particular fraction was propor-

tional to the area under the chromatographic curve for that fraction 

as it eluted from the column. The fractions eluting from the 

Sephadex-packed column were collected with graduated cylinders. 

Approximately one-half of the sample was poured into a 32-ml clear-

glass, screw-cap, septum vial. Stock calcium hypochlorite solution 

was added to produce an applied chlorine to TOC ratio of 3:1. The 

remaining sample was added and any volume deficit made up with stock 
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eluant buffer solution. The vials were capped, sealed, and stored in 

the dark at room temperature for 96 hours. Following the 96-hour 

incubation period, the vials were uncapped, one ml of sample was 

removed for chlorine residual determination, sufficient sodium 

sulfite solution was added to dechlorinate the sample and fill the 

vial, and the vials were recapped, resealed, and refrigerated until 

analysis for THMFP could be initiated. All THMFP analyses were per-

formed within 120 hours following dechlorination. 

THM Analyses. THMFP analyses were performed with an integrated 

combination of a Tracor lSC-2 sample concentrator, a Tracor 560 gas 

chromatograph and a Hewlett-Packard 3390A integrator according to 

the purge-and-trap method (EPA, 1979b). Volatile THMs were purged 

from 5-ml samples and captured with a Tenax column, then desorbed and 

injected into the gas chromatograph. Details of the analytical con-

ditions were: 

Column: 1 percent SP-1000 on Carbopack (60/80) mesh - 6 feet 

Carrier gas: helium at 40 ml/minute 

Temperature program sequence: 450 C. isothermal for 3 minutes, 

ao C./minute increase to 2000 C., hold for 15 minutes or 

until all compounds have eluted. (In later trials, the 

hold period was reduced to 5 minutes because no compounds 

were found to elute after the temperature reached 2150 C.) 

Standar~i~~:!'...!~~ of ~ chrof!!_at~gra~~~ The instruments were not 

standardized for the initial investigation of the relationship be-

tween coagulant dose and THMFP removal using water from the VPI Duck 
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Pond as only relative production numbers were required. The instru-

ments were standardized for subsequent investigations. 

Standard solutions of the four, major THMs were prepared in a 

manner outlined by Grender (1982). Ten ml of concentrated standards 

were prepared by each pure THM using methanol as solvent. The pure 

THM standards were used to prepare a dilute mixed standard, using 

methanol as diluent. The mixed-standard was injected into distilled 

water, and duplicate samples of this water were used to calibrate the 

integrator. The average area under the chromatographic peak was 

calculated for each THM. This value, along with the input con-

centration of the standard, was used to calculate the factor 

"amount/area" which was programmed into the integrator. The integra-

tor was. programned to print elution times in minutes and THM con-

centrations in)lg/l. The calibration was checked at the start of 

each processing day using a standard solution. The calibration was 

not altered if the concentrations printed for CHCl3 and CHBrCl2 were 

within ten percent of the input values. If the printed con-

centrations were not within this limit, the duplicate standard was 

analyzed, the "amount/area" factor was recalculated, and the integra-

tor was reprogrammed. 

Estimatin~ dilution fac!ors for THMFP analy~is of concentra!ed 

samples~ The upper limit for detection of chloroform with the gas 

chromatograph instrumentation was approximately 170 µg/l, therefore 

many of the concentrated samples that had been fractionated with 

Sephadex-packed columns were diluted in order to reduce the chloro-

form concentration to an accurately detectable range. An estimate of 



32 

the volume of sample needed per 5 ml injection volume was made by 

dividing 10 by the estimated TOC concentration. This number was 

multiplied by five and adjusted to an available-pipette volume (1 ml, 

2 ml, 5ml, or 10 ml). The calculated volume of sample was diluted to 

25 ml in a volumetric flask. Buffer solution was the diluent in ini-

tial trials. Distilled water was used later. Diluted samples were 

analyzed for THMFP. Occassionally adjustments were made in the dilu-

tion factor when the trend exhibited by a particular water indicated 

a less-dilute sample would be satisfactory. 

Molecular Weight Distribution 

The molecular weight distribution (MWD) of concentrated water 

samples was determined using Sephadex gels G-25, G-50 and G-75. The 

properties of these gels are shown in Table I. The columns used with 

the G-25 and G-75 gels were 2.5 centimeters (cm) in diameter by 40 cm 

tall. The dried gel particles were placed in buffer eluant solution 

and permitted to swell at least 24 hours. The gels were degassed 

under vacuum and then poured into the respective columns. Eluant was 

permitted to fl ow through the co 1 umns for two hours while the gels 

settled. During the latter part of the research effort, a 1.0 cm 

diameter x 78 cm tall column packed with Sephadex G-50 was used. 

This column had previously been used with distilled water as the 

eluant, so it was necessary to flush it with buffer solution for 

three hours. 

In a typical trial, the eluant in the column was permitted to 

drain until the meniscus just touched the top of the Sephadex. The 

eluted eluant was discarded and a graduated cylinder placed so as to 
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TABLE I: Properties of Sephadex gels used to determine the 
molecular weight distributions of the organic matter 
in concentrated water samples. (from Gel Filtration: 
Theor~ and practice~ Pharmacia Fine ChemicaTS:-Y---~ 

-----·--·--
Property Sephadex Type 

G-25 G-50 
-----·-·----·-----~-------·--,---

Dry bead diameter 
(um) 

Fractionation range 
with respect to MW 
of proteins 

Bed volume 
(ml/g dry Sephadex) 

20- 80 

1000-5000 1500-30000 

4- 6 

G-75 

40- 120 

3000-80000 

12- 15 
----.--~-=------------------·--·------.-----------·-~ 



34 

collect the effluent. A two-ml sample of concentrated water sample 

was placed on top of the Sephadex with a pipette. Flow through the 

column was initiated and maintained until the meniscus of the sample 

just touched the top of the gel. Then eluant flow was begun. 

Organics in the effluent were detected with a Buchler 

Instruments (Fort Lee, NJ) FRACTO-SCAN (registered trademark) model 

3-5100 ultraviolet monitor at a wavelength of 280 mu and recorded on 

a Scientific Products (McGaw Park, Illinois) strip chart recorder. A 

schematic of the gel column-detector-recorder arrangement is shown in 

Figure 1. 

The eluant solution used in the series of trials designed to 

determine a suitable concentration factor for water samples was 0.025 

M sodium borate (Na2B407) prepared with distilled water. An eluant 

solution of the same concentration was prepared with Milli-Q 

(Millipore Company system) product water for use in the investiga-

tions concerning the THMFP of various molecular weight fractions of 

concentrated waters. 

Calibra!!on of Sephade~ columns~ The relationship between the 

molecular weight of the sample and the volume of eluant passed 

through the column packed with Sephadex G-75 was determined by using 

the following proteins: ribonuclease A (MW 13,700), chymotripsinogen 

A (MW 25,000), ovalbumin (MW 43,000) and bovine serum albumin (MW 

67,000). The same relationship was defined for Sephadex G-50 using 

the ribonuclease A, chymotrpysinogen A, and adrenocorticotropic hor-

mone (ACTH, MW 3,500). For Sephadex G-25, ACTH and cyanocobalamin 

(Vitamin B-12, MW 1,165) was used. Separate trials were performed 
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l I 
Eluant reservoir 

'~ hose clamp , 

11 Sephadex11 

packed 
column 

-, 
Buchler .! FRACTO-SCAN graduated 

\I cylinder .. II 

hose clamp ,, 
11 ---
recorder 

Figure 1: Schematic representation of the 11 Sephadex 11 packed gel 
column, Buchler FRACTO-SCAN ultraviolet detector and the 
recorder set-up used in the molecular weight fractiona-
tion experiments. 
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with each substance for each column. Blue Oextran 2000 (MW 

2,000,000) was used with each column to determine the void volume. 

Methylene blue (MW 320) was used with each column to determine that 

volume for each column where all applied material should have been 

eluted for any given sample. The elution volume of each protein was 

established by determining the volume at the intersection of lines 

drawn tangent to the sides of the elution peak as shown in Figure 2. 
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start 

Figure 2: The elution volume (Ve) of a substance is determined by 
finding the intersection of lines drawn tangent to the 
sides of the elution peak on a gel chromatogram. 



IV. RESULTS 

Data collected during this study were intended to answer the 

following questions: 

L Does the dose of coagulant necessary for optimal removal of 

THMFP correlate more closely with the dose needed for opti-

mal removal of turbidity or TOC? 

2. Does operating the coagulation process at pH 5.2 result in 

increased THMFP removal? 

3. How does coagulation affect the molecular-weight distribu-

tion of organic contaminants in a water? 

4. Are THM precursors preferentially removed from natural 

waters by alum coagulation? 

5. How is THMFP related to the molecular weight of organic con-

taminants present in a water? 

Optimal Coag_u~nt Dose~ - Preliminary Investigation 

An investigation was conducted utilizing water from the Duck 

Pond at VPI in order to determine if coagulant doses for optimal 

removal of turbidity, TOC, and THM precursors coincided. The con-

centrations of chloroform, bromodichloroform, dibromochloroform and 

bromoform that were measured 24 hours following chlorination of 

filtered and alum-treated Duck Pond water samples are presented in 

Table II. Chloroform· constituted the major portion of THMs present. 

Bromoform was not found. Alum treatment reduced the amount of 

chloroform precursors, but not the amount of bromodichloroform and 

dibromochloroform precursors present in the water. Data showing TOC 
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TABLE II: Trihalomethane concentrations after 24-hours chlorine contact, turbidity, total 
organic carbon concentrations, and comparative removals of various contaminants 
from filtered raw and alum-treated Duck Pond samples (pH 7.1 - 7.2). 

-------------·-'-
Alum Dose Turbidity TOG TMM Concentrations, pg/L** TTHM/TOC Percent Removal 

------- ----·-·--·-
mg/L* NTU mg/L CHCl3 CHBrCl2 CHBr2Cl CHBr3 TTHM µg/mg TTHM Turbidity 

-----·--------·--------·-----------------· ·-------------·--
0 10.0 2.90 91 15 5 ND 111 38 

4 9.2 2.13 77 14 4 ND 95 45 14 8 

8 3.4 2.07 67 14 4 ND 85 41 23 66 

12 1.5 2.39 61 13 4 ND 78 33 29 85 

16 1.0 2.29 60 14 5 ND 79 34 29 90 

20 1.0 61 14 5 ND 80 29 90 

·---------... -·-----------·-----·--------· ------·-
*as Al2(S04)3·l8H20 

**ND = none detected 

TOC 

27 

29 w 
l.O 

18 

21 
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concentrations, turbidities and percent removals are also shown in 

Table II. A graphical presentation of the manner in which total tri-

halomethane (TTHM) and TOC concentrations and turbidity change with 

differing applied alum doses is shown in Figure 3. Note the broken 

axis when interpreting the figure. 

Selection of Concentration Factor 

Waters obtained from Peak Creek and Claytor Lake were treated 

with varying doses of alum in order to determine the dose for optimal 

turbidity removal. The results of these investigations are presented 

in Table III. Three-liter batches of each water treated with the 

optimum a 1 um dose and of each fi ·1 tered raw water were concentrated 

using the vacuum evaporator, then fractionated on the Sephadex 

columns to determine the organics-elution patterns. In early trials, 

treated Claytor Lake water was concentrated to 40X and 54X. The 40X 

concentration displayed no elution peak when passed through the 

Sephadex G-25 column. A small peak at the void volume of the gel was 

detected when using the 54X concentration. Therefore, a new set of 

trials was begun with the waters being concentrated to a higher 

degree, then diluted with distillate to various concentration fac-

tors. 

G-25 trials. Filtered Claytor Lake water was concentrated 400X 

and a portion of the 400X sample diluted to 200X. Each sample was 

passed through a Sephadex G-25 column. As shown in Figure 4, both 

samples exhibited a peak at 60 ml elution volume, corresponding to 

material that had been excluded from the gel. However, only at 400X 

concentration was a second peak clearly visible. 
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Figure 3: A comparison of the effects of alum dose for removal of 
TOC, turbidity and THMFP from VPI & SU Duck Pond. 
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Table III: The effect of alum dose on the turbidity of 
Claytor Lake and Peak Creek waters. 

Alum Dose Turbidity (NTU) 
-- ·-------------·--------

mg/1 

0 

2 

4 

6 

8 

10 

12 

14 

15 

16 

20 

24 

25 

28 

30 

32 

35 

40 

Claytor Lake 

2.6 

3.1 

3.1 

2.8 

2.9 

2.9 

2.7 

1.2 

0.9 

0.5* 

0.7 

0.7 

0.4 

Peak Creek 

7.2 

6.4 

6.3 

6.2 

5.2 

3.8 

1.1 

1.0 

0.77 

0.55 

-* 
0.50 

0.53 

*25 mg/L dose selected as best for removal of turbidity 
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-....,_ . -- 200X 

400X n .. 

I 

--~~. -::::::::----- , 

170 130 90 50 10 

Eluant volume (ml) 

Figure 4: Gel chromatograms produced by samples of filtered Claytor 
Lake water that have been concentrated to different 
degrees and passed through a column packed with Sephadex 
G-25. 



44 

The elution patterns produced by treated Claytor Lake water con-

centrated 400X, 200X and lOOX are shown in Figure 5. Note that three 

peaks are clearly distinguishable at the 400X concentration, and are 

noticeable at 200X, but that two of the peaks did not appear at lOOX. 

Filtered Peak Creek water concentrated 400X, 200X and lOOX pro-

duced the chromatographic traces shown in Figure 6. Three peaks are 

easily identifiable at a concentration of 400X. However, at each 

succeeding dilution, a peak becomes obscured. 

Peak Creek water that had been coagulated with 25 mg/l alum, 

super-concentrated to 800X, then diluted to 400X and 200X, and placed 

on the Sephadex G-25 gel produced the chromatographs shown in Figure 

7. Three peaks are distinguishable at each concentration. 

G-75 trials. Concentrated samples of the aforementioned waters 

were also passed through a Sephadex G-75 column. Filtered Claytor 

Lake water produced the traces shown in Figure 8. A peak occurs be-

tween elution volumes of 40 and 60 ml. This peak represents material 

with a high MW that was excluded from the pores in the gel. A poly-

disperse peak between elution volumes of 60 and 160 ml includes those 

materials retarded by the gel and is shown at both the 400X and 200X 

concentrations. 

The patterns produced by elution of the treated samples of 

Claytor Lake water are shown in Figure 9. Only the 400X sample 

displayed the peak of high MW substances. However, the shape of the 

polydisperse peak is highly distorted at 400X. 

The exclusion peak is barely detectable at a concentration of 

200X, but very evident at the 400X concentration of filtered Peak 
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-··-- lOOX 

200X 

400X 

' .~·. 
--......-===--~-

170 130 90 50 10 

Eluant volume (ml) 

Figure 5: Gel chromatograms produced by samples of Claytor Lake 
water that have been coagulated with 25 mg/L alum, floc-
culated, settled, filtered and concentrated to different 
degress and passed through a column packed with Sephadex 
G-25. 
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lOOX -··--
200X ----
400X 

140 120 100 80 60 

Eluant volume (ml) 

40 10 

Figure 6: Gel chromatograms produced by samples of filtered Peak 
Creek water that have been concentrated to different 
degrees and passed through a column packed with Sephadex 
G-25. 
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200X 

400X 

190 110 90 70 50 10 

Eluant volume (ml) 

Figure 7: Gel chromatograms produced by samples of Peak Creek water 
that have been coagulated with 25 mg/L alum, flocculated, 
settled, filtered, concentrated to different degrees and 
passed through a column packed with Sephadex G-25. 
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--·-- 200X 

400X 

I\ • 

I \ 
170 150 120 100 72 40 10 

Eluant volume (ml) 

Figure 8: Gel chromatograms produced by samples of filtered Claytor 
Lake water that have been concentrated to different 
degrees and passed through a column packed with Sephadex 
G-75. 
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--·-- 200X 

400X 

184 140 120 100 82 62 40 10 

Eluant volume (ml) 

Figure 9: Gel chromatograms produced by samples of Claytor Lake 
water that have been coagulated with 25 mg/L alum, floc-
culated, settled, filtered, concentrated to different 
degrees and passed through a column packed with Sephadex 
G-75. 
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Creek water as shown in Figure 10. Moreover, the polydisperse peak 

appears distorted for both concentrations. The chromatographs of the 

treated samples displayed in Figure 11 indicate that polydisperse 

peaks were present at each concentration level and an exclusion peak 

was evident at a concentration of 800X. The author believes the 

exclusion peak to be an artifact because the recorder pen ran out of 

ink during this trial at this point, flow of the column had to be 

halted while a replacement pen was located, and the paper had to be 

readjusted as the replacement pen was longer than the original pen. 

Stopping and starting flow in the column does change the pen position 

in the manner shown. 

Calibration of Sephadex Column~ 

The elution volumes and partition coefficients for each protein 

passed through the column packed with Sephadex G-75 are presented in 

Table IV. The partition coefficient is defined as: 

Kav = (Ve - V0 )/(Vt - V0 ), where 

Ve = elution volume 

V0 = column void volume = elution volume for Blue Dextran 2000 

Vt = total bed volume. 

Elution volumes and partition coefficients for the column packed with 

Sephadex G-50 are presented in Table V. 

The calibration curves for the columns packed with Sephadex G-75 

and G-50 are shown in Figures 12 and 13, respectively. The straight 

lines shown were the lines of best fit as determined utilizing the 

linear regression program of the Texas Instruments TI-55 calculator 

(laMont, et!]_., 1977). The data used in the program were presented 
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--·-- 200X 

400X 

170 150 120 100 80 40 

Eluant volume (ml) 

Figure 10: Gel chromatograms produced by samples of filtered Peak 
Creek water that have been concentrated to different 
degrees and passed through a column packed with Sephadex 
G-75. 
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400X 

BOOX 

160 140 120 100 80 60 40 

Eluant volume (ml) 

Figure 11: Gel chromatograms produced by samples of Peak Creek water 
that have been coagulated with 25 mg/L alum, flocculated, 
settled, filtered, concentrated to different degrees and 
passed through a column packed with Sephadex G-75. 
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TABLE IV: Elution volumes of the proteins utilized to calibrate the 
column packed with Sephadex G-75. (Bed volume = 182 ml) 

----------·· 
Substance MW Ve Kav 

Ribonuclease A 13,700 100 .42 

Chymotrypsinogen A 25,000 82.5 .29 

Ovalbumin 43,000 50 .06 

Bovine Serium Albumin 67,000 47.5 .04 

Blue Dextran 2000 2,000,000 42 0 

Methylene blue 320 129 .62 
-------------
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TABLE V: Elution volumes of the materials used to calibrate the 
column packed with Sephadex G-50. (Bed volume - 62 ml) 

Substance MW Kav 
--------------·-------------------

Methylene blue 

ACTH* 

Ribonuclease A 

Chymotrypsinogen A 

Blue Dextran 2000 

320 

3,500 

13,700 

25,000 

2,000,000 

62 

53.6 

41 

33 

23 
-- -----------·------··--·----.. ---~ .. ·----·----· 
*adrenocorticotropic hormone 

1 

.81 

.47 

.26 

0 
--------·----·-
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Figure 12: Calibration curve for Sephadex G-75 column. 
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Figure 13: Calibration curve for Sephadex G-50 column. 
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in Tables IV and V. Values for methylene blue and Blue Oextran 2000 

were excluded from the calculation as they lie outside the MW ranges 

for which these particular Sephadex gels are rated. 

An attempt was made to calibrate the column packed with Sephadex 

G-25. Elution volumes and partition coefficients for the substances 

used are shown in Table VI. A precise calibration curve is not pre-

sented. The data in Table VI revealed that methylene blue (MW = 320) 

eluted from the column before cyanocobalamin (MW = 1165). This indi-

cates that the lower MW mannose (MW = 180) base was detected rather 

than the target cyanocobalamin. It is not possible to construct a 

valid calibration curve with only the ACTH value. However, approxi-

mate curves can be constructed for estimating the MW of substances 

eluted through this column. Approximation curves are shown in Figure 

14. The lower curve was based on the valid ACTH elution volume and 

the methylene blue elution volume. The plot assumes linearity, 

although it is known that the plot is not linear below a MW of 1000. 

The effect of this approximation is that MW calculated for elution 

volumes greater than 59 ml will be smaller than actual. The error 

will be small at low elution volumes and increase at higher elution 

volumes to a maximum error of 700 MW units. The higher curve was 

based on the valid ACTH point and the assumption that all material 

with a MW less than 1000 eluted from the column at an elution volume 

of 108 ml, thus 108 ml was the elution volume of material with MW 

equal to 1000. The upper curve will provide MW value greater than 

actual for elution volumes greater than 59 ml. Utilizing both 
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Table VI: Elution volumes of materials used to calibrate the column 
packed with Sephadex G-25. (Bed volume ~ 177 ml) 

----·-·-·----·-·-·--------·-··-·-----------------~---·--------

Substance 

Methylene blue 

Cyanocobalamin 

ACTH* 

Blue Dextran 2000 

MW 

320 

1,165 

3,500 

2,000,000 

*adrenocorticotropic hormone 

108 

112 

59 

58 0 

.58 

.42 

.01 
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Figure 14: Approximate calibration curve for Sephadex G-25 
column. 
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curves, a range can be established for the true MW at any elution 

volume. A more detailed explanation of the approximation process is 

supplied in Appendix A. 

Determi ni n~ Effi ~i e!l~ Coag':'_l~nt Dose~ 

An investigation was conducted, utilizing Peak Creek water, to 

determine the alum doses that would provide efficient removal of tur-

bidity and TOC under non-pH-controlled and pH 5.2 coagulation con-

ditions. "Efficient" was defined as the alum dose a water treatment 

plant operator would select when balancing alum cost and contaminant 

removal factors. The selection of the "efficient" doses was made by 

the author. 

The concentrations of chloroform, bromodichloroform, dibromo-

chloroforrn and bromoforrn that were measured following a 96 hour 

chlorine contact time for filtered and alum-treated Peak Creek water 

samples are presented in Table VII. The pH of the alum-treated 

samples varied from 6.25 to 8.10, well above the pH of 5.2 hypothe-

sized to provide greater THM precursor removals. The two most bro-

minated species were not detected. Data showing the manner in which 

TOC concentration, turbidity and removal percentages varied with 

coagulant dose are also presented in Table VII. 

A parallel investigation was performed to determine if adjust-

ment of pH within the range 5.2 - 5.3 would influence THMFP removal. 

The concentrations of the THMs detected in the investigation are 

reported in Table VIII. The two most brominated species were not 

detected. Unfortunately, no chlorine residual was detected after 96 

hours in the sample treated with 52 mg/L alum, thus the reported THM 



TABLE VII: Trihalorrethane c:cncentratjrns afai[ 96-~ dllorire contact, turbidity, total 
organic carbon c:cncentrat1onsi QJ11Parative rermvals of various contanrinants-
from filter raw aid Cl1d alllll- reatecl Peak Cn!!k sarples. 

Alun 
Dose Ji! Chlorine Tifv1 Concentratirns, }J9/l **" mwroc Percent Renova l 

Turbidity me residJal 
at 96 hr. ------

mg/l* mu mg/l mg/l OiCl3 OBrCl2 a-Br2Cl aBrJ 111-M µg/rTg 111-M Turbidity TOC 
------

0 8.00 9.2 2.56 0.4*** 143 9 ND ND 152 59 
8 8.10 7.8 2.ffi 0.6*** 158 8 ND ND 166 62 O**** 15 ()**** 

12 7 .00 6.7 2.77 1.5*** 149 9 ND ND 158 '51 O**** 27 ()**** 

16 7.77 2.8 2.61 1.5*** 138 9 ND ND 147 55 3 70 O**** 

LO 7.66 2.2 2.ll 3.0 1lJ 9 ND ND 139 ff) 9 76 10 C'I 

24 7.57 1.4 2.73 4.0 136 9 ND ND 145 53 5 85 ()**** 
...... 

32 7.42 o.ro 2.01 3.0 102 8 ND ND 110 55 28 ro 21 
52 6.88 0.74 1.56 2.5 65 8 ND ND 73 47 52 92 39 
76 6.'51 o.~ 1.75 2.0 63 7 ND ND 70 40 54 'if) 32 

100 6.25 0.63 2.40 1.0 ~ 8 ND ND 104 43 32 93 6 
-----

*as Al2(S04)3.1~ ***estimated with DPD/11 tablets with less th111 0.5 ml s<JT1)le 
**"ND = rone detected ****contanrinant ~ preseit in greater quantity in treated 

sarple than in raw sarple 



TPBLE VIII: Trihalanethane crncentratims af~ 96-hours chlorine contact, turbidity, total 
organic carlxln crncentratims, a cgrparative rermvals of various contaminants 
from fi 1 tered raw aid alllll-treated-at-j:f1 5.2 Peak Creek sarp les. 

----------------------------·---·--·--------------------
AlUll Turbidity TOC 
Dose Chl<r,i~ ~ Looc:entrati ms, ~/L ** mwmc Percent Raoova 1 

res1d.ta 
ng/L at n:1 hr. --------·- --------------

mg/L* NTIJ a-!Cl3 OOrCl2 00r2Cl l}BrJ Tilt1 ;g/mg TTI-M Turbidity TOC 
----- ----

0 9.2 2.56 0.4*** 143 9 ND ND 152 59 
4 5.3 2.73 3.0 1~ 10 ND ND 140 51 8 42 ()k"** 

8 1.0 2.19 1.3 ffi 9 ND ND 97 44 36 89 14 
12 0.75 2.()5 3.0 70 9 ND ND 79 38 LIB 92 al 
16 0.55 1.63 2.5 59 8 ND ND 61 41 56 94 36 

O"I 
al 0.45 1.73 2.5 52 8 ND ND ff) 35 61 95 32 N 

24 0.55 1.46 1.5 52 7 ND ND 59 40 61 94 43 
32 0.33 1.51 1.3 49 7 ND ND 56 37 63 96 41 
52 0.44 1.37 0 fi6 7 ND ND 73 53 52 9'5 46 
76 0.40 1.52 1.5 46 7 ND ND 53 35 65 96 41 

100 0.43 1.38 1.0 44 7 ND ND 51 37 66 95 46 
----------- ----

*as Al2(S04~·19:i20 *** estimated with !PD #1 tablet with less than 0.5 s= 
*""ND = mne tected *""** contaminant was present in greater quantity in trea 

saiµle ttan in rCJ/J sarple 
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concentrations for this trial may be low. Nevertheless an anomaly 

was exposed, as THM production was greater than in trials at higher 

and lower alum doses. Removal percentages for THMFP, turbidity and 

TOC are also reported in Table VIII. 

Four treated waters were selected for more extensive study. The 

waters treated with 32 mg/L alum in a non-controlled pH situation and 

8 mg/L in the pH 5.2 - 5.3 trial were selected as being examples of 

efficient turbidity removal. Waters treated with 52 mg/L alum in 

both the uncontrolled and pH 5.2 - 5.3 trials were selected as 

examples of optimum TOC removal. 

Removal of Specific Molecular Weight Organics by Alum Tre~!men! 

The waters subjected to the four treatments previously selected, 

along with a filtered sample of raw Peak Creek water, were con-

centrated 400X, then fractionated with columns packed with Sephadex 

G-25 and G-75. In a later trial, concentrated samples of filtered 

raw water and one treated water were passed through a Sephadex G-50 

column. 

Copies of the ultraviolet (UV) tracings recorded for each sample 

as it passed through the column packed with Sephadex G-75 are shown 

in Figure 15. Figures 15 and 16 may seem confusing, but the data are 

presented in this fashion in order to facilitate comparison. Two 

peaks are recorded in the tracing of the filtered raw Peak Creek 

water. One, which appears between elution volumes of 40 and 60 ml, 

represents material in a high MW range (greater than 42,000 MW). A 

second, broader, peak includes more material with an average MW in the 

range of 5,000 - 10,000. The tracings for the treated samples do not 
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filtered raw 

treated with 52 mg/L alum 

---·-- treated with 8 mg/L alum at pH 5.2 

• • treated with 52 mg/L alum at pH 5.2 

__ ••• ___ treated with 32 mg/L a 1 um 

160 140 120 100 60 40 

Eluant volume (ml) 

Figure 15: A comparison of the gel chromatograms produced by samples 
of Peak Creek water that have been treated with alum 
under various conditions, flocculated, settled, filtered, 
concentrated 400X and passed through a column packed with 
Sephadex G-75. 
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filtered raw 

treated with 52 mg/L alum 

• treated with 8 mg/L alum at pH 5.2 

treated with 52 mg/L alum at pH 5.2 • • 

··-~ 
treated with 32 mg/L alum 

174 144 114 84 60 40 10 

Eluant volume (ml) 

Figure 16: A comparison of the gel chromatograms produced by samples 
of Peak Creek water that have been treated with alum 
under various conditions, flocculated, settled, filtered, 
concentrated 400X and passed through a column packed with 
Sephadex G-25. 
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include the high MW peak and indicate lower quantities of material in 

the 5000 - 10,000 average MW range. 

Reproductions of the chromatographs recorded for each sample as 

it passed through the column packed with Sephadex G-25 are shown in 

Figure 16. The filtered, raw-water sample provided a large peak of 

high MW material between elution volumes 54 and 84 ml. Treated 

samples yielded significantly lower amounts of material in this 

range. Secondary peaks at high higher elution volumes (lower MW) are 

shown for all samples. 

Copies of the chromatographs recorded for filtered raw water and 

the sample treated with 52 mg/l alum at pH 5.2 - 5.3 as they passed 

through a column packed with Sephadex G-50 are shown in Figure 17. 

The raw water chromatograph shows two peaks: a small peak of very 

high MW material and a broad peak with average MW in the range 2400 -

3200. The chromatograph of the treated sample consists of a single 

peak of material with an average MW in the range 1400 - 1600. 

Trihalo~~tha~~ Productio~ of Molecular Weig~! Fraction~ 

A series of investigations was performed to determine the 

96-hour THMFP of various molecular-weight fractions of concentrated 

filtered and alum-treated Peak Creek waters. All waters were con-

centrated 400X before being passed through Sephadex G-25 and G-75 

columns. Various MW fractions were collected as they were eluted, 

their TOC concentration was estimated based on the area under the 

chromatograph as noted in the previous chapter and the fractions were 

dosed with chlorine at a dosage of three parts chlorine to one part 

TOC. The particular fractions to be chlorinated were chosen on the 
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filtered raw 

treated with 52 mg/L alum at pH 5.2 

90 70 50 20 10 

Eluant volume (ml) 

Figure 17: A comparison of the gel chromatogram produced by a 
sample of Peak Creek water that has been coagulated 
with 52 mg/L alum and flocculated at pH 5.2, settled, 
filtered, concentrated 400X and passed through a 
column packed with Sephadex G-50 with that produced 
by a sample of raw Peak Creek water that has been 
filtered, concentrated 400X and passed through the 
same column. 
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basis of the elution chromatographs of the concentrated, filtered, 

raw, Peak Creek sample. The elution volumes and approximate 

molecular-weight ranges of the fractions are noted in Table IX. Data 

concerning the area under the chromatographic curve occupied by each 

fraction, the chlorine residual after 96 hours for each fraction, and 

dilution factor used in performing THMFP analyses for each fraction 

are presented in Appendix B. 

The THM concentrations obtained for the water samples are shown 

in Tables X - XIV. The numbers shown are averages of two THM deter-

minations except four marked by asterisks which are data from single 

samples. Bromoform was never detected and dibromochloroform was 

detected in only four of the forty-five samples. 

The data presented in Tables X-XIV have been adjusted from the 

readout obtained from the THM analysis apparatus in many ways. The 

original readings were all adjusted to account for the dilution of 

sample necessary to place the chloroform concentration within the 

range of accurate detection. Midway through the THM determinations, 

it was discovered that the diluent material itself was contaminated 

with THM precursors and produced 43 pg/L chloroform and 2 pg/L bromo-

dichloroform upon chlorination. Data in Tables XI, XII, and XIII 

have been adjusted to subtact out the THM contribution of the 

diluent. Data in Table XIV were adjusted to account for the 5 ml of 

each sample withdrawn for use in the investigation to compare esti-

mated and measured TOC concentrations. (Further explained in the 

next sec ti on.) 
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TABLE IX: Approximate molecular-weight ranges of fractions chosen 
for THMFP-removal investigations. 

------------------------.---
Sephadex Type 
-----·------

G-75 

Elution Volume, ml 

40 - 60 

70 - 100 

100 - 130 

130 - 190 
----·------

G-25 

----·-->-·------· 

54 - 84 

84 - 114 

114 - 174 

MW range 

greater than 42,000 

15,000 - 33,000 

7,000 - 15,000 

less than 7,000 

greater than 1,600 

1,000 - 1,600 

less than 1,000 
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TABLE X: Trihalomethane concentrations after 96-hours chlorine con-
tact in various fractions of Peak Creek water that had been 
filtered, concentrated, fractionated, and chlorinated. 

·-------------·--..-.-
Molecular THM Concentrations, µg/L** 

Sephadex weight 
-~--·---·---- ·-----

type range CHCl3 CHBrCl2 CHBr2Cl CHBr3 TTHM 
·-----------·-·-·-------------------·-------- ·----·----------

G-75 greater than 42,000 227* 3 ND ND 230 

15,000 - 33,000 528 12 ND ND 540 

7 ,000 - 15 ,000 2,805 119 ND ND 2,924 

1 ess than 7,000 1,509 124 ND ND 1,633 
----·---------------~-------· 

total 5,069 258 ND ND 5,327 

G-25 greater than 1,600 3,068 85 ND ND 3,153 

1,000 - 1,600 1,638 156 22 ND 1,794 

less than 1,000 355 14 ND ND 369 

total 5,061 255 ·22 ND 5,338 
-----·--------------------·-~----·-

**Average of two replicate analyses except when noted by asterisk. 

ND = none detected 
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TABLE XI: Trihalomethane concentrations after 96-hours chlorine con-
tact in various fractions of Peak Creek water than had been 
coagulated with 32 mg/L alum, flocculated, settled, 
filtered, concentrated, fractionated, and chlorinated. 

·-·-··-------·----..-.---------·-·---·------·------------
Molecular THM Concentrations, pg/L** 

Sephadex weight -------------.-.------·-----
type range CHCl3 CHBrCl2 CHBr2Cl CHBr3 TTHM 

-----~-----·----·- --------~------4----------·-·--4----

G-75 greater than 42,000 163* 2 ND ND 165 

15,000 - 33, 000 433 5 ND ND 438 

7,000 - 15,000 2,074 133 ND ND 2,207 

less than 7,000 400 25 ND ND 425 _____ ,_. ______ .. -~------------------·--------· -----
total 3,070 165 ND ND 3,235 

G-25 greater than 1,600 1,121 13 ND ND 1,134 

1,000 - 1,600 1,272 125 ND ND 1,397 

less than 1,000 321 6 ND ND 327 
------·-·-------·._._.., ______ ·-~----------

total 2, 714 144 ND ND 2,858 

**Average of two replicate analyses except when noted by asterisk. 

ND = none detected 
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TABLE XII: Trihalomethane concentrations after 96-hours chlorine 
contact in various fractions of Peak Creek water that had 
been coagulated with 52 mg/L alum, flocculated, settled, 
filtered, concentrated, fractionated and chlorinated. 

-----~-----------------·-· ----- ·-----
Molecular THM Concentrations, ~g/L** 

Sephadex weight -------------·-----
type range CHCl3 CHBrCl2 CHBr2Cl CHBr3 TTHM 

------·----·--~..._~---·-·----------,_-·--

G-75 greater than 42,000 106 ND ND ND 106 

15,000 - 33, 000 145 ND ND ND 145 

7,000 - 15,000 1,357 80 ND ND 1,437 

less than 7,000 754 63 ND ND 827 
--------·-· ----------·------

total 2,362 143 ND ND 2,515 

G-25 greater than 1,600 1,141 24 ND ND 1,165 

1,000 - 1,600 1,402 124 19 ND 1,547 

less than 1,000 441 13 ND ND 454 
... ----~----------

total 2,984 161 19 ND 3,164 
·------------------~---- ---- ·--------

**Average of two replicate analyses. 

ND = none detected 
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TABLE XIII: Trihalomethane concentrations after 96-hours chlorine 
contact time in various fractions of Peak Creek water 
that had been coagulated with 8 mg/L alum and floc-
culated at pH 5.2 - 5.3, settled, filtered, frac-
tionated, and chlorinated. 

Molecular THM Concentrations, pg/L** 
Sephadex weight ------·---·---------·---

type range CHCl3 CHBrCl2 CHBr2Cl CHBr3 TTHM 
-·---------------------------~--··--- -----·--------·--~-

G-75 greater than 42,000 116* 2* ND ND 118 

15,000 - 33, 000 269 5 ND ND 274 

l,000 - 15,000 1,790 156 ND ND 1,946 

less than 7,000 1,032 90 ND ND 1,122 
---·-------~·-·-~-·------·-·- -·-,---·-------------------
total 3,207 253 ND ND 3,460 

G-25 greater than 1,600 1,442 23 ND ND 1,465 

1,000 - 1,600 1,240 140 25 ND 1,405 

less than 1,000 323 26 ND ND 349 
---------·------------~---·- --·-~--...--·--·--

total 3,005 189 25 ND 3,219 

**Average of two replicate analyses except when noted by asterisk. 

ND = none detected 
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TABLE XIV: Trihalomethane concentrations after 96-hours chlorine 
contact time in various fractions of Peak Creek water 
that had been coagulated with 52 mg/L alum and floc-
culated at pH 5.2 - 5.3, settled, filtered, frac-
tionated, and chlorinated. 

Molecular THM Concentrations, µg/L** 
Sephadex weight 

----~----...-----------------·-

type range CHCl3 CHBrCl2 CHBr2Cl CHBr3 TTHM 
--------·--·---·--·----- -----

G-75 greater than 42,000 146 3 ND ND 149 

15,000 - 33, 000 158 4 ND ND 162 

7,000 - 15,000 1,178 73 ND ND 1,251 

less than 7,000 1,081 75 ND ND 1,156 
---·---,_-·--·--·-

total 2,563 155 ND ND 2,718 

G-25 greater than 1,600 785 15 ND ND 800 

1,000 - 1,600 l,'006 111 ND ND 1,117 

less than 1,000 482 12 ND NO 494 
··--·----------·-------------·--··--- ··-·-----

total 2,273 138 ND ND 2,411 
-----..--·----·----~------------·----·---------··-·-------
**Average of two replicate analyses. 

ND = none detected 
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VerifiC2~!ion of Assu~e.!!.~ns 

An investigation was performed to determine the validity of 

using the proportional area under the chromatographic curve as a 

measure of the proportional TOC contained within a particular molecu-

lar weight fraction eluted from a column packed with Sephadex. The 

TOC concentrations of 5 ml samples of each fraction of the water 

treated with 52 mg/L alum at pH 5.2 - 5.3 were measured and compared 

to the TOC concentrations, which had been estimated for each fraction 

by assuming that: 1) no TOC is lost during concentration of the 

water sample, 2) all TOC applied to a column is eluted from it in the 

fractions collected, 3) no TOC is present in the eluant, and 4) the 

TOC present in a particular fraction is proportional to the area 

under the chromatographic curve for that fraction as it eluted from a 

column packed with Sephadex. 

The data from this investigation are presented in Table XV. The 

fraction from the column packed with Sephadex G-75 for the range 

160 - 190 ml elution volume has been omitted because the sample was 

lost. The TOC concentration of the eluant was 0.77 mg/L. 

A second investigation was designed to evaluate the assumption 

that no TOC is lost during concentration. The TOC concentrations of 

30 uL samples of concentrated waters were measured and compared to the 

TOC concentrations that would have been expected had no TOC been lost 

in concentration. The data are presented in Table XVI. 

As can be seen, the assumptions were invalid because the peak 

area was not well related to TOC and considerable TOC appeared to be 

lost during concentration. However, the estimated TOC concentrations 
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Sephadex 

Type 
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Comparison of measured and estimated TOC concentrations 
of various fractions of organic contaminants found in 
Peak Creek water that had been coagulated with 52 mg/L 
alum at pH 5.2 - 5.3, flocculated, settled, con-
centrated, and fractionated by elution through columns 
packed with Sephadex. 

---·---------·-----·----------------
Fraction Estimated* Measured Percent 

ml range TOC (mg/L) TOC (mg/L) Error 
----·---------..-,_. ___ ·-----·-------·-----

G-75 40 - 60 0 4.27 -100 

70 - 100 5.2 4.80 8 

100 - 130 31.3 14.41 117 

130 - 160 19.7 12.15 62 

G-25 54 - 84 24.4 11.72 108 

84 - 114 24.4 11.88 105 

114 - 144 8.6 3.53 144 

144 - 174 1.1 5.23 -79 

*on basis of area under chromatographic curve 
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TABLE XVI: Comparison of TOC concentrations of concentrated water 
samples estimated assuming no loss of TOC during con-
centration with measured TOC concentrations of the same 
samples. 

--------
Estimated* Measured Percent of 

Treatment TOC TOC estimated 
(mg/L) (mg/L) TOC present 

-----------·----··---·-
NONE 1,024 690 67 

32 mg/L alum 804 582 72 

52 mg/L alum 624 467 75 

8 mg/L alum, pH 5.2 - 5.3 876 417 48 

52 mg/L alum, pH 52. - 5.3 548 391 71 

*on basis of chromatographic peak area 
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were the best data available. Equipment for determining low TDC con-

centrations utilizing small volumes of sample was not available. 



V. DISCUSSION 

Optim~! Coagulant Doses - Prelimi~~ry Investigati~~ 

One purpose of this investigation was to explore the rela-

tionship between the alum dose used to coagulate a natural water and 

the reduction in the amount of THM precursors brought about as a 

result of this treatment. THMFP was used as a measure of THM precur-

sor material. The data presented in Table II indicate that alum 

coagulation was somewhat effective in removing chloroform precursors. 

Reductions of 14 to 29 percent in the total THMFP were found, with 

chloroform producers being removed preferentially. Reductions in 

THMFP were compared with reductions in turbidity and TOC in Table II. 

The degree of relationship between two sets of data was calcu-

lated at several places in the ensuing discussion. The measurement 

of relationship was the "correlation coefficient" as calculated using 

the linear regression program of the Texas Instruments TI-55 calcula-

tor. The degree of certainty of the validity of the correlation 

coefficient was obtained by reference to a table of "rtest" values 

(LaMont, et 2..}_., 1977). 

A secondary purpose of this particular investigation was to 

determine if the optimal alum dose for removal of THMFP coincided 

with either the optimum dose for turbidity removal or the optimum 

dose for TOC removal. The evidence presented in Figure 2 indicates 

that optimum TOC removal did not coincide with optimum THMFP removal, 

while optimum turbidity removal does. 

79 
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Selection of Concentration Factor 

Early in this study, a concentration factor of 400X was chosen 

for use in future trials. The selection was based on the chroma-

tographic traces displayed in Figures 4 - 11 which compare the chro-

matograms produced by concentrated filtered and treated waters. This 

particular concentration was chosen because: 

1) as shown in Figure 4, a peak was detectable at a con-

centration of 400X that was not detectable at 200X for filtered 

Claytor Lake water that was passed through a column packed with 

Sephadex G-25; 

2) as shown in Figure 6, three peaks were clearly detectable at 

a concentration of 400X, while one of the peaks was reduced to a 

shoulder at a concentration of 200X, and one peak was not detected at 

a concentration of lOOX for filtered Peak Creek water passed through 

a column packed with Sephadex G-25; 

3) as shown in Figure 9, the excluded fraction was detectable at 

a concentration of 400X, but not at a concentration of 200X for 

treated Claytor Lake water that had passed through a Sephadex G-75 

column; and 

4) as shown in Figure 10, the excluded fraction was clearly seen 

at a concentration of 400X, but was barely noticeable at a con-

centration of 200X for filtered Peak Creek water that had been passed 

through a Sephadex G-75 column. 

Calibrati~!:l_ of SephacJ.~'5. Colum~~ 

The numbers reported as molecular weight based on elution 

through Sephadex-packed columns and calibrations performed with pro-
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teins should be interpreted as approximate. Materials are assumed to 

elute from Sephadex-packed columns in order of decreasing molecular 

weight or molecular size. However, molecular shape also influences 

the behavior of molecules with respect to entry into the pores of the 

Sephadex gel. Calibrations of Sephadex-packed columns are considered 

valid if the shape of the calibrating molecules is the same as the 

shape of the materials being fractionated in the column. However, 

the shape of the presumed humic materials present in the water 

samples was not known. Therefore, molecular-weight values that were 

reported were with respect to a protein calibration and may not 

accurately reflect the actual molecular weight of the materials that 

were present. 

Determini~g Efficient Coagu!~nt Doses 

The parallel experiments conducted with water from Peak Creek 

were performed, in part, to extend the data base derived from 

investigation with water from the Duck Pond. The facets examined in 

more detail involved the following: 

1. extension of the alum dose range to include higher doses 

that have been reported in the literature; 

2. determination of whether the pH utilized for maximum removal 

of color {Black and Willems, 1961) and for maximum removal of humic 

acid {Edzwald, 1977) also improved removal of THM precursor 

materials; 

3. comparison of the ability of turbidity and TOC concentration 

measurements to predict optimum THM precursor removals. 
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The THMFP, turbidity and TOC concentrations recorded for both 

the uncontrol"led pH and pH 5.2 - 5.3 investigations are plotted in 

Figure 18. Several features of this plot are noticeable: 

1. The optimum alum dose for TOC removal (52 mg/L) was the same 

for both the water treated without pH control and the water treated 

at pH 5.2 - 5.3; however, greater TOC removal occurred with the pH 

controlled at 5.2 - 5.3. 

2. At all alum doses, greater TOC removals occurred when the pH 

was controlled at 5.2 - 5.3. 

3. At alum doses greater than 32 mg/L, the difference in tur-

bidity removals between the uncontrolled pH and pH 5.2 - 5.3 trials 

was negligible. 

4. At alum doses less than 24 mg/L, greater turbidity removal 

was evident in the samples flocculated at pH 5.2 - 5.3. 

5. Alum treatment at pH 5.2 - 5.3 was more effective for 

removing THM precursor material than alum treatment with uncontrolled 

pH at all alum doses except 24 mg/L. 

Further examination of Figure 18 reveals that, in comparison to 

TOC or THMFP removals, a greater percentage of turbidity was removed 

at lower alum doses for both the pH-controlled and uncontrolled 

investigations. A water treatment plant (WTP) operator using the 

traditional jar test apparatus could select an alum dose that would 

provide efficient turbidity removal, but would not ensure good TOC or 

THMFP removals. For example, a WTP operator utilizing a non-pH 

controlled treatment regime might well have chosen an alum dose of 32 

mg/Las most efficient for turbidity removal. He would have left 



2.9 

2.5 . 
--1 
.......... 
O'l 
E 2.1 
u 
0 
I- 1. 7 

1. 3 

0.0 

..-... 8 
=:> 
I-z 6 
>, .µ ..... 4 "O ..... 

..Cl 
s.... 
::::! 
I- 2 

0 

150 

--1 130 
.......... 
O'l 
~ 110 .......... 

:?::: 
:i:: 
I- 90 I-. 
s.... 

..c: 70 I 
l.D 
()) 

\ 

o~ r"I 

.,,..... ---

\ 

83 

- - - e 

() = uncontrolled pH 
0 = pH 5 . 2 - 5 . 3 

0"9 e-~-c-7--~--::::.-_-t:J-_~-----.t:~ 

\ 
\ 

°' o'\ 
o"-. 

O'S -0- - - .Q_ 

0 8 16 24 32 52 76 100 

Alum dose (mg/L) 

Figure 18: Comparison of the optimal alum doses for removal of TOC, 
turbidity and THMFP from Peak Creek water utilizing 
non-pH controlled and pH 5.2 - 5.3 coagulation processes. 
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considerable TOC and THMFP in his treated water. However, if the WTP 

operator had utilized TOC as the basis for selecting alum dose, he 

would have used a dose of 52 mg/L and almost doubled the percentage 

of THMFP removed. Similarly, operating in a situation where pH is 

controlled at 5.2 - 5.3 for optimum organics removal, the WTP opera-

tor would probably choose an alum dose of 8 mg/L as the most effi-

cient based on turbidity and 24 mg/L based on TOC. The TOC based 

selection would provide removal of 25 percent more of the THMFP. 

The data also support the contention of Kavanaugh (1978) that 

increased organics removal could be achieved through closer control 

of the pH and coagulant dose. Removals of THMFP in the 50 to 54 per-

cent range were achieved with alum alone, and removals in the 62 to 

66 percent range were achieved with alum when the pH was controlled 

at pH 5.2 - 5.3. 

Operating the coagulation-flocculation process at a pH of 5.2 -

5.3 increased removals of both TOC and THMFP. These results cor-

roborate those of Black and Willems (1961) for color removal and 

those of Edzwald (1977) for removal of humic acid using alum coagu-

1 ation. It was not rletermined in the present investigation if a pH 

of 5.2 was indeed optimal for removal of THMFP with alum coagulation. 

A comparison of the TTHM/TOC ratios for raw and treated Peak 

Creek waters as shown in Tables VII and VIII indicate that THM pre-

cursors were preferentially removed by alum coagulation at doses of 

24 mg/L or greater for the non-pH controlled process and at all alum 

doses for the pH 5.2 - 5.3 process. These treatments produced waters 
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in which the ratios were less than that for raw waters. Moreover, 

the pH 5.2 - 5.3 process removes THM precursors more preferentially 

than the non-pH controlled process, as is indicated by the lower 

TTHM/TOC ratio at each alum dose. These results agree with those of 

Babcock and Singer {1979) and Amy and King {1981). 

Removal of Specifi~ Molecular Weight Organics by Alum Treatment 

The effects of alum coagulation-flocculation on the molecular 

weight distribution of the organic components in water are clearly 

shown in Figures 15, 16, and 17. Data from the trials where raw and 

treated samples were eluted through a Sephadex G-75 column indicate 

that each treatment removed the highest fraction {MW greater than 

42,000) of organic material from the raw water. This observation was 

confirmed by data generated when water was treated with 52 mg/L alum 

at pH 5.2 - 5.3 and eluted through the Sephadex G-50 column. The 

G-50 and G-75 trials also indicated that organics with higher molecu-

1 ar weight were preferentially removed from the pool of organic 

materials in the raw water that was in the MW range 5000 - 10,000. 

These factors are visible on the tracings in Figures 15 and 17: the 

right hand (low elution volume) portion of the peaks eluted later 

than that in raw water in three of the four cases. This indicates 

that higher MW material has been removed. The fourth treated water 

{32 mg/L alum, pH not controlled) presented a trace similar to that 

of the raw water, with the lighter MW organics being preferentially 

removed. However, if the trace of the treated water is relocated, as 
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shown in Figure 19, with elution volumes increased approximately 

8 ml, an elution pattern similar to that displayed by the other 

treated waters is obtained. This indicates that a measurement error 

may have occurred. If one accepts the supposition that a measurement 

error occurred for the 32 mg/l trial, the interpretation of the chro-

matographs as depicting preferential removal of higher MW organics is 

consistent for all treatments. If a measurement error did not occur, 

an explanation for the aberrant behavior displayed in one trial is 

needed. 

Additional information concerning the effects of alum treatment 

can be garnered from the data depicted in Figure 16 that represents 

the trials where raw and treated water samples were passed through a 

Sephadex G-25 column. The low elution volume peak (Ve = 54-84 ml) 

represents the highest MW organics present. A plot of the height of 

this peak as a function of THMFP, as shown in Figure 20, provides a 

linear trace. The correlation coefficient for the relationship be-

tween these two sets of data is 0.977, indicating a "rtest" validity 

in excess of 95 percent. This suggests that the THM precursor 

materials had molecular weights in the range represented by the 

lowest elution volume peak eluting from a column packed with Sephadex 

G-25. Unfortunately, a precise calibration for the G-25 column was 

not achieved. Based on the approximate calibrations, the first peak 

represents material with a molecular weight in excess of 1600. 

The effect of controlling the pH at 5.2 - 5.3 for alum coagula-

tion is shown in Figure 16. Secondary elution peaks occurred near an 
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filtered raw 

treated with 32 mg/l alum 

100 140 120 100 60 40 

Eluant volume (ml) 

Figure 19: A comparison of the gel chromatogram produced by a sample 
of Peak Creek water that has been coagulated with 32 mg/l 
alum, flocculated, settled, filtered, concentrated 400X 
and passed through a column packed with Sephadex G-75 
with that produced by a sample of raw Peak Creek water 
that has been filtered, concentrated 400X and passed 
through the same column with the trace for the alum-
treated sample shifted approximately 8 ml. This shift 
produces a chromatogram more like those produced by 
other treatment regimes as shown in Figure 15. 
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peak height = 0.41 THMFP - 5.36 

0 50 100 150 

THMFP (jlg/L) 

Figure 20: The trihalomethane formation potential (THMFP) is 
related to the height of the highest molecular weight 
peak of samples that have been eluted through a column 
packed with Sephadex G-25 gel. 
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elution volume of 84 ml for those waters treated with alum alone. 

The pH of these waters was in the range 6.8 - 7 .5 during the floc-

culation stage of treatment. As can be seen, the secondary peaks for 

these waters were tall and narrow and indicated a MW in the range 

500 - 1000. In contrast, the secondary peaks for the waters treated 

with alum at a pH of 5.2 - 5.3 were shorter and appeared at higher 

elution volumes (approximate MW range 400 - 500). These data indi-

cate that one result of alum coagulation-flocculation at a pH of 

5.2 - 5.3 is the formation of substances with lower molecular weights 

than those of substances formed by alum coagulation at higher pH. 

Trihalomet~~ Prod~~tion of Molecula!: Weig~! Fraction~ 

Comparisons of the TTHM production for the various molecular 

weight fractions of fi'I tered and treated Peak Creek waters are shown 

in Figures 21 and 22. The figures are useful for determining which 

MW fractions produced THMs and for determining the effect of treat-

ment. 

Eighty-six percent of the THMs produced by filtered water and 

89-90 percent of the THMs produced by three of the four treated 

waters were produced by materials with a MW less than 15,000. 

Relatively few THMs were produced by materials with a MW greater than 

15,000. TTHM production seemed to be dependent on the estimated TOC 

contained in a particular molecular-weight fraction. The rela-

tionship between the estimated area under the chromatographic curve 

of a Sephadex G-75 trial for a particular molecular weight fraction 

and the TTHM production of that fraction was found to have a correla-
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Figure 21: Comparison of the trihalomethane formation potential 
(THMFP) of various molecular weight {MW) fractions of sub-
stances eluted from Peak Creek water samples that have 
been concentrated 400X and passed through a column packed 
with Sephadex G-75. The graph also shows the effective-
ness of various types of alum treatment for removal of 
THMFP. The legend shown for the 70 - 100 ml range applies 
to the other ranges as well. 
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Figure 22: Comparison of the trihalomethane formation potential 
(THMFP) of various molecular weight (MW) fractions of 
substances eluted from Peak Creek water samples that have 
been concentrated 400X and passed through a column packed 
with Sephadex G-25. The graph also portrays the effec-
tiveness of various types of alum treatment for removal 
of THMFP. The legend shown for the 84-114 range applies 
to the other ranges as well. 



92 

tion coefficient of 0.58 (using the 25 data pairs available). The 

"rtest" predicts a greater than 99.9 percent chance of a valid corre-

lation. These factors indicate that the TTHM production of any MW 

fraction is proportional to the estimated TOC content of that frac-

tion. The relationship between the estimated area under the chroma-

tographic curve generated by passing concentrated waters through a 

column packed with Sephadex G-75 and the TTHM production of that 

fraction is shown in Figure 23. 

The majority of THMs produced in the raw water sample were pro-

duced by materials with MW's greater than 1600, as shown in Figure 

22. In contrast, the greatest amount of THMs produced in treated 

waters were produced by materials with MW's less than 1600, with a 

slightly smaller amount being produced by materials with a MW greater 

than 1600. 

Alum coagulation seemed to selectively remove higher-molecular-

weight, THM-precursor materials. As shown in Table XVII, the amount 

of THMs produced by materials with a MW greater than 1600 was reduced 

by 54-75 percent. The THMFP of mid-molecular weight-range materials 

was reduced from 14-38 percent. The THMFP of materials in the lowest 

MW range (less than 1000) was reduced the least with alum coagulation 

and actually increased with two of the treatment schemes. The data 

suggest that alum coagulation may, in part, cause the breakup of 

large-MW, organic particles, into smaller ones, thus reducing the 

amount of large MW organic particles and increasing the amount of 

small MW organic particles in the treated water (as compared to the 
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cular weight fractions generated by passing concentrated 
waters through a column packed with Sephadex G-75 was 
proportional to the estimated area under the chroma-
tographic curve for that fraction. 



94 

amount of large MW organic particles and increasing the amount of 

small MW organic particles in the treated water (as compared to the 

untreated sample). This reduction in large MW materials and increase 

in small MW materials is shown in Figure 16. 

A linear relationship was found to exist between the estimated 

area under the chromatographic curve produced by elution of a con-

centrated water sample through a column packed with Sephadex G-25 for 

a particular MW fraction and the THMFP of that fraction, as shown in 

Figure 24. The correlation coefficient for this relationship was 

calculated to be 0.980 (using the 20 data pairs present), with the 

"rtest" indicating a greater than 99.9 percent chance of a valid 

relationship. These results support the data obtained with the 

Sephadex G-75 packed column indicating the existence of a linear. 

relationship between the estimated TOC content of a particular MW 

fraction and its THMFP. 

Verification of Assu~~ion2 

The data from the investigation conducted to determine the vali-

dity of using estimated area under the chromatographic curve for a 

particular fraction as a measure of the TOC content of that fraction 

presented in Table XV indicates that the estimated TOC exceeded the 

measured TOC in six of the eight samples. Indeed, the estimated TOC 

was nearly twice the measured amount. Evidently some of the TOC is 

lost during concentration or is trapped in the column. The data from 

the investigation designed to evaluate the assumption that no TOC was 

lost during the concentration step (Table XVI) indicates that there 

was a loss of TOC in this step. In all samples, the measured con-



TABLE XVII: The reduction on THMFP resulting from alum coagulation in the various investigations. 

Sephadex 
type 

·----· 
G-75 

G-25 

alum dose -
average of 

Molecular 
weight range 

-------------------------------------~------

Percent reduction in THMFP for treatment indicated 
32 mg/L a I um--·--sz-mgTCaTillil---g-mg/L -al um----5z-mg!L-A"l um 

pH 5.2 - 5.3 pH 5.2 - 5.3 
--·-·---------- ·-·---------·-----· 

greater than 42,000 28 54 49 35 
15,000 - 33,000 19 73 49 70 
7,000 - 15,000 25 51 33 57 
less than 7,000 74 49 31 29 

--··----------------------·----------------·--·-----~------· ---·-·-
total* 39 53 35 49 
greater than 1,600 64 63 54 75 
1,000 - 1,600 22 14 22 38 
less than 1,000 11 -23*** 5 -34*** 
---------· ------------~------·---M-·---------·- < ---------
tot a 1~1: 46 41 40 55 
THMFP investigation** 28 52 36 52 

the 3 investigations**** 38±9 49±7 37±3 52±3 

---------------,----~--------·-··---· ---·-·-----------------------------
NOTES on following page 

\.() 
CJl 
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NOTES from TABLE XVI I: 

*THMs (all raw water-fractions) - THMs (all treated fractions) X 100% -·------THMs-rarr-r-aw·-waferrracffonsr------------·-
**The investigation with Peak Creek water reported in Tables VII and 

VIII. 

***A negative removal of THMFP results due to production of low MW 
precursor materials during treatment. 

**** ~t§ .. :?.~1_-:t:_t~!.~l._t§.:?.~L"!: __ a l ~f!!....iQ.~-~~.~~ ~ standard deviation 
3 
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Figure 24: The total trihalomethane production of the various mole-
cular weight fractions generated by passing concentrated 
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centrations of TOC were less than those estimated by assuming no loss 

of TOC. Loss of TOC varied from 25-52 percent of the estimated 

total. Omitting the case with greatest loss, losses of TOC during 

concentration averaged 28.8 ± 3.3 percent. Sinks for this lost TOC 

may have been the distillate and/or the precipitate produced during 

the vacuum evaporation process. Recoveries of TOC during the vacuum 

evaporation process were less than the 88 ± 9 percent experienced by 

Veenstra and Schnoor (1980). This loss of TOC during concentration 

explains, in part, the discrepancy between the TOC concentration 

estimated from the area under the chromatographic curve and the 

measured TOC concentration. 

The two instances where there was an underestimation of the 

TOC content of a particular fraction were associated with: 

1) the initial peak of high MW material eluted from a column packed 

with Sephadex G-75, and 2) the lowest MW fraction of material eluted 

from the column packed with Sephadex G-25. The first example indi-

cates that although the chromatographic traces for the G-75 trials 

indicated the removal of the highest MW material represented by the 

peak between elution volumes of 40 and 60 ml, some of this material 

remained in solution. Indeed, treatment reduced the THMFP of this 

fraction by only 35 percent, confirming that material with a MW 

greater than 42,000 was not completely removed. The second example 

indicates that some of the low-MW organic materials adsorbed to the 

Sephadex G-25 , t'l.S they eluted at volumes greater than the volume at 

which all material placed on the column should have eluted. 
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One consequence of the loss of TOC during concentration dis-

covered above is that the chlorine applied at a nominal 3:1 

chlorine:TOC ratio was actually applied at a greater ratio that dif-

fered for each fraction. This weakens the basis for comparison of 

THMFP since THMFP may be influenced by relative chlorine con-

centrations (Kavanaugh et~· 1979). 

Eluant Effect and THMFP Removals 

THM formation was permitted to occur at the eluant pH of 9.3 for 

samples obtained from fractionation with Sephadex columns and at pH 

of 7.0 - 7.2 during the investigation concerning THMFP as a function 

of coagulant dose. Comparisons between the two sets of investiga-

tions may not be valid since THMFP is a function of pH (Stevens et 

~· 1976). However, the percentage reductions in THMFP experienced 

in the two sets of investigations are included in Table XVII for 

comparison purposes, as are the average removals recorded for the 

three sets of data. The removals experienced with the G-75 and the 

alum dose-THMFP investigations were similar. The averaged data indi-

cates that coagulation with 52 mg/L alum provided the best removals 

of THMFP, with coagulation and flocculation conducted at a pH of 

5.2 - 5.3 providing slightly better THMFP removals. 



VI. SUMMARY AND CONCLUSIONS 

The objective of this study was to investigate the effectiveness 

of alum coagulation for removal of trihalomethane precursors, with 

particular emphasis on the role of the molecular weight of the pre-

cursor material. A preliminary investigation conducted with VPI Duck 

Pond water examined the relationship between the amounts of tur-

bidity, TOC, and THMFP removed from water and the amount of alum used 

in the coagulation process. In a subsequent investigation using Peak 

Creek water, the alum dose range was expanded and the effect of con-

ducting the coagulation-flocculation process at pH 5.2 - 5.3 was 

examined. 

In other preliminary investigations, filtered and alum coagu-

lated Claytor Lake and Peak Creek waters were concentrated to varying 

degrees and eluted through columns packed with Sephadex G-25 and G-75 

gels in an effort to determine the optimum concentration factor for 

molecular weight peak resolution. 

Filtered Peak Creek water, along with Peak Creek waters treated 

for efficient turbidity and optimum TOC removals under controlled pH 

and pH 5.2 - 5.3 conditions were concentrated 400X, fractionated with 

columns packed with Sephadex G-25 and G-75 gels, and chlorinated for 

96 hours in an effort to determine which molecular weight fractions 

of organic contaminants contributed most to THMFP and which fractions 

were removed with alum coagulation. 

The significant conclusions that may be derived from the results 

of this study are: 

100 
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1. TOC concentration is a more effective control parameter than 

turbidity when the objective of water treatment is the removal of THM 

precursor material. Efficirt turbidity removals for Peak Creek 

water occurred at much lower alum doses than optimum TOC or THMFP 

removal. TOC concentration is a good surrogate parameter for THMFP 

since it may be measured relatively quickly and inexpensively in corn-

parison to THMFP. 

2. Conducting the alum coagulation-flocculation process at pH 

5.2 - 5.3 generally provides more efficient turbidity, TOC, and THMFP 

removals than coagulation at higher pH values. Removals of THMFP as 

great as 66 percent were achieved with Peak Creek water at pH 5. 2 -

5.3, while 54 percent THMFP removal was the most that could be 

achieved at higher pH. At each alum dose, greater percentages of 

turbidity, TOC, and THMFP were removed when coagulation was conducted 

at pH 5.2 - 5.3. Removals of turbidity improved in a range from 2 to 

74 percent, TOC from 7 to 50 percent, and THMFP from 0 to 56 percent 

when coagulation was conducted at pH 5.2 - 5.3. One effect of 

improved removals of pH 5.2 - 5.3 is that lower alum doses would be 

required for a given degree of contaminant removal if coagulation-

flocculation pH were controlled at 5.2 - 5.3. 

3. Alum coagulation preferentially removes higher molecular 

weight organic materials from water. Part of the removal may be 

accounted for by the break down of high MW materials into materials 

of lower MW, which remain in solution. Coagulation at pH 5.2 - 5.3 

produces materials with a lower MW than coagulation at higher pH. 
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4. Alum coagulation preferentially removes those organic 

materials that are THM precursors. Coagulation at pH 5.2 - 5.3 

results in even greater preferential removal of THMFP. Strictly 

speaking, some of the THMFP removed may be a result of creating 

lower-MW organics from high-MW organics, with the lower MW materials 

remaining in solution. (Refer to Tables VII and VIII.) 

5. No clear relationship was discovered between the molecular 

weight of the organic substances present in Peak Creek water and THM 

production. The major portion of THMFP was found to be in the MW 

range 1600 - 15,000. However, lack of accurate TOC data for each MW 

fraction precluded comparing TTHM/TOC ratios for the MW fractions. 

THMFP correlates well with TOC concentrations estimated from the area 

under the ultraviolet chromatographic curve. However, ~stimated TOC 

did not accurately reflect measured TOC for the same fractions. It 

appears that organic material in the MW 1600 - 15,000 range may have 

produced more THMs merely because there was a greater amount of 

material in this range than in other ranges. It cannot be stated 

that material in this range has a greater likelihood of producing 

THMs, as would be reflected by a higher TTHM/TOC ratio then that 

found for materials in other ranges, without accurate TOC data. 



VII. RECOMMENDATIONS FOR FURTHER RESEARCH 

The results of this study suggest that both TOC and the molecu-

lar weight of organic materials present in a water may play a signi-

ficant role in the trihalomethane production of a water, and that pH 

may play a significant role in the effectiveness of alum coagulation 

as a process for removing THMFP. Research to answer the following 

questions would help to clarify the roles of TOC, molecular weight 

and pH in terms of water treatment practices to control THMFP: 

1. Are the results of this study repeatable using water from 

other sources, such as James River water which produces higher THM 

concentrations when chlorinated? 

2. How sensitive are THMFP removals to the pH at which alum 

coagulation-flocculation occurs? 

3. What is a more precise concentration of the optimum alum 

dose for THMFP removal? 

4. Would the determination of THMFP for narrower range MW frac-

tions improve our understanding of the role of MW in THM production 

and THMFP removals? 

5. How does pre-chlorination, as required by State Department 

of Health Wate!:_wor~~ Regulat!~'!?_, affect THMFP removal by alum 

coagulation? 

103 



VII I. LITERATURE CITED 

1. American Water Works Association (1979), 11 0rganics Removal by 
Coagulation: A Review and Research Needs. 11 AWWA Research 
Committee on Coagulation, Journal of the American Water Works 
Association, Z.J_, 588-503. - --

2. Amy, G. L. and S. R. King (1981), 11 Removal of Chloroform 
Precursors by Coagu 1 at ion. 11 PROCEEDINGS: ASCE Environmenta 1 
EnlineeriQ_~ ~!_~~on Speci~l!_,'l Conf~E.i:.ti~e, Marriott Hofel; __ _ 
At anta, Georgia, 8-l~f98f, F. M. Saunders, ed. p. 604-611. 

3. Babcock, 0. B. and P. C. Singer (1979), "Chlorination and 
Coagulation of Humic and Fulvic Acids. 11 Journal of the American 
Water: Works Associ~t.!_on, Z!_, 149-152. ----- - --- -----

4. Bellar, T. A., J. J. Lichtenberg, and R. C. Kroner {1974), 11 The 
Occurrence of Organohalides in Chlorinated Drinking Water. 11 

EPA-670/4-74-008, USEPA, Cincinnati, Ohio. 

5. Black, A. P. and D. G. Willems (1961), 11 Electrophoretic Studies 
of Coagulation for Removal of Organic Color. 11 Journal of the 
Amer!_can Water:_ Work~ Ass~ci a~:i_Q_~, 53, 589-604. 

6. Black, A. P., J. E. Singley, G. P. Whittle and J. S. Mauding 
(1963), "Stoichiometry of the Coagulation of Color-Causing 
Organic Compounds with Ferric Sulfate. 11 Journal of the American 
Water Work~ Assq_~i~!ion, ~, 1347-1366. ---- - -- -------

7. Black, A. P. and R. F. Christman {1963a), "Characteristics of 
Colored Surface Water. 11 Journal of the American Water Works 
Associa~!~~, 55, 753-770. 

- -- _____ .._ __ _ 

8. Black, A. P. and R. F. Christman (1963b), "Chemical 
Characteristics of Fulvic Acids. 11 Journal of the American Water 
Works Associ~!!<J...~, ~, 897-912. --·-- - -- --- ---

9. Boyce, S. O. and J. F. Hornig (1980), "Formation of Chloroform 
from the Chlorination of Oiketones and Polyhydroxybenzenes in 
Dilute Aqueous Solution" in: Water Chlorination: Environmental 
Impacts and Health Effects, volume 3~-c:-;rorley,TA.---·---
Brungs·; aria R.ir:--cummings, eds. Ann Arbor Science, Ann Arbor, 
Michigan p. 131-140. 

10. Briley, K. F., R. F. Wi"lliams, K. E. Langley and C. A. Sorber 
{1980), 11 Trihalomethane Production from Algal Precursors", in 
Water Chlorination: Environmental Impact and Health Effects, 
VO, ume -r,-R-. C~ToTl eY:-w-:-A. B rung"5,a'na R.B-:-cllmmi ngs-;-ea s. 
Ann Arbor Science, Ann Arbor, Michigan p. 117-127. 

104 



105 

11. Butler, J. H. A. and J. N. Ladd (1969), "Effect of Extractant 
and Molecular Size on the Optical and Chemical Properties of 
Soil Humic Acids." Austral:!.~!'! Jour:!:!.~ of Soil Research,]_, 
229-239. 

12. Cameron, R. S., R. S. Swift, B. K. Thornton and A. M. Posner 
(1972), "Calibration of Gel Permeation Chromatography Materials 
for Use with Humic Acid." Journal of Soil Science, 23, 
342-349. ----- - -- ----- -

13. Carter, K. (1980), "Granular Activated Carbon Pretreatment for 
the Removal of Trihalomethane Precursors." Master of Science 
Thesis, Virginia Polytechnic Institute and State University. 

14. Christman, R. F. and M. Ghassemi (1966), "Chemical Nature of 
Organic Color in Water." Journal of the American Water Works 
Assocj_~!_!QIJ., 58, 725-741. ------ - -- ------

15. Christman, R_. F., J. 0 •. Johnson, D. L. Norwood, W. T. Lias, J. 
R. Hass, F. K. Pfaender, M. R. Webb and M. J. Pobenrieth (1981) 
Chlorination of Aquatic Humic Substances. Municipal 
EnvironmentalResearch-laboratory~OffTce of Research and 
Development, U. S. Environmental Protection Agency, Cincinnati, 
Ohio 45268. 

16. Dell 1Agnola, G. and A. Maggioni (1965), "Gel Filtration of 
Humus: Evaluation of the Different Techniques for Humus 
Ex4tract1i on by Means of Sephadex Fractionation." Agroch1.]~i~~t. ~ 
22 -23 • 

17. Dell 1Agnola, G. and G. Ferrari (1971), "Molecular Sizes and 
Functional Groups of Humic Substances Extracted by O.lM 
Pyrophosphate from Soil Aggregates of Different Stability." 
Journ~l of Sof~ Sci~~~!. 22, 3, 342-349. 

18. Determann, H. (1968), Gel Chromatography, Springer-Verlag, New 
York, Inc., p.195. - --------

19. Edzwald, J. K., J. D. Haff and J. W. Boak (1977}, "Polymer 
Coagulation of Humic Acid Waters", Journal of the Environmental 
Engineeri129: Divi~1_Q.'l!_ Proc~~<!i'l9~ of thEl -Ameri~~!l "S"Oc1et~ of __ _ 
CiviT Engineer~!. 103, EEI, 989-fOOO. 

20. Edzwald, J. K., B. Gang and C. A. McGowan (1981), 
"Trihalomethane Formation and Precursor Removal." Proceeding_~:_ 
ASCE Environme".!_~al Engineer:!_t].9. Divi~ion Spec_1a~!Y Confere~c:_~, 
Marriott Hote T, Atlanta, Georgia,--J°uly8 - 10, 19"81,T:"ivf. 
Saunders, ed. p. 620-627. 

21. Environmental Protection Agency (1975), "Suspect Carcinogens in 
Water Supplies." Office of Research and Development Interior 
Report. 



106 

22. Environmental Protection Agency (1979) (CFR 40, part 141), 
"National Interim Primary Drinking Water Regulations; Control of 
Trihalomethanes in Drinking Water; Final Rule." Federal 
Regi ~~er!. 44 (No. 231), 68624-68707, November 29, 1979. ·-

23. Environmental Protection Agency (1979b), "The Analysis of 
Trihalomethanes in Finished Waters by the Purge and Trap Method, 
Method 501.1." U. S. Environmental Protection Agency, 
Environmental Monitoring and Support Laboratory, Cincinnati, 
Ohio. 

24. Gelotte, Bertil (1960), "Studies on Gel Filtration: Sorption 
Properties of the Gel Material Sephadex." Journal of 
Chromatograph.y_!. l, 330-342. -- -

25. Ghassemi, M. and R. F. Christman (1968), "Properties of the 
Yellow Organic Acids of Natural Waters." Limn~log.y and 
Oceanography, .1l, 4, 583-597. 

26. Gjessing, E. T. (1965)~ "Use of 'Sephadex' Gel for the 
Estimation of Molecular Weight of Humic Substances in Natural 
Water. 11 Nature!.. 208, 1090-1092. 

27. Gjessing, Engil and G. Fred Lee (1967), "Fractionation of 
Organic Matter in Natural Waters on Sephadex Columns." 
Environmental Science ! Tech~2_log.y!. !, 8, 631-638. 

28. Gjessing, E. T. (1976), Physical and Chemical Characteristics of 
Aquatic Humu~. Ann Arbor Scfence:-Ann Arbor, Michigan;!).T2o.-

29. Grender, M. (1982), private communication. 

30. Hall, E. S. and R. E. Packham (1965), 11 Coagulation of Organic 
Color with Hydrolyzing Coagulants." Journal of the American 
Water Works Associat_i!2!!!. 57, 1149-116-6-. --- - -- ------

31. Hall, K. J. and G. F. Lee (1974), "Molecular Size and Spectral 
Characterization of Organic Matter in a Meromictic Lake." Water 
Resea~~~J- ~' 239-251. 

32. Hatt, B. W. (1978), 11 Polymer Molecular Weight Distribution by 
Gel Permeation Chromatography" in Developments in Chroma-
~~e_~.y.:.1, c . H. Knapman, ed. Appliea·-sdencePublishers, 
Ifa:-;- London. 

33. Hoehn, R. C., D. B. Barnes, B. C. Thompson, C. W. Randall, T. .]. 
Grizzard and P. T. B. Shaffer (1979), "Algae as Sources of 
Trihalomethane Precursors." 1979 Annual Conference Proceedings, 
American Water Works Association; W:-50'0. ·-·-----·-·-



107 

34. Janson, J. (1967), "Adsorption Phenomena on Sephadex." Journal 
of Chromato9.!:~P.~Y-!. 28, 12-20. 

35. Jewett, M. A. and D. J. o•Brien (1979), "Trihalomethane Yields 
of Fulvic Acids Fractionated by Sephadex Gel-Permeation 
Chromatography." 1979 Annual Conference Proceeding_s , American 
Water Works Association,--S--31:538. _____ ----· -

36. Kavanaugh, M. C.j R. R. Trussell, A. L. Lange, E. Kawczynski and 
D. E. Vanderkar (1978), "Coagulation for Removal of 
Trihalornethane Precursors at the Ralph D. Bollman Treatment 
Plant." 1978 Annual Conference Proceedings, American Water Works 
Assoc i at ior;-:-1~-P. l-2I:--- ----·--··---

37. Kavanaugh, M. C.f A. R. Trussell, J. Cromer, and R.R. Trussell 
(1979), "Empirical Kinetic Model of Trihalomethane (THM) 
Formation; Applications to Meet the Proposed THM Standard." 
1979 Annual Conference Proceedings, American Water Works 
Assoc1at1on,"'"46~:4go:- -~- -

38. Kraybill, H. F. (1980), "Carcinogenesis of Synthetic Organic 
Chemicals in Drinking Water". 1980 Annual Conference 
Proce~~i~, American Water Wor~sSOCTafion, l~gf:-f387. 

39. LaMont, M. D., L. L. Darglas, R. A. Oliva, R. I. Hoffman, M. 
Zastrocky, J. F. Reed, S. Battaglia, H. Alderman, P. Staiert, G. 
Bardwell, R. Wise and J. Payner (1977), Calculator 
Decision-Making Source Book, Texas Instruments-;-fnc. 

40. lindqvist, Inguar (1967), "Adsorption Effects in Gel Filtration 
of Hurni c Acid." Act~ Chemi £~ Sca~~i na'{_:!_.~~!. .£!_, 2564-2566. 

41. Mangravite, F. J. 1 T. D. Buzzell, E. A. Cassell, E. Matijevic, 
and G. B. Sexton (1975), "Removal of Humic Acid by Coagulation 
and Mi crofl otat ion. 11 Journal of the American Water Works 
Association, 67, 88-94-.--·- - -- ---

42. Narkis, N. and M. Rebhum (1975), "The Mechanism of Flocculation 
Processes in the Presence of Humic Substances." Journal of the 
American Water Works Association, 67, 101-108. --- --·-·-·-1--·--

--·--... ----
43. Narkis, N. and M. Rebhum (1977), "Stoichiometric Relationship 

Between Humic and Fulvic A~ids and Flocculants. 11 Journal of the 
America~ Water Work~ Asso~i~!i~!!.~- 69, 325-328. -----

44. National Cancer Institute (1976), "Report on Carcinogenesis 
Bioassy of Chloroform." Carcinogenesis Program Division of 
Cancer Cause and Prevention, Washington, D. C. 



108 

45. Odegaard, Hallvard and Suporn Koottatep {1982), "Removal of 
Humi c Substances from Natura 1 Waters by Reverse Osmosis. 11 l~at~.r.. 
Rese_a_r_c_h_,_ 16 '· 613-520. 

46. Oliver, B. G. and J. Lawrence (1979), "Haloforms in Drinking 
Water: A Study of Precursors and Precursor Removal.H Journal 
of _!he Ameri_c:~1~ Wate_r: War.~~ Assg__c_!~!i~11_, _ _z.~, 161-163. 

47. Page, T., R.H. Harris and S.S. E!Jstein (1976), "Drinking Water 
and Cancer Mortality in Louisiana." Sci~".l~~t. 193, 55. 

48. Plumb, R. F., Jr., (1968), "The Iron-Organic Relationship in 
Lake Mary." M. S. Thesis, Water Chemistry, University of 
Wisconsin. 

49. Porath, J. and J. Fladin (1959), "A Method for Desalting and 
Group Separation. 11 Natu_!':~,. ~~~' 1657-1659. 

50. Posner, A. M. (1963), i•Irnportance of Electrolyte in the 
Determination of Molecular Weights by 'Sephadex' Gel Filtration, 
with Especial Reference to Humic Acid. 11 Natur~!. 198, 1161-1163. 

51. Rook, ,J. J. (1974), 11 Formation of Halo-forms During Chlorination 
of Natura 1 Waters. 11 Water Treat1!1_~.1~t_ and Exami r!a..':io.n_,_ ~~, 234. 

52. Schnoor, ,J. Lq ,J. L. Nitzschke, R. O. 1.ucas and J. N. V2enstra 
(1979), 11Trihalomethane Yields as a Function of Precursor 
Molecular Weight. 11 Environ~ental Science & Technology, 13, 1134-1138. --------···------- - ----~------~- -

53. Shapiro, ,J. (1966), "Paper Presented at Symposium of the 
Hungarian ;~ydro1ogical Society: Problems of Qrganic Matter 
Determination in Fresh Water," Budapest-Tihany. 

54. Simrnon, V. F. and R. G. Tardiff {1978), 11 Mutagenic Activity of 
Halogenated Compounds Found in Chlorinated Drinking Water" in 
Water Chlorination: Environmental Impact and Health Effects, 
Vol. 2, R. 1. •• JOTTey,-ir.-[orcllev~- ·ancro.-H-. HaiITTltOff,eas-:- ·Ann 
Arbor Science, Ann Arbor, Michigan, p. 417-432. 

55. Stevens, A. A. C. J. Slocum, D. Seeger and 8. C. Robuck (1976), 
uchlorination of Organics in Drinking Water. 11 Journal of the 
Americ~n Water: Works Asso~i_~~_i_o._r]_,_ 68_, 615. --- - ---

56. Swift, R. S. and A. M. Posner (1971), 1 Gel Chromatography of 
Hlrnic AC"id. 11 ,Jour_~_i:i_l_ of ~oil _~cief!~~-!. ?_~, 2~ ~37-249. 



109 

57. Symons, J.M. T. A. Bellar, J. K. Carswell, J. Demarco, K. L. 
Kropp, G. G. Robeck, O. R. Seiegar, C •• J. Slocum, B. L. Smith 
and A. A. Stevens (1975), "National Organics Reconnaissance 
Survey for Halogenated Organics." Journal of the American Water 
Work~ Associati<?_~!. 67, 634-647. - --

58. Symons, J. M., A. A. Stevens, R. M. Clark, E. E. Geldreich, 0. 
T. Love, Jr., and J. OeMarco (1981), Treatment Techniques for 
Controlling Trihalomethanes in Drinking Water:- Municipal -
Environmental Researcn-raooratory, O'fffce or--R'esearch and 
Development, U. S. Environmental Protection Agency, Cincinnati, 
Ohio 45268. 

59. Taylor, R. B. (1982) ed., UP-DATE: Public Drinki~q Water in 
Virginia. Virginia Departmentof-Health, -Bureau-Of ~ater ·supply 
EngineerTng, Richmond, Virginia. Volume 6, Summer/1982. 

60. Theiss, J. J., G. D. Stoner, M. B. Shimkin and E. K. Weisburger 
(1977), aTest for Carcinogenicity of Organic Contaminants of 
United States Drinking Water by Pulmonary Tumor Response in 
Strain A Mice." Cancer Research, 37, 2717 -

61. Veenstra, J. N. and J. L. Schnoor (1980), "Seasonal Variations 
in Trihalomethane Levels in an Iowa River Water Supply." 
Journal of the Ameri~al]_ Water: Work~ Association, 72, 583-590. 



IX. NON-CITED REFERENCES 

1. Alavanja, M., I. Goldstein, and M. Susser (1978), ~A Case 
Control Study of Gastrointestinal and Urinary Tract Cancer 
Mortality and Drinking Water Chlorination" in Water 
Chlorination: Environmental Impact and Healthtffects, Vol. 2, 
R. L •• JoffeY, H:-G°orcl1ev-anCT O:-ir:-Hamil ton, eds. Ann -Arbor 
Science, Ann Arbor, Michigan, pp. 395-409. 

2. Arguello, M. 0., C. O. Chriswell, J. S. Fritz, L. O. Kissinger, 
K. W. Le, J. J. Richard, and H. J. Sues (1979), "Trihalomethanes 
in Water: A Report on the Occurrence, Seasonal Variation in 
Concentrations, and Precursors of Trihalomethanes." Journal of 
the Americar]_ Wate!:_ Work~ Assq_~!~i'..i~~t. 71, 504. -- -

3. Bird, J. C., and R. A. Mineer (1979), "The Effect of Bromide on 
Trihalomethane Formation." 1979 Annual Conference Proceedings 
American Water Works Association,pP:--5"39-552:·~- --·-·-

4. Brett, R. W. and R. A. Calverly (1979), 11A One-Year Survey of 
Changes in Trihalomethane Concentrations Within a Distribution 
System." Journal of the American Water Works Association, 71, 515. -·--- - -- -------- ----- -

5. Bunn, W. W., B. B. Haas, E. R. Deene and R. D. Kleopfer (1975), 
"Formation of Trihalomethanes by Chlorination of Surface Water." 
Environ~~~tal Letters, 10, 205. 

6. Christman, R. F., J. O. Johnson, F. K. Pfaender, O. L. Norwood, 
M. R. Webb, J. R. Hass, and M. ,J. Boberrieth (1980), "Chemical 
Identification of Aquatic Humic Chlorination Products," in Water 
Chlorination: Environmental Impact and Health Effects, Volume r,rr:-c···.ra1T ey-:-W:-;zc-rru ngs ~dR-:-8. Cummf ng, eds. Ann 
Arbor Science, Ann Arbor, Michigan, p. 75-83. 

7. Environmental Protection Agency 1978a), "The National Organic 
Monitoring Survey." Office of Water Supply, Technical Support 
Division, Cincinnati, Ohio. 

8. Environmental Protection Agency (1978b) (CFR 40, part 141), 
"Interim Primary Drinking Water Regulations: Control of Organic 
Chemical Contaminants in Drinking Water." Federal Register, 43 
(No. 28), 5756-5780, February 9, 1978. · -- -

9. Gjessing, E. T. (1970), "Ultrafiltration of Aquatic Humus." 
EnvirQ!l~~r].~~l Sci enc~! Techn~l~gy 1,, 5, 437-438. 

10. Glaze, W. H. and J. E. Henderson, IV (1975), "Formation of 
Organo-Chlorine Compounds from the Chlorination of a Municipal 
Secondary Effluent." Journ'll of th~ Watei:_ Pol ]J!.1;.io~ Control 
~]._£!}_,_ 47' 2511. 

110 



111 

11. Hoehn, R. C., C. W. Randall, F. A. Bell, Jr., and P. T. E. 
Schaffer (1977), 11 Trihalomethanes and Viruses in a Water 
Supply. 11 Journa! of the Environmental ~inee!:.~_1!_9.. Division 
~~=gri~ng~ of the Amer!£~!1.. Society of Civil Engineers, EE5, 

12. Kopfler, F. C., R. G. Melton, R. D. Ling, and W. E. Coleman 
(1976), "GC/MS Determination of Volatiles for the National 
Organics Reconnaissance Survey (NORS) of Drinking Water" in 
Identtficati~!1_ and Analysis of. OrgaQ_i~ Pollutan"t:~ in Water~- L. 
H. Keith, Ed., Ann Ar6orScience, Ann Arbor, Mlchigan, p. 
87-104. 

13. Loper, J. C., O. R. Lang and C. C. Smith (1978), ~Mutagenicity 
of Complex Mixtures from Drinking Water" in Water Chlorination: 
Environmental Impact and Health Effects, Vol. 2, R. L. ,foffey~
lr.Gorcheve-and D. H.Hamilton; eds~--Ann Arbor Science, Ann 
Arbor, Michigan, p. 433-450. 

14. Manka, J., M. Rebhum, A. Mandelbaum, and A. Bortinger {1974), 
11 Characterization of Organics in Secondary Effluents. 11 

Envir<?._~~en~al Science ! Tech~o!2.9.l.!.. ~' 1017, 1020. 

15. Mantoura, R. F. C. and J. P Riley (1975), 11 The Analytical 
Concentration of Humic Substances from Natural Waters. 11 

Analytica Chimica Acta~ 76, 97-106. 

16. Morris, J. C. (1975}, "Formation of Halogenated Organics by 
Chlorination of Water Supplies. 11 Environmental Health Effects 
Research Series, No. EPA-600/1-75-002, USEPA, Washington, D. C. 

17. Morris, J. C. and B. Baum (1978}, "Precursors and Mechanisms of 
Haloform Formation in the Chlorination of Water Suppl ies 11 in 
Water Chlorination: Environmental Impact and Health Effects, 
VOT-2,R.L.·-;rorfey, R. GorC'hev-and o. Fr. Hamilton, eds.--Ann 
Arbor Science, Ann Arbor, Michigan, p. 29-48. 

18. Munn, B. (1983). M. S. Thesis, Virginia Polytechnic Institute 
and State University. 

19. National Academy of Science: (1977), Drinkin~ Wate~ and Health. 
NHS Publications, Washington, D. C. 

20. National Academy of Sciences, National Research Council, Assembly 
of Life Sciences Board on Toxicology and Environmental Hazards. 
Epidemiology Subcommittee of Safe Drinking Water Committee 
(1978}. Epidemiological studies of cancer frequency and certain 
organic constituents of drinking water. A review of recent 
literature published and unpublished. NAS Report to 
Environmental Protection Agency, Washington, D. C.j September 
1978. 



112 

21. Orlov, O •• , Ya. M. Ammosoua, G. I. Glebaua, YE. I. Gorshkoua, 
N. P. IL 1 IN, and M. P. Kolesnikov (1971), "Molecular Weights, 
Sizes and Configurations of Humic Acid Particles." Soviet Soil 
Science, l' 673-687. - --

22. Packham, R. F. (1964), "Studies of Organic Clr on National 
Water." ~£~E}_dif!~ of the Soci~~l of Water Treatm~!J.! exami-
ners...!. g, 3.L6-334. 

23. Pharmacia Fine Chemicals. Gel Filtration Theory and Practice. 
Pharmacia Fine Chemicals AB-:lJppsala;-sweden, 64 µ:-- ----

24. Rebhun, M. and J. Manka (1971), "Classification of Organics in 
~g~~~~~:Y Effluents •11 Envtr~·l~~~~~! Sci en~~! Techn~_l9_g_y1_ i, 

25. Rook, J •• J. (1976), 11 Haloforms in Dr"inking Water." Journal of 
the Americ<!r:!_ Water: Work~ Ass~£iation, 68, 168. ·- -

26. Rook, J. J. (1977), "Chlorination Reactions of Fulvic Acids in 
Natural Waters •11 Environmental Science and Technology, 11, 478-482. ------- --··------ ·-·-·--

27. Rook, ,J. J., (1~80), "Possible Pathways for the Formation of 
Chlorination Degradation Products During Chlorination of Humic 
Acids and Resourcinol 11 in Water Chlorination: Environmental 
Impact and Health Effects,Vol. r,1r.- L. .Joffey, W. A-. Brungs 
ancr-ff~ ir:-cummfngs~as:- Ann Arbor Science, Ann Arbor, 
Michigan, 85-98. 

28. Stevens, A. A., C. J. Slocum, D. R. Seeger, and G. G. Robeck 
(1976), "Chlorination of Organics in Drinking Water." Water 
Chlorination: Environmental Impact and Health Effects, V6T 1, 
R.L. ToTTey, EO.Ann.-Aroor "S"Cfence:-A'nn J(rlSor~iCli'fgan, 
77-104. 

29. Stevens, A. A. (1979), "Oxidation Techniques in Drinking Water 
Treatment: Formation of Non-Polar Organo-Chloro Compounds as 
By-Products of Chlorination." EPA-570/9-79-020. 

30. Swift, R. S., B. K. Thornton, and A. M. Posner (1970), "Spectral 
Characteristics of a Humic Acid Fractionated with Respect to 
Molecular Weight Using an Agar Gel." Soil Science, 110, 2, 
93-99. -~ -·-- -

31. Trussell, R. R. and M. D. Umphres (1978), 11The Formation of 
Trihalomethanes. 11 Journal of the American Water Works 
Asso~iation!.. 70, 6or.--·- - -- ·- --·-



113 

32. vanSteenderen, R. A. and A. Malherbe {1982), "The Molecular Mass 
Distribution of Organic Compounds in Activated Sludge Plant 
Effluent Determined by Means of Gel Permeation Chromatography." 
Water Resear~~~ 16, 745-748. 

33. Young, J. S., Jr. and P. Singer {1979), 11 Chloroform Formation in 
Public Water Supplies: A Case Study." Journal of the American 
Water~~~~ Associa1!~~~ z.!., 87. 



APPENDIX A 

Approx!!_11~ti1}g: the Mol~~~l~~ Weig_ht Cal!~r._~1:_ion Curve 

An idealized depiction of the relationship between the logarithm 

of the molecular weight of a substance eluting from a Sephadex column 

and the elution volume is shown with a heavy dark curve in Figure Al. 

The curve possesses several regions of interest. 

V0 represents the void volume of the column. This volume con-

sists of the volume of eluant surrounding the Sephadex gel beads and 

represents the fluid that must be withdrawn from the column before 

even the heaviest MW material can elute. Material with a MW greater 

than MWO will elute from the column starting at elution volume V0 • 

The range of the linear relationship between the logarithm of 

the molecular weight and the elution volume (Ve) is between elution 

volumes V1 and V2. MWl and MW2 represent the upper and lower 

bounds of this linear range. Each grade of Sephadex has different 

values for these bounds. 

An assumption is made that at some finite volume, V4, all 

material that has been loaded onto the column has eluted off, 

regardless of the MW of the material. 

When a material possesses a MW smaller than those included in 

the linear portion of the log MW vs. Ve curve, its elution volume 

must either fall on the curved part of the trace between V2 and V4 or 

be V4. V3 represents the elution volume of such a substance. If a 

calibration must be based on this substance, the resulting calibra-

tion curve, C1, will lie lower on the graph than the location of the 
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Figure Al: The idealized relationship between the logarithm of the 
molecular weight of a substance eluting from a Sephadex 
column and its elution volume and two methods for 
approximating the linear portion of the curve. 
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actual curve. Values of MW derived from this curve ~111 be 10wer 

than the true value. 

In order to offset this bias, one may assume that the elution 

volume of the low MW substances is the same as that for a substance 

with a MW at the lower bound of the linear portion of the true 

calibration curve. This calibration curve, C2, lies above the true 

calibration curve. Values of MW derived from C2 will be higher than 

the true value. 

The approximate value of a MW at a particular elution volume is 

obtained by averaging the values obtained using the two approximate 

calibrations. 



APPENDIX B 

DATA CONCERNING THE AREA UNDER THE CHROMATOGRAPHIC CURVE OCCUPIED BY 

EACH FRACTION, THE CHLORINE RESIDUAL AFTER 96 HOURS CHLORINE CONTACT 

FOR EACH FRACTION, AND THE DILUTION FACTOR USED IN PERFORMING 

TRIHALOMETHANE FORMATION POTENTIAL ANALYSES FOR EACH FRACTION ELUTED 

FROM COLUMNS PACKED WITH SEPHADEX G-25 AND G-75 GELS FOR RAW AND 

TREATED PEAK CREEK WATER. 
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TABLE Bl: Fi'ltered Peak Creek water that has been concentrated 400X, fractionated 
and chlorinated for 96 hours. 

----·-·-·-·--------·-----------·----------------- ----·-------·----
Sephadex Fraction Area on TDC TOC Dilution 96-hour Chlorine 

Type ml range chromatograph mg mg/L factor residual 
------·-----------·--------.---~··--------------·----------------~--.. -·-· 

G-75 40 - 60 100 0.076 3.8 2.5 1.3 

70 - 100 420 0.321 10.7 5.0 1.5 

100 - 130 1,260 0.963 32.1 25.0 6 

130 - 160 840 0.642 21.4 12.5 3.5 

160 - 190 60 0.046 1.5 1.0 0.7 

G-25 54 - 84 1,770 1.173 39.l 25.0 6 

84 - 114 990 0.656 21.9 12.5 4.0 

114 - 144 270 0.179 6.0 2.5 1.5 

144 - 174 60 0.040 1.3 1.0 0.7 
-----~------·--------~--·------------------------·---------------·-

...... ...... 
00 



TABLE 82: Peak Creek water that has been coagulated with 32 mg/L alum, flocculated, settled, 
filtered, concentrated, fractionated and chlorinatecrt"or 96 hours. 

--.-.-..---~--~-----·-·---·---- ----- ·-----...-.-----·-·-------------------------·-
Sephadex Fraction Area on TOC TOC Dilution 96-hour Chlorine 

Type ml range chromatograph mg mg/L factor residual 
·-----------·------------------------~------·----------·- ------------··---·-·---·-

G-75 40 - 60 20 0.015 0.5 1.0 0.6 

70 - 100 285 0.216 7.2 2.5 4 

100 - 130 1,440 0.090 36.3 25.0 1 

130 - 160 331 0.250 8.3 5.0 2.5 

160 - 190 450 0.034 1.1 1.0 0.1 

G-25 54 - 84 908 0.752 25.1 12.5 2.8 

84 - 114 853 0.707 23.6 12.5 6 

114 - 144 250 0.124 4.1 2.5 0 

144 - 174 30 0.025 0.8 1.0 6 
----------------------- -·-----...-------- -------·-------

I-' 
I-' 
\.0 



TABLE 83: Peak Creek water that has been coagulated with 52 mg/l alum, flocculated, settled, 
filtered, concentrated 400X, fractionated and chlorinated for 96 hours. 

-----------··-··-------·-----·-----..---·--------------------·--·-·-·--------------------------------· 
Sephadex Fraction Area on TOC TDC Di ·1 ution 96-hour Chlorine 

Type ml range chromatograph mg mg/L factor residual 
---·-·----------·-------------------------·--------·--··-------------------------~---·-------·----

G-75 40 - 60 0 0 0 1.0 1.8 

70 - 100 141 0.107 3.6 2.5 2.8 

100 - 130 960 0.730 24.3 12.5 6 

130 - 160 495 0.376 12.5 6.25 5 

160 - 190 45 0.034 1.1 1.0 1.5 

G-25 54 - 84 593 0.445 14.8 12.5 6 

84 - 114 905 0.679 22.6 12.5 6 

114 - 144 135 0.101 3.4 2.5 0 

144 - 174 30 0.023 0.8 1.0 6 
----------·--·--------·-·--·-------·--------··-·--------·-·---·-·-------------~-·-·------

....... 
N 
0 



TABLE B4: Peak Creek water that has been coagulated with_!! mg/l alum and flocculated at 

Sephadex 

Type 

G-75 

G-25 

gH 5.2 - 5.3, settled, filtered, concentrated 400X, fractionated and chlorinated for 
6 hours-. --

·-·---··--·~----------·----·------·----------------·----·---·-

Fraction Area on TOC TOC Dilution 96-hour Chlorine 

ml range chromatograph mg mg/L factor residual ________________________ ... __ ·-------------·----
40 - 60 0 0 0 1.0 2.5 

70 - 100 132 0.155 5.2 2.5 2.5 

100 - 130 795 0.934 31.5 25.0 0.1 

130 - 160 504 0.592 19.7 12.5 4 

160 - 190 60 0.070 2.3 1.0 0.2 

54 - 84 681 0.731 24.4 12.5 0.3 

84 - 114 681* 0.731 24.4 12.5 6 

114 - 144 241 0.259 8.6 5.0 2.8 

144 - 174 30 0.032 1.1 1.0 0 
--·----------------- ---------

*chromatograph paper janmed in recorder - assume area is the same as for Ve = 54-84 

....... 
N ....... 



TABLE 85: Peak Creek water that has been coagulated with 36xmg/L alum and flocculated at 
pH 5.2 - 5.3, settled, fi"ltered, concentrated 4 , Tractionated and chlorinated 
for 96 hours. 

_________ ,__ _____________ 
Sephadex Fraction Area on TDC TOC Dilution 96-hour Chlorine 

Type ml range chromatograph mg mg/L factor residual 
·--------- ---------·-----

G-75 40 - 60 0 0 0 1.0 0 

70 - 100 100 0.075 2.5 2.5 0 

100 - 130 645 0.483 16.1 12.5 0.1 
...... 

130 - 160 645 0.483 16.l 6.25 0.1 N 
N 

160 - 190 75 0.056 1.9 1.0 0.1 

G-25 54 - 84 413 0.373 12.4 12.5 1.5 

84 - 114 553 0.499 16.6 12.5 4.0 

114 - 144 188 0.170 5.7 2.5 0.1 

144 - 174 60 0.054 1.8 1.0 0.2 
------------- -------
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THE REMOVAL OF SPECIFIC MOLECULAR 

WEIGHT FRACTIONS OF TRIHALOMETHANE 

PRECURSORS BY ALUM COAGULATION 

by 

Charles Rest 

(ABSTRACT) 

The influence of alum concentration, pH and the molecular weight 

of organic substances present in a water were evaluated in regards to 

the removal of trihalomethane (THM) precursors from a surface water 

supply, Peak Creek, in southwestern Virginia. Water was coagulated 

with various doses of alum with the pH uncontrolled and with the pH 

controlled at 5.~ - 5.3. Raw water and treated waters selected for 

efficient turbidity and optimum total organic carbon (TOC) removals 

were concentrated 400X using vacuum evaporation at a temperature of 

40° C. Concentrated waters were fractionated in regards to molecular 

weight (MW) with columns packed with Sephadex G-25 and G-75 gels. 

The fractionated samples were chlorinated for 96 hours and THM pro-

duction was determined. 

A preliminary investigation explored the effect of coagulant 

alum concentration in regards to removal turbidity, TOC and THM pre-

cursors from VPI Duck Pond water. A second preliminary investigation 

involved determining the MW chromatographs of raw and treated Claytor 

Lake and Peak Creek waters concentrated to different degrees. 



The results indicated that THM precursors and heavier MW organic 

substances were preferentially removed from water by alum 

coagulation; that conducting alum coagulation at pH 5.2 - 5.3 induced 

more effective turbidity, TOC and THM precursor removals; and that 

TOC concentration was a more effe-ctive surrogate parameter than tur-

bidity for determining the removal of THM precursors. 
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