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ABSTRACT ;; ' ,

In 1979 the United States Environmental Protection Agency (USEPA) 

amended the Interim Drinking Water Standard to establish a MCL of 100 

Ug/1 of TTHMs, because of the carcinogenic nature of chloroform. During 

nationwide studies conducted by- the EPA, it was found that, chloroform 

was the predominant THM found in municipal water distribution systems. 

Earlier it was determined that humic sub stances (i.e., humic and fulvic 

acid) represent the maj or natural organic contaminants in natural waters; 

as well as the principal precursor for THM formation. This research 

was conducted to develop a multiple parameter model for predicting 

chloroform formation, based on the type of precursor, initial concentra^ 

tion of precursor as TOC, initial chlorine-tb-TOC ratio, temperature 

and pH. - \ . . :y ' : -

Humic and fulvic acids were extracted from a Washington Peat Soil 

by the alkaline-acid separation technique. Aqueous solutions of either 

humic or fulvic acid were prepared at the appropriate TOC and pH, chlor

inated with sufficient sodium hypochlorite solution to achieve the de

sired chlo.rine-to-TOC ratio, and incubated at the desired temperature , 

in 120 ml serum vials. At designated reaction times the, chloroform 

formation reaction was terminated with an excess of sodium thiosulfate, • 

and resulting chloroform concentrations-were determined by the liquid-' 

liquid extraction•method using a gas chromatograph with a; linearized 

electron capture detector. The particular parameters investigated were:



.Xll

humic and fulvic acid, TOCs of 2.5, 5.0 and 10.0 mg/1, chlorine-to-TOC 

ratios of 2, 4 and 6 , pHs of 5.5, 7.0 and 8.5, and temperatures of 10 , 

20° and 35°C.

Data generated during the experimental phase of the research was 

analyzed in relation to the importance of the TOC and chlorine-to-TOC 

ratio parameters by using a- multiple linear regression computer program. 

The analysis also focused on the effect of reaction temperature, pH, as 

well as the type of precursor on the rate of chloroform formation and. 

chloroform yield. The model was developed using humic acid extracted 

from a.Washington Peat Soil as the "basic1* precursor. This enabled the 

initial development of a humic acid model which was subsequently modi

fied for application to fulvic acid

- Based on this research, it can be concluded that the reaction pH 

and temperature have a significant effect on the rate of chloroform for

mation as well as the chloroform yield. Also, it was found that the , 

chloroform yield was directly proportional to the TOC with a doubling in 

TOC resulting in a doubling in chloroform yield. The effect of the 

chlorine-to-TOC ratio was determined to have a significant effect up to 

a ratio of 6 to 1 , with the effect becoming insignificant at greater 

ratios. Finally it was found that the model could be readily applied 

to modeling chloroform formation in natural water, based on an evalua

tion of data taken from the literature. Model application to natural 

waters' was accomplished by incorporating two precursor-related parameters 

into the humic acid model. These parameters enabled calibration of the 

model for a specific water with given precursor characteristics.



CHAPTER 1

Introduction

On November 29, 1979, the United States Environmental Protection 

Agency (USEPA) amended .the Interim Primary Drinking Water Regulations 

of the Safe Drinking Water Act to provide a Maximum.Contaminant Level 

(MCE) of 100 yg/1 of total tfihalomethanes (TTHMs) in drinking water 

(Federal Register, 1979a). This-regulation was instigated because of. 

the suspected carcinogenic character of chloroform. The term trihalo- 

met hanes refers to a group of organic compounds that contain one carbon 

atom, one hydrogen atom and three halogen atoms.The halogen atoms of 

importance in the formation of trihalomethanes in natural waters are ,. 

chlorine and bromine (American Water Work: Association ,; AWWA, 1980) . ;

In 1975.the National Organics Reconnaissance Survey for Halogen- 

ated Organics (NORS) (Symons et al., 1975), in its results from a survey 

of 80 cities across the United States, reported concentrations of chloro

form in finished drinking water up to 311 yg/1 and TTHMs up to 482 yg/1. 

.Subsequently, the National; Organics Monitoring Survey (NOMS) was con

ducted to determine the specific contaminants in drinking water sup- 

, plies and to provide data for possible specification of MCLs for organic V. 

compounds or for a treatment requirement for the control of organic 

compounds, in drinking water. Results, of the NOMS study showed TTHMs 

levels as high as 784 yg/1 and chloroform levels as high as 540 yg/1

1



(Cotruvo and Wu, 1978). . Both, the NORS;and NOMS; reports showed that. 

chloroform was the predominant form of THM present in drinking water .• 

supplies.. .

Trihalomethanes result from the generalized reaction:

halogen + "precursor" trihalomethane

Rook , (1974) found that the chlorination of•naturally occurring humic 

substances in water yielded haloforms.% These,basic substances (i.e.,% 1 -

humicj:hymatome1anic and fulvic acid) were shown by Black and. Christman - 

(1963a and 1963b) to comprise dyer 80 percent of the organic content.of 

natural waters. Rice (1980) listed some 40 organic compounds other than 

the aforementioned humic substances that yield chloroform upon chlorina

tion. ; - :

To date only three models have been presented in the literature 

to predict the yield of chloroform from chlorination of waters containing . 

precursors. Moore, Tuthill and Polakoff (1979) presented a very simple 

statistical model which relates chloroform levels to the applied chlorine 

dose. Their model gave no consideration to other parameters such as . 

temperature,. pH, TOC, reaction time or-the source of the raw water. 1'

Two other more complex models were presented by Trussell and Umphres

(1978) and Kavanaugh et al. (1980), both of.which considered the TOC, 

chlorine dose, and.the raw water; source; ; In the application of their 

models, an extensive amount of laboratory data must be generated to 

calibrate constants for the model pertaining to water source,



temperature and pH. These two models will be discussed further in - 

Chapter 3.

The setting of a MCL for TTHMs has made it advantageous to have 

a universally applicable model for the prediction of trihalomethanes.

As a result of Black and Christman's early work (1963a and 1963b) show

ing humic substance to comprise-over 80 percent of the organic.content 

of natural waters, coupled with RookT s (1974). work showing.that chlori

nation of humic substances yielded haloforms and the NORS and NOMS 

surveys showing chloroform to be the predominant form of trihalomethane 

present in finished water supplies, the groundwork for the development 

of a model to predict chloroform yield from a water containing humic 

substances has been laid.



CHAPTER 2

.RESEARCH OBJECTIVES

The principal objective of this research is to develop an

empirically based, multi-parameter model for the.prediction of chloro

form formation from humic substances in an aqueous solution. During • 

the development of the multi-parameter model, several sub-models con

sisting of one or more of the parameters of the multi-parameter model, 

will be investigated in order to determine the relative importance of 

each parameter« Parameters to be investigated and their influence on 

chloroform yield as.well as the rate of chloroform formation are: : :

1. Type and initial.TOC concentration of the precursor,

2. Temperature at which the chloroform formation reaction occurs. '

3o pH at which the chloroform formation reaction occurs.

4. Initial chlorine-to-TOC ratio.

After the investigation and development of the multi-parameter 

model has been completed, the model will be tested by applying it to 

data derived .from the literature, based on both synthetic and natural 

waters.

4



CHAPTER 3

■ LITERATURE SURVEY

The presence of haloforms in drinking water has been observed 

by several researchers in the past. Simultaneously, Rook (1974) in 

Europe.and Bellar, Lichtenberg and Kroner (1974) in the United States 

determined that trihalomethanes were the by-product of the chlorination 

of raw water supplies. Bellar et al. (1974) presented data on chloroform 

concentration of a water from its river source of 0 .9 ]ig/l, through a 

water treatment plant.to the finished product of 94,0 pg/l. /

In 1975, US ERA directed the National Organic Reconnaissance 

Survey for Halogenated Organics (NORS) (Symons et al., 1975) which sel

ected 80 geographically distributed water supplies throughout the United : 

States for the study of chlorinated by-products. The NORS study had 

three major objectives: first, to determine the extent of the presence

of;the four triha1omethanes (CHCl^, CHBrCl^? CHBr^Cl and CHBr^);• second, 

to determine what effect the raw water sources and water treatment 

practice had on the formation of these compounds; and third, to categor

ize the finished drinking water produced from.major raw water sources 

in the U. S.. . The survey concluded that the • four trihalomethanes are 

widespread in chlorinated, drinking water in the ;U. S. and result from (• 

chlorination. Also, it was found that- the four trihalomethanes were \ 

not found or were present in low .concentrat ions in the.untreated raw. .



waters analyzed. Other general' conclusions were: higher concentrations

of THMs occurred when surface water was the raw water source5 and THMs 

concentrations were related to the nonvolatile total organic carbon of 

the raw water. . ■ ■ '

Subsequent to the NORS survey, the USEPA conducted the National 

. Organic Monitoring Survey (NOMS) (Cotruvo and Wu, 1978) to determine the 

frequency of occurrence of specific organic contaminants in drinking 

water supplies and to provide data for the possible establishment of . 

additional maximum contaminant levels of organic compounds and/or for a 

treatment requirement for the control of organic compounds in drinking 

water. The NOMS study included 113 community water supplies represent

ing various types of treatment processes and raw water sources, with 

data taken to show long-term and seasonal variations., The NOMS study. 

concluded that the trihalomethanes are by far the.most widespread syn

thetic organic contaminants in drinking water and they also occur at 

the highest concentrations Levels, as high as 784 yg/l-.TTHMs and . .. 

chloroform levels as high as 540 yg/1 were reported. It was also con

cluded that trihalomethanes are produced by the reaction of. chlorine ■.■■‘•.i.-'- 

with .naturally'.occurring, "precursors', most likely humic substances.

Algae and other chemicals may also be precursors.

V Trihaldmethane Precursors 

■ ; The majority•of' .organic,material present in surface water is 

derived from natural sources and not man-made by-products (Steelink,

1977). This naturally occurring organic matter is the result of leaching
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of soil, peat, and leaf litter. The organic material in soil or peat 

is best described by" its extraction procedure. When a soil is treated 

with an alkaline; solution (i.e., NaOH), two fractions are.produced: 

insoluble humus coal and soluble humates. • Humates are a dark yellow- 

to-brown colored material which makes up the major part of the soil 

organic matter* These humates are subdivided into two general-classes. 

humlc acids and fulvic acids (Christman and Ghassdmi, 1966). The humic 

acid fraction is defined as that part of the soil organic matter which 

is soluble at high pH and insoluble at low pH. Fulvic acid is what . 

remains in solution after the humic acid has precipitated out and is . 

more predominant in natural waters than humic acid (Black,and Christman, 

1963b). The major differences between humic and, fulvic acids are that 

the former exhibit molecular weights to 2 0 0 ,0 0 0 , and are of larger size , .

and contain less aliphatic carbon and more aromatic carbon than the 

latter which have molecular weights ranging from approximately 200 to 

1,000 (Kavanaugh, 1978; Rice, 1980).

’ . Flaig (1975) described humus as a dynamic system which continu

ally changes as its constituents decompose and are formed anew. The 

processes involved are influenced by the soil plant cover, the activity 

of microorganisms and animals, the climate, the chemical and physical 

properties of the soil and human activity. The combination of these 

„factors determines the state of soil organic matter as indicated by,the 

amount and composition of the humus. Steelink (1977) described humic 

substances as polycarboxylic acids, with.phenolic and alcoholic groups, 

carbonyl groups/and aromatic rings. Proposed structures for. humic and



fulvic acids have been presented by Schnitzer and Khan (1972) and are 

shown in Figures 3.1 and 3.2, respectively.- Kemp and Mudrochova (1975), 

in analyzing sediments containing, humic and fulvic acids•from Lake 

Ontario, Canada, found amino acids present. Christman and Ghassemi 

(1966) reported the presence of several aromatic and phenolic acids in 

humic acid that have also been found in tannins and lignins of wood.

They also reported cellulose and noncellulose polysacharides. Mikita 

and Steelink.(1980) reported carbohydrate-like OH functionality, in,

. addition to carboxylic and phenolic OH in fulvic acid (Contex Corp. , Ottawa,. 

Canada).. Malcolm et al. (1980) reported that liquid chromatography 

analysis of a typical soil humic acid will show about 50 percent carboxy

lic acid fraction and.about 50 percent phenolic hydroxyl fraction; 

conversely, soil fulvic acid will vary from 75 to 90 percent carboxylic 

acid fraction. Analysis of the water being treated at the Yuma Desalting 

Test Facility showed that the aquatic humic acid contained 83 percent 

carboxylic acid and 17 percent phenolic hydroxyl while the fulvic acid 

contained 97 percent, carboxylic acid and 3 percent phenolic hydroxyl. 

Malcolm et al. (1980) also reported that typically aquatic humic sub

stances contain a low amount of amino acids, usually less than 0.1 per

cent, and carbohydrates of less than 5 percent. A typical elemental 

analysis of humic and fulvic acids has been reported by Schnitzer (1975) 

as shown in Table 3.1. The carbon content for humic acids ranges from 

50 to 60 percent and for fulvic acid from 40 to 50 percent. . Carbon, 

contents outside of these ranges have been reported by other researchers 

and are discussed in Chapter 4. •
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Figure 3.2. Structure of fulvic acid (after Schnitzer 
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Table 3.1. Elementary analysis of humic substances 
(Schnitzer, 1975) .

11

- % of Dry and Ash-Free Weight - 
Element Humic Acids Fulvic Acids

c 50 - 60 40 - 50
H 4 - 6 4 - 6
N 2 - 6 < 1 - 3
S 0 - 2 0 - 2
oa 30 - 35 44 - 50

a By difference.

Hoehn et al. (1979) reported the presence of chloroform after 

the chlorination of two green algae (Chlorella pyrenoidosa and 

Scenedesumus quaricaude) and two blue-green algae (Oscillatoria tenuis 

and Anabaena flos-aquae). They report that the algal metabolites are 

more reactive with chlorine in producing chloroform during the late 

exponential growth phase.

Rice (1980) listed some 40 organic compounds which can be de

rived from either tannins and lignins or from the breakdown of the humic 

and fulvic acid molecules, and produce chloroform upon chlorination.

Also discussed by Rice were several aliphatic and heterocyclic compounds 

which could be of natural origin that yield chloroform upon chlorination.

Trihalomethane Formation Reaction 

Well known since the 1800s, haloforms are produced by reactions 

between hypohalos acids and organic compounds containing acetyl groups



or substituents which can be converted into acetyl groups through oxida

tion, hydrolysis or other mechanics (Rice, 1980). However,, the reaction 

mechanisms in aquatic solutions are not clearly understood and are the .. 

subject of ongoing research. Two important reactions which produce / 

trihalomethanes are: (1 ) the classic haloform reaction; and (2 ) the 

oxidative opening of;phenolic compounds...

Figure 3.3 shows the classical sequence of reaction for the : 

formation of halo forms (Morris and Baum, 1977) Enolization must first 

occur (a methyl hydrogen atom undergoes a 1,3 shift to the carbonyl 

oxygen).9 after which the H ionizes (leaving a carbanion). This allows 

for a halogen atom (chlorine, bromine or iodine) to become attached to 

the acetyl methyl carbon atom. After all three methyl hydrogen atoms - 

have been replaced with halogen atoms, the trihalomethyl moiety splits 

.away'from the main portion of the compound by hydrolysis, picking up its 

hydrogen atom from the solvent water. Rice (1980), in a literature 

survey, presented several pathways by which a nonacetyl methyl compound 

can be converted to an acetyl compound through oxidation, as reported 

by several researchers.

Rook (1977) worked with resorcinol, which has been shown to be 

"one of the building blocks of fulvic acid, and proposed the degradation.. 

pathway shown.in Figure 3.4. In the resorcinol-type moiety of fulvic ' - 

acid the R , R0 and RQ may be substituted with the fulvic acid matrix,
; 1 2  v :3 ' ■ ■ ■ ■ w

H, OH, 0CH„ or COOH. The initial reaction is a fast chlorination of the 

carbon atoms that are activated by the ortho-OH substitution, allowing
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the. phenolic molecule to be opened. After opening, the. molecule is free 

to follow the haloform pathway previously described.

Oliver and Lawrence (1979) found low yields of chloroform from 

acetone but significantly higher yields from methyl ketones that enhanced 

enolization. Oliver and Lawrence, together with Rook, found chloroform 

yields from compounds that should not be easily enolized and suggested 

that there are possibly some other pathways evident in this type of 

reaction.

Factors Affecting Trihalomethane Formation 
from Humic Substances

Since Rook (1974) and Bellar et al. (1974) determined that tri- 

halomethanes were the by-products of chlorination of raw water supplies, • 

there has been a great deal of investigation into the subject..During 

these investigations several parameters have been considered. . Among, 

these are the reaction time, temperature, pH, TOC, type 6f precursor 

and chlorine dose. In the following subsections, each of these param

eters will be discussed, although it is important to remember that hone, 

of these parameters is totally independent of the others..

Time . '

; ' When discussing the yield of chloroform, reaction time is of

signif icant importance.. Stevens and Symons (1977), having understood 

this, discussed three time-related terms for;the trihalomethane concen

tration. These terms were the "instantaneous THM" (Inst. THM).,

"terminal THM" (TermTHM), and "THM formation potential" (THMFP).
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Instantaneous THM is the concentration of THM in.the water at the moment .

of sampling. Terminal THM is the concentration of THM that occurs at 

the termination of the measurement of this parameter . The TermTHM .is 

determined for a given set of parameters (i.e., pH, temperature and 

source of water) and is stopped by other natural Conditions or by man.

It is well known that a kinetic •reaction will be terminated or retarded 

when one of. several phenomena occur. Inhibition represents one phenom- . 

enon. Examples, of inhibition include: (T) an equilibrium .existing

. between reactants, and products; or (2 ) the presence of a third, component " 

which is not either a product or reactant but interferes with the reac

tion. A second phenomenon is when one or more of the reacting materials

(i.e. ,' chlorine or .humic substances) is exhausted. When the THM forma- • 

tion reaction is not stopped.naturally, under the definition of TermTHM, 

it can be stopped when the total detention time in the system is obtained. ■ 

THM formation potential is the difference.between.the TermTHM and.Inst.

THM. Rook (1976), in his limited work, found chloroform formation: from 

fulvic acid ceased after four hours. Babcock and Singer (1979) found 

that when an excess of chlorine was applied to humic and fulvic acid, 

chloroform production continues for longer than.four days. Time periods 

similar to Babcock and SingerTs were observed by Stevens et al. (1976) 

and Kavanaugh et al. (1980). :

In relation to time considerations, THM yields from a raw water •

.. source have also been shown to vary from one season to another. ■ This •• 

seasonal variation has,•in must cases, been attributed to the change, in 

the water temperature and, in other cases, to seasbhdl changes in
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precursor. Brett and Calverly (1979) suggest that if the flow of a

river used as a water source is.greater in .the winter than in the summer, 

the concentration of precursor material ‘would likely be lower in the 

winter.. Veenstra and Schnoor (1980),. in studying the Iowa River oyer a . 

one-year time found lower trihalomethanes in the winter than in the 

summer, that could not be attributed to changes in TOC concentration.

By performing controlled temperature experiments they determined that 

the lower trihalomethane yield in the winter was due to the type of pre

cursor. They attributed this to the fact that the majority of the flow 

in the river was from groundwater in the winter months and from.surface 

runoff in the summer. A difference iri the characteristics between the 

humic Substances and other organic, .compounds found in groundwater and, 

surface water .has been reported by Malcolm et al. (1980).

Temperature

The seasonal variation in THM yield from the same source water 

has been shown by several authors, as reported above. Stevens et al. 

(1976);reported a variation in chloroform concentration in Cincinnati . 

tap water between <30 ]ig/l to > .200. ]ig/l for a change in water tempera- . 

.ture from 2 to 28°C. Brett and Calverly (1979), while studying distri

bution systems in England, f ound higher : average trihalome thane:; levels, in . 

the summer, when water temperature was greater than 10 C, than in the 

winter, when water temperature was lower than 10 C. Arguello et.al.

(1979) also reported higher trihalomethane levels in the summer than 

the winter months. A good relationship (r =.0.85) was shown by Young.
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and Singer (1979) between the chloroform yield from Chapel Hill.water . 

and temperature. :

Further work by Stevens et al. (1976) on one sample of Ohio 

River water chlorinated at three different temperatures showed an. in

crease in chloroform yield of over four-fold and a higher rate.of reac

tion when the temperature was raised from 4°C to 20°C. Brett and Calverly

(1979) also concluded that the rate was greater in summer than in winter.

pH . ' ; y- ^ .. - -
Increasing the pH of the.water being chlorinated has been shown 

by numerous researchers to have a dramatic influence upon the chloroform 

yield, and. rate of formation. Rook (1976 and 1977) showed that by 

increasing the pH of fulvic acid, the yield of chloroform was dramatic

ally increased. Similar results have also been shown by Stevens et al.■ 

(1976) and other researchers, as reported by Rice (1980).

This increase in chloroform yield and.rate of formation should 

be expected when it is considered, that the classical trihalomethane 

. formation reaction is base-catalyzed (see Figure 3.1). To determine ■' 

whether chlorination (the substitution of halogens for hydrogens) or 

hydrolysis was the source of the observed pH dependence of trihalomethane 

formation, Trehy and Bieber (1980) chlorinated a lake water at pH values 

of 6.5 and 8 .7 , terminated the reaction after five minutes and measured 

the trihalomethane concentrations at specific time periods after chlori

nation. The pH of one aliquot of each dechlorinated sample was raised 

to 10 and analyzed for THMs.' They concluded that the hydrolysis step is 

rapid at pH 8 .7.with little increase in trihalomethanes with time after
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dechlorination or increase•in pH. Conversely 5' they found the rate of /. 

hydrolysis was significantly slower at a pH of 6.5. Secondly, they 

found.that the rate of halogen substitution- for hydrogens was slightly 

greater at the higher pH. : . \

Chlorine Dose

The least investigated-of the factors affecting, chloroform yield 

is the applied chlorine.dose. There has been considerable controversy . .

as to the actual effect of the chlorine dose on the rate of trihalometh- 

ane formation. It has been agreed by all researchers that the formation . 

of trihalomethanes is terminated when the free chlorine has been ex

hausted. Converselyj when there is a .free chlorine residual, controversy 

between researchers exists. Stevens, et al. (1976) and Stevens and 

Symons (1977) reported very little additional chloroform yield from humic 

acid.with an increase in chlorine dose. A similar conclusion was reached 

by Babcock and Singer (1979) . Conversely, Rook (197.6) reported an 

increase in chloroform yield from a low organic water with an increase . 

in chlorine dose. Kavanaugh .et al, (1980) concluded that the rate of 

THM formation strongly depended upon the applied chlorine dose, with 

an increase as the chlorine dose increased.

toe:: ■ " / ^ : l  ■'

It is not possible to separate the TOC and the type of precursor 

(seeTrihalomethane .Precursor Section, Chapter 3) when discussing factors 

that influence trihalomethane formation. In the N0E.S report (Symons et 

al., 1975), data was presented comparing the TOC of the source water and
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the resultant THM concentrations with no discemable relationship, evi

dent. This is not surprising when one considers the range of different 

types of precursors as well as the range in water treatment process . 

trains. In contrast to the NORS report, Oliver and Lawrence (1979), 

comparing several untreated Canadian surface waters, found a good linear 

correlation (r = 0.97) between the TOC and total trihalomethane yield.

In working with artificially developed waters, several research

ers have observed an inherent linear relationship between chloroform 

yield and the TOC of the water (Rook, 1976; Stevens et al., 1976; Babcock 

and Singer, 1979; and Kavanaugh et al.., T980) Furthermore, Singer,

Borchardt and Calthurst (1980) found a direct ratio between chloroform V 

yield and TOC • for. water from the same source (a lake) which varied in TOC.

Summary

As stated at the beginning of this section, it is not possible 

to consider any of the factors, involved (i.e., type or source of pre- 1 

cursor, time, temperature, pH, chlorine dose or TOC) independent of the 

other factors when considering: the yield of trihalomethanes from chlorin

ated water, whether the water is artificially spiked with a precursor or 

containing such material from natural origin.; This fact is evident upon 

inspection, of Table 3.2. Shown on Table 3.2 are the millimoles of 

chloroform produced per mole of total organic carbon as well.as the 

source of the precursor, reaction time, initial chlorine dose, reaction, 

temperature, and pH. As can be seen by inspection of this table, there 

exists such an interdependence between all of the factors involved in the



I able 3.2. Chloroform yield for various combinations of parameters

mM r.HCI3 

M TOC.

Initial
ci2

(mp/l)
IOC 
mp./1 pH

Temperature
°C

Reaction 
Time (hr)

16.0 10 2.0 6.5 20 96

6.0 10 2.0 6.5 20 96

A.0-7.0 10 1 .0 6.7-9.2 25 96

1.4-2.0 10 2.0 7.0-11.0 20 24
1 .5-2.1 10 2.0 7.0-11.0 20 24
0.6-3.1 10 2.0 7.0-11.0 20 24

1 .2-1.2* 10 1 .4-2.0 - 20 24

11.4-22.4 4-16 1.8 8.6 23 168

7.8 15 2.9 7.0 23 168

4.0 3 1.8 - - 48

0.45 800 500 - 10 15

11.0 15 5.3 6.7 25 24

11.1-13.1 1 10 22.2 7.15 20 0.5-1.8
_____ _ --- - — — — — . — - — ---------------—  - -

Precursor 
Mat e r t nI

Extracted 
Minnie Acid
F.xt racted 
Fulvie Acid
Aldrich 
Humlc Ac Id
Fulvie Ac Id
Humlc Acid
Tannic Acid
Lake
Superior
A1 drlcli 
Humlc Arid
Durham 
Sett led
Columbia
River
Fulvie Arid
Durham 
Sett led
Extracted 
Fulvie Ac Id

* Itromlnated compounds also found.

Reference

Babcock and Slnper (1979) 

Babcock and SliiRcr (1979)

Stevens et a l . (I 976)

Oliver and Lawrence (1979) 
Oliver and Lawrence (1979) 
Oliver and Lawrence (1979)

Oliver and Lawrence (1979)

KavanaiiRh et al. (19R0) 

Slnp.er et al. (1 DflO)

Trusse11 and Hmphres (I 978) 

Rook (1976)

YounR and Singer (I 9 79)

Rook (1977)
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formation of chloroform that'it is not possible to consider any one- 

parameter independent of the remainder of the parameters.

Existing Chloroform Formation Models 

Only three models have been developed to predict either the rate 

of chloroform formation or the yield of chloroform from the chlorination

of a water containing a precursor..

Moore et al. (1979) presented a statistical model for chloroform 

levels. The equation is a simple relationship based on the chloroform \ 

concentration in the distribution system and the applied chlorine dose 

for 19 Massachusetts water supplies. The equation presented is:

. Y = b + mx ; (3.1)

where •

.Y ~ chloroform concentration in yg/1 

m, b = constants

x = applied chlorine dose in mg/1

The usefulness of this model is very questionable. (Only one sample was

taken from each source between the months of March and October.)

A second model was presented by Trussell and Umphres (1978), 

considering both the chlorine and organic precursor. To accomplish this, 

two equations were developed. One equation describes the rate of chlorine 

consumption: : \ V ' l / ’

d(Cl )
 --- —  = k (C1?)(T0C) (3.2)

dt X
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A second equation describes the rate, of precursor reduction, 

or, inversely, the rate of taihalomethane production:

- - #  - kzKiz)*)": . ; 0.3)
where

d(Cl2 )
^ —  = change in chlorine residual with time

= rate constants

Cl0 = chlorine residual 
2

TOG = total organic carbon

. = change in trihalomethane with time

C = precursor concentration (referred to as being a fixed

. percentage of the TOC, assuming only a portion of the

TOC is available for trihalomethane formation) 

m = order of reaction with respect to the precursor

The application of the model is not well discussed by the authors, 

but for one water sample the authors report a good fit for a third order 

relationship with respect to precursor (C).

• A third more usable model was developed by Kavanaugh et al.

(1980). Their model is based upon the following reaction:

kn

where

3A + B C ... ‘ ' (3.4)

. A = Hoci' : i

B = TOC 

C = TTHM

k = n-order overall rate constant n •
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The rate expression for the hypothesized reaction is then given by:

; : (3.5)

where ■ . ' : ■ . ;

m = reaction.order with respect to H0C1

. They assume a first-order relationship with respect to the TOC. The 

chlorine concentration is related to the chloroform yield by a yield 

factor (f) such that: "

f = 3C/A (3.6)
■ ■ ■' ° ,V- '■ ■' . ..V . ■ • ..

: By substituting.Eqdatidn (3.6) into (3.5), the following equation is 

derived: - 1 1 '

: #  = <3*7)

To apply the model batch-mode data are obtained and applied to 

the integrated form of Equation (3.7) for different.values of m. From 

this the value of the rate constant can be obtained.

In application of their model, Kavanaugh et.al. (1980) report 

good results for times greater than 100 minutes and;underestimates for 

less than 100 minutes.



CHAPTER 4

EXPERIMENTAL METHODS

.This chapter will present a review of the procedures used in 

the procurement of the data used in the development of the model. It. 

will discuss the methods used for.each phase of the experiment.

Experimental Conditions /

/ The.following experimental conditions' (parameters) were used for 

the development of the chloroform formation model:

1. The type of precursor,. Humic .and fulvic.acids were extracted

. from a Washington Peat Soil, and investigated separately at total

organic carbon (TOC) levels of 2.5, 5 and 10 mg/1.

2. The temperatures at which the chloroform reaction occurs was 

. controlled at 10°, 20° and 35°C.

3. The pH of the reaction was controlled by using a buffer system

to maintain samples at 5.5, 7.0 and 8.5.

4. The initial dose of chlorine was. controlled such that initial 

chlorine-to-TOC ratios of 2,4, and.6 (dimensiohless) were ob-

; . : tained. : . - .  ̂ -

: 5_. The presence of a free chlorine residual was verified and the

chloroform concentration of each sample was determined at 0 , 1 ,

2 , 4, 8 , 24, 48  ̂ and 96 hours after;chlorination.
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Extraction of Humic and-Fulvic Acids ,

. Humic and f.ulvic acids were extracted from a Washington Peat Soil 

. using the method'presented by Hall and Packham (1965). Approximately 

five grams of peat soil were mixed with a litre of .0.IN NaOH for a mini- 

mum of 24 hours.• At the end of this time, the .supernatant was withdrawn 

and centrifuged at 2,000 rpm for 20 minutes to separate any suspended 

humus coal from the soluble organic acids •. The pH of the centrate con

taining the soluble organic acids was lowered to one using concentrated 

HC1. After allowing the pH-reduced solution to stand for 24 hours, it 

was again mixed and centrifuged at; 2 >000 rpm. for 20 minutes to separate 

the insoluble humic and hymatomelanic acids from the soluble fulvic 

acidsi (Hereafter the combined humic and hymatomelanic acids will be • 

referred to as humic acid.) The insoluble humic acid was dried and 

stored for later use. The soluble fulvie acid was separated from the ■ 

solvent by two n-butanol extractions. The first extraction involved the 

addition of 200 ml of h-butanol to 800 ml of solution in a separatory 

funnel while, in the second.extraction, 100 ml of n-butanol was added to 

the original 800 ml solution. After 10 minutes of hand shaking and 30 

minutes of separation, the solvent layer, was recovered and the n-butanol 

was evaporated, leaving a dark brown sticky residue. The residue was 

solubilized and dried several times using acetone until a light brown 

fine powder remained. . This extracted fulvic acid was stored for later 

use. Sufficient quantities' of humic and fulvic acids were extracted at 

one time to perform the totality of experiments for this research. Shown 

on Figure 4.1 is a schematic diagram of the fractionation procedure used.
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Figure 4.1. Schematic diagram of fractionation of
humates (after Black and Christman, 1963b).
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.Since the separation step between humic and hymatomelanic acid was elim

inated,. they were collectively extracted and referred to as humic acid.

An analysis of the extracted humic and fulvic acid indicated 33 

and 37 percent organic carbon,. respectively. . Babcock and Singer (1979) 

found the carbon content of humic and fulvic acid extracted from Michigan 

peat to be 40 and 54 percent, respectively... Humates extracted from a 

natural water by Black and;Christman (1963b) were found to contain the 

following, carbon contents: humic acid, 29 percent; hymatomelanic, 49-

percent; and fulvic acid, 42 percent. In this work and Babcock's and 

Singer's work, the combination of humic and hymatomelanic acids are 

referred to as humic acid. When the percentage of total organic matter 

in the humic (1.8%) and hymatomelanic (11.2%) acids recovered by Black 

. and Christman are multiplied by the percent carbon and divided by the sum 

of•their percent of organic carbon (13%), Black and Christman1s humic 

acid,as the term is used in this work, is 42 percent carbon.

. Work presently in progress at The University of Arizona for the 

removal of humic substances from water reports carbon percentages for 

humic and fulvic acids extracted from Michigan peat of 50 and 35, res- 

pectively. This study is also evaluating Aldrich Humic Acid (Aldrich 

Chemical Co., Inc., Milwaukee, Wisconsin) with a carbon content of 56 

percent and Canadian •Fulvic Acid (Contech. Corp. , Ottawa,; Canada) with a 

. carbon ..content of 51 percent (Amy, 1980) . Summarized in Table 4.1 are 

the carbon contents of the aforementioned humates.

The TOC of the humic and fulvic acids generated for and used in 

this study were determined using a D.ohrmann Model DC-80 Organic Carbon



Table 4.1. Carbon content of humates (% carbon)

- - - - -  -Acid Fraction- - - - - -  
Source Humic Hymatomelanic Fulvic Reference

Natural Water 29 (42)* 49 42 Black and Christman (1963b)

Michigan Peat 40 54 Babcock and Singer (1979)

Michigan Peat 50 35 Amy (1980)

Washington Peat 33 37 This study

Aldrich 56 Amy (1980)

Canadian 51 Amy (1980)

* Combined humic and hymatomelanic.



Analyzer. The range of sensitivity for the instrument is between 400 

mg/1 to 0.1 mg/1 with an accuracy of + 2 percent of the reading or 

' 0.04 mg/1., whichever is greater.

Reactor (Serum Vials) Preparation 

, The serum vials used as the reactor for the chloroform formation 

experiments were washed with a low.sudsing laboratory, detergent for 15 

minutes at a water temperature of 150 F, rinsed for 15 minutes with tap 

water and given a. minimum of 10 distilled water rinses in an automatic 

washer. After washing the serum vials were air dried and placed in a 

. 103 G oven for 24 hours. : The teflon septums were rinsed with distilled 

water and dried at 10.3 C for 24 hours.

■ Sample Preparation 

.The particular precursor (i.e., humic or. fulvic acid) to be used 

for an experimental run was prepared in a concentrated form by dissolv

ing a known mass in 0.1N NaOH. To maintain the required pH during 

.chlorination, 'it was found necessary to use 0.IN phosphate buffer to.

dilute the concentrated precursor solution to the desired TOC for the 

; experimental run. ‘ . . ' .

The buffer solution was prepared at the experimental pH using 

analytical grade NaH^PO^ and K^HPO^ mixed with distilled water. A 

phosphate buffer was used because it is inorganic, and therefore not 

directly involved in the chloroform formation reaction, and has a usable 

pH range between 5.0 and 8.0 as a buffer (Diem and Lentner, 1970). Al- 

■ though the recommended upper usable pH of a phosphate buffer is 8.0, it
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was considered important in this work to keep all outside parameters 

(i.e., type- of buffer) constant and therefore a phosphate buffer was 

used for all designated pH values including. 8 .5. .; After the experimental •. 

solution was prepared, the pH was checked and adjusted if necessary to 

4- 0.1 pH units of the experimental condition with either 0.01N HC1 or 

NaOH.

. The temperature at which the reaction occurred between the 

chlorine and the precursor was deemed to be a very important considera

tion. In order to insure that the experimental solution was at the 

proper temperature when chlorinated, it Was stored in a constant temper

ature incubator.overnight (at least 8 hours)

- The chlorine solution used to chlorinate:the experimental'sample 

was prepared from a reagent grade NaOCl solution:by diluting it with 

distilled water. After dilution, the working chlorine solution was stan

dardized by the lodometric,Method I (Standard Methods, 1975).

Chlorination Procedure '

• Prior to chlorination of the experimental solution, a time zero 

non-chlorinated sample was sealed in a 120 ml - serum vial using a teflon 

lined septum..: The remaining experimental solution was chlorinated with 

the standardized chlorine solution using a magnetic stirrer to insure 

adequate mixing. Dilution of the experimental solution was of no problem 

because less than 15 ml of standardized chlorine solution was added to a 

litre of experimental solution.
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... Within ten'minutes of chlorination, the chlorinated experimental 

solution was sealed in serum vials and. returned to the constant tempera

ture incubator.

At the end of. each designated reaction time, two•vials were 

removed from the incubator. An excess of sodium thiosulfate was added 

to one of the vials, to terminate the chloroform reaction and the vial 

was stored for chloroform analyses. From the second vial, a portion of 

chlorinated experimental solution was analyzed by the DPD method (Stan

dard Methods 1975) to determine if a free chlorine residual was present.

, \ Determination of Chloroform Concentration 

, The final phase of the laboratory work involved the determination

of the chloroform concentration in a thiosulfate-quenched experimental 

solution. The method employed was the liquid-liquid extraction.(LLE) 

procedure presented by Henderson, Peyton and Glaze (1976) and is very 

. similar to the method presented by the EPA (Federal Register, 1979b) . A 

description of the method is presented below.

1. Fill a 120-ml serum bottle to capacity with the water sample, • 

excluding all headspace.. .Cap the bottle, with a teflon-lined

, ' septum and seal it by crimping an aluminum retainer over the

bottle top.

2. Add 5 ml of pentane to the sample by piercing the septum with 

the needles of two 10 ml syringes, one containing the 5 ml of 

pentane and the other empty. As the pentane is added to the 

sample, the displaced water is collected in the empty syringe 

(see Figure 4.2).
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Pentane

Water
Sample

Pentane 
^Injec- 
^  tionWater

Ejection

Figure 4.2. Addition of pentane to water samples 
(after Trussell et al. , 1979).



Shake.the sample for 15 minutes at 500 rpm on a gyratory plat

form shaker. Allow it to stand for at least one minute before 

analyzing the organic phase by piercing the septum with a syringe. 

and withdrawing a measured amount for.injection into the gas 

. chromatograph. (Note: : Instead of using a gyratory platform 

shaker, samples were vigorously, shaken by hand for one minute as 

recommended by the EPA, Federal Register, 1979b.)

Compare the chromatographic response to a gas chromatographic 

standard containing a similar concentration of:the trihalomethane 

extracted with pentane. . (Note: This, method of comparing results

to a standard was replaced by the EPA method, Federal Register, 

1979b, in order to compensate for possible extraction losses.

The procedure used is summarized below.)

Standards used for comparing the results of the experimental

solutions were prepared by filling a 10 ml groundglass stoppered 

volumetric flask with approximately 9.8 ml. of methyl alcohol and 

allowing it to stand for 10 minutes to enable all;alcohol^wetted 

surface to dry. The unstoppered flask was. weighed to the near

est Oil mg and the weight was recorded. To the weighed flask,

two or three drops of the reference standard (chloroform) was

added . using a 100 ] i l . syringe, making sure that the reference 

standard was discharged directly into the alcohol.. The unstop

pered flask was again,weighed to the nearest 0.1 mg, diluted to 

volume with methyl alcohol, stoppered and mixed by.inverting 

several times. The concentration of the reference standard was
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calculated in micrograms per microliter, based-On:the net gain, 

in weight. Standard aqueous solutions of the reference standard 

were, prepared by introducing the required amount of the above 

prepared solution into the best laboratory grade water in a 

. 500 ml volumetric;• flask, diluting to 500 ml and mixing by invert

ing the flask. The aqueous standards were analyzed by steps one ■

—  .
Dressman et al. (1979), in comparing several methods for tri-

halomethane determination in drinking water, reported an average of '

72.0 +5.4 percent recovery for chloroform for levels between.1 yg/l and , 

200 ]ig/l by the Henderson et al. (1976) method, and greater recovery for. 

the other trihalbmethanes. These results are summarized in; Table-4.2 .

Table 4.2. Henderson method: , percent recoveries of .
. halomethanes from 115 ml water extracted 

with 5 ml pentane .(Dressman et. al. , 1979)

Dosage
Ug/1 chci3 : GHBrCl2 CHBr2Cl . : CHBr3 '

200 v 63.4 + 1.9 65.3 + 1.4 76.5 + 3.1 75.6 +1.1
100 75.3 + 2.7 76.9+1.5 84.4 + 1.7 82.9 +4.6
' 50 : ' 77.7 + 3.8 80.3 + 3.4 83.9 + 3.9 84.4 + 1.3

10 . 71.3 + 0.8 ~ 70.0 + 1.1 . 74.2 + 2.3 85.5 + 3.1
■ V: v- I ; V 72.3 + 0.7 70.4 + 6.7 71.0 +2.0 84.2 +1.7
Average .■ 72.0 + 5.4 72.6 + 5.6 78.0 + 6.0 :82.5 + 4.3
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A.3 ]il portion of.the separated organic phase was injected into

a Tracor Model 222 gas chromatograph equipped, with a linearized N i ^ -

electron capture detector. The column was a 2.mm ID by 2 meter long.

glass tube packed with 10 percent squalane on Chromos.orb W/AW (80-100

mesh). The column was operated isothermally at 67 C with a 25 ml/min

flow rate of 95 percent argon + 5  percent methane as the carrier gas.
oThe detector was operated at 350 C with 60 ml/min of argon-methane purge 

gas added at the detector as recommended by the manufacturer.

Trussell et•al. (1979) investigated the precision and accuracy . 

of the Henderson Method described above using the same column, a similar 

type detector and procedure as used in this research. They reported 

that the method yielded precise and accurate results. For seven sam

ples prepared in a single batch with an.actual.chloroform concentration 

of 85.6 yg/1 they reported a mean.of 81.0 yg/1 with a relative standard 

deviation of 1.6 percent and a relative error of 5.3 percent. Presented 

in Table 4.3 is a summary of their results.

The concentration of chloroform in the experimental samples was 

determined by comparing the peak height of the sample with the peak 

height of a known standard. ■ y;

To determine the repeatability of the sample injection procedure 

duplicate injections were run\for each, experimental sample. Shown in 

Table 4.4 are the peak heights, as a percentage of total span, of 20 

duplicate samples injected. To. determine the significance of these data 

a paired-sample.t-test was performed on the data (Miller-and Freund, 

1977, p, 220). - The paired t-test is performed by determining the



Table 4.3. THM analysis with packed column chromatography (Trussell et al., 1979)*

Chloroform Dlr.hlorobromomethane Dibromochlorome thane brown form
Concentration (u k /I) Concentration (lin/l) Concentration (iig/l) Concentration (iir/1)

Parameter Low Med lum High Low Medlum 111 gh Low

Sample I 21.4 39.9 78.9 17.7 29.9 50.9 4.2

Sample 2 21.1 41.6 77.7 17.7 32.4 49.9 4.2

Sample 1 22.1 40.8 78.1 18.1 31.9 53.3 4.3

Sample 4 20.0 41.5 77.7 17.0 32.3 47.5 4.1

Sample 5 21.3 40.0 78.5 17.5 30.2 50.8 4.2

Sample 6 20.9 41.7 79.5 17.4 31.4 48.4 4.1

Samp 1e 7 20.1 41.4 79.4 16.9 31.2 49.5 4.1

Mean 21 .0 41.0 78.5 17.5 31.3 50.0 4.2

Relative standard 
deviat ion - 
percent

(3.4) (18) (0.9) (3.6) (3.1) (3.7) (1.8)

Actual value 42.4 85.6 31 .0 54.1

Relative error—  
percent

(3.3) (8.3) (1.0) (7.6)

— ---L—---... ---------

* 2 m by 2 mm II) glass column containing 10 percent squalane.

Medium High Low Medium High

8.3 17.6 1.8 4.1 7.9

8.8 17.3 2.0 4:3 7.8

8.6 17.5 1 .8 4.3 7.9

8.5 17.4 1.9 3.8 7.8

8.5 17.4 1.9 3.9 7.5

8.6 17.2 1.7 4.0 7.7

8.5 17.5 2.0 4.1 7.8

8.5 17.4 1.9 4.1 7.8

(1.8) (0.8) (5.8) (4.6) (1.8)

8.5 17.3 3.9 7.8

(0.0) (0.6) (5.1) (0.0)

u>



Table 4.4. Comparative peak heights for injection 
repeatability

38

n Shot 1 (%) Shot 2 (%) A

1 52.5 52.5 0

2 67.5 69 -1.5
3 35 37 -2

4 39 39.5 -0.5
5 54.5 52.5 +2

6 64.5 63.5 +1

7 57 59 -2

8 50.5 49 +0.5
9 32 33.5 -1.5

10 35 36 -1

11 60.5 56 +3.5
12 70 69 +1

13 54 55 -1

14 58 58 0

15 73 70.5 +2.5
16 42 41.5 + 0 .5
17 47.5 50 -2.5
18 66 62 +4
19 74 73 +1

20 46.5 45.5 +1

X 53.95 53.60 0.25
s 13.00 12.13 1.82
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difference.between the paired observations, calculating mean (x) and

standard deviation (s) of the difference . (see Table 4.4) and applying

the t-test equation:

. s//n

where

x = mean of the difference between the paired samples 

u = mean- of the acceptable difference between the paired samples 

s = standard deviation of the difference between the.paired 

; ; samples : y.

n = number of paired samples 

. t = statistical parameter

Using the null-hypothesis that u = 0 and the alternate hypothesis

that u f 0, t in Equation 4.1 becomes, for the x and s shown in Table 4.4,

0.62. Because the alternate hypothesis is u f 0, the two-tail test must

be used.; Scientific Tables (Diem and Lentner, 1970) reports a t of

0.6876 for a two-tail level of significance (a) of 0.5, and 3.883 for 2a
■ -s ■' ' ' ■■ . - . ;of 10 for 19 degrees of freedom. According to. Scientific Tables (p.

157), in order to avoid making a Type 1 error (rejecting a null hypo-
— 2 “~6thesis when it is true), a small value of.a or 2a between 10 and 10

should be chosen.; . On the other hand, when trying to uncover a differ

ence , a large value of a or 2a between 0.2 and 0.05 should be chosen.

Because the t value obtained from Equation (4.1) is less than the t for ..

both 2a of 0.5 and 10 , it can be asserted that on the basis of the



presented samples, a difference between the two injections cannot be 

; statistically guaranteed. (Note: No other trihalomethanes were found,

during this research although carbontetrachloride was observed.)

Data Analysis

During the laboratory phase of this research, a large matrix of 

data was generated. For each experimental run there are .nine reaction 

times, nine chloroform concentrations, one reaction pH and temperature, 

one type of precursor, one initial TOC and one chlorine-to-TOC ratio. 

Experimental runs were made for two types of precursor, three initial 

TOC values, three initial chlorine-to-TOC ratios, three temperatures and 

three pH values. Because.of time and manpower limitations, not all 

possible combinations of experimental runs could be accomplished.

However, it is believed that these specific experimental conditions 

'examined were adequate for generating a valid data base. Presented in 

Appendix A are the results and the experimental conditions used.

; The chloroform formation model derived from this research is an 

empirical model which is based upon the parameters mentioned above. In 

order to analyze such a large amount of data, it was deemed necessary to ■

. use a computer program. The program employed was the Statistical Package 

.for the Social Sciences (SPSS), version 8.0 (June 18, 1979), developed 

by the Vogelback Computing Center at Northwestern University. The SPSS 

program contains many subprograms, of which one pertains to multiple- 

linear regression. Because of the nature of multiple-linear regression 

and the empirical model proposed, it was. necessary to work with the data \



in a natural log form.. The. procedure for doing this is presented in 

Chapter 5. . : .



CHAPTER 5

EXPERIMENTAL RESULTS AND MODEL DEVELOPMENT

In this chapter the results of the research along with the 

methodology used in the development of the chloroform formation from 

humic substances model.will be presented. The chloroform formation 

model is based upon the general relationship:

■ halogen +• nprecursor,T trihalomethane

In the context of this research, the halogen is chlorine in the form of 

hypochlorous acid, the precursors are humic and fulvic acids extracted 

from a Washington Peat Soil as described in Chapter 4, and the trihalo

methane is chloroform (CHCl^). A general'differential equation for. the 

reaction presented above is:

d[CHCl ] x y
-------- = K (TOC) (Cl0)y (5.1)

at 2

where
d[CHCl3J
•—  --- :— ; ■=■ change in chloroform concentration with respect to

dt • . % : - • . : ' ■
/ time ■.■■■' ' V 1 -
TOC =■ the precursor.concentration expressed as total organic 

carbon .

Cl0 = free available chlorine concentration
‘ :

: 42 '
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. =  rate constant which is a function "of pH, temperature 

and type of precursor . 

x, y = reaction order with respect•to TOC and Cl^, respec- 

: : : tively'--;: . . \ ̂ : _ ;

In applying, this kinetic model, any convenient set of units can be used. 

Because of the conflicting reports in the literature (see Chapter 5) about 

.the effect of the chlorine-to-TOC ratio, it was deemed necessary to 

replace chlorine with the chlorine-to-TOC ratio, such that:

d[CHCl ]. : ..
— — — —  = K (TOC) (Cl /TOC)7 . (5.2)
-  dt n . .

The reaction order y now becomes•the. reaction order with respect to the 

chlorine-to-TOC ratio. Since TOC and chlorine-to-TOC ratio will vary 

• over time, integration of the above expression would prove difficult.

For illustrative purposes only, it will be assumed that TOC and chlorine- 

to-TOC ratio are constant and thus, integrating Equation 5.2 yields the 

following:

CHC13 = Kn (TOC)X(Cl2/TOC)yt ' ■ (5.3)

Equation 5.3 states -that the .chloroform concentration is first order

with respect to the time. • To evaluate this concept. Equation 5.3 was

■rewritten by combining the rate constant (K ), TOC and chlorine-to-TOC

ratio into a new rate constant (K ) such that: .m

" CHC10 = K t • ' (5.4)-j in
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where

K - a composite parameter rate constant comprising v

K , (TOC)X and (Cl /TOC)y '• n L

Shown in Figure 5.1 is a representation of a natural log-log 

plot of Equation.5.4 for data obtained from the literature * Inspection

of this figure shows that chloroform concentration is not first order

with respect to. time but instead, is of variable .order., This led to the

reformulation of Equation 5.3 into an empirical equation such that:

where

CHClg = K(TOC) (Clg/TOC)^ (5.5)

CHCl^ = the chloroform concentration (]ig/l)

.. .. TQC = the initial TOC (mg/1)

(Cln/TOG) = the dimensionless initial chlorine-to-TOC ratio 

■ t = time after the initiation of the reaction (hour)

K = empirical rate constant lig/i
(TOC)*t=

x, y, z = empirical reaction orders with respect to TOC, Cl^/TOC 

and t, respectively

In the following sections of this chapter. Equation 5.5 will be 

applied to. the humic and fulvic acids generated for use in this research. 

This:will be accomplished by first discussing the complexity of the pro

cess involved in developing a multi-parameter model. Subsequent to this 

general discussion, Equation 5.5 will be applied to a set of "basic 

conditions" that pertain to a specific type of precursor, reaction pH,
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Figure 5.1. Representative of In CHCl^ versus time from the 
literature data.
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and reaction temperature. Using these"basic conditions," Equation 5.5 

will be reformulated by combining parameters in a manner similar to the 

way the parameters in Equation. 5.3 were combined to produce Equation • 

5.4. In doing this the relative importance of each parameter can be 

determined. In the final section of this chapter the "basic conditions" 

will be selectively relaxed in order to determine their effect on chloro

form yield.

During the experimental phase of this research, data were gener

ated by measuring several parameters during chloroform formation experi

ments.. These experiments and the methods used for measuring the relevant 

parameters have been described in Chapter 4. Presented in Appendix A 

is a tabulation of all experimental data, organized according to run 

identification number, type of precursor, initial TOC, initial chlorine- 

to-TOC ratio, temperature and pH at which the reaction took place, 

reaction times, presence of a positive free chlorine residual at the 

reaction, time, and the resulting chloroform concentration..

■ Shown on Figures 5^2 through 5.14 are chloroform formation curves 

for selected conditions. These figures are presented as a representation 

of the variety of conditions investigated and do not represent all the 

experimental runs made during this research. The specific reaction 

conditions corresponding to each curve are summarized in Table 5.1. The 

general shape of Figures 5.2 through 5.14 follows the same pattern that 

has been observed by other authors for both synthetic waters (Stevens 

et al., 1976;. Babcock and Singer, 1979; Oliver and Lawrence, 1979) and
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•Table 5.1. Experimental conditions for Figures 5.2 
through 5.14

Precursor 
Run . Type

Initial 
TOC (mg/1)

V Initial . 
C12/T0C pH

Temperature
°C

11 HA 5 6 7 . o . ; : 20

10 . HA .5 4 7.0 20

15 ■ HA , ' 5 6 , • 5.5 20

17 HA ' 5 6 8.5 20

30 HA 2.5 6 7.0 20

31 HA 10 6 7.0 20

13 HA 5 . . 6 7.0 10

12 . HA ' ■ 5 6 7.0 . 35

23 FA 5 6 7.0 20

22 ■ FA 5 4 7.0 20

19 FA • 2.5 6 7.0 20

25 . FA • 5 6 7.0 . 10

24 FA 5 6 : 7.0 35

Note: These experimental runs are presented only, as an
.indication of the range of conditions investigated 
and do not represent the entire data base (see 
Appendix A).



natural waters.. (Kavanaugh et al. , 1980; Stevens ? 1979; and Trussell and 

Umphres, 1978).

• Effects of Time 

Upon inspection of Figures 5.2 through 5.14, there appears to 

exist•an exponential relationship between the chloroform yield and reac

tion time. By proposing the simple model suggesting that the concentra

tion of chloroform is directly proportional to the reaction time raised 

to some power, the following equation can be hypothesized.

CHCl = K tZ (5.6)o a
where

CHC1q = the chloroform concentration in Ug/1 

t. = the reaction time in hours 

z = exponential rate constant 

• K = the proportionality constant •

The constants, and z, in Equation 5.6 can be evaluated by 

taking the natural log of both sides of the.equation, as shown by Equa

tion 5 .7 , and performing a linear regression.

In CHClg = In K + z In t •(5.7)

Presented in Table 5.2 are. the resulting (-values of K and z along
■ v  ; , ■' a  : ■-with the.correlation coefficients, r, for the selected conditions pre

sented in Table 5.1. The values of K , z and the correlation coefficienta >
for all of the experiments runs, including those presented in Table 5.2,. 

are presented in Appendix B.



Table 5.2. Values of Ka, z and r for selected conditions shown on 
Figures 5.15 through 5.27

bin
Precursor

Type TOC (mg/1) PH Cl /TOC Temp (°C) Z Ka r

11 HA 5 7.0 6 20 0.23 114 .98
10 HA 5 7.0 4 20 0.21 107 .99
15 HA 5 5.5 6 20 0.28 10 .99
17 HA 5 8.5 6 20 0.23 148 .99
30 HA 2.5 7.0 6 20 0.22 68 .99
31 HA 10 7.0 6 20 0.22 250 .99
13 HA 5 7.0 6 10 0.19 105 .99
12 HA 5 7.0 6 35 0.27 185 .99
23 FA 5 7.0 6 20 0.15 116 .97
22 FA 5 7.0 4 20 0.17 58 .98
19 FA 2.5 7.0 6 20 0.22 105 1.00

25 FA 5 7.0 6 10 0.19 69 .97
24 FA 5 7.0 6 35 0.24 178 .98

Note: These experimental runs are presented only as an indication of the
range of conditions and do not represent the entire data base 
generated (see Appendix B).



/. 63

Presented on Figures 5 .15 through 5 .27 are natural log-log plots 

of the experimental runs- presented in Table 5.2. The ordinate of the 

plot is the measured chloroform concentration while the abscissa is the 

predicted chloroform concentration, calculated by substituting the values 

of K and z determined from the regression of Equation 5.7 into Equation 

5.7. (Note: . All plots in this chapter referred to as measured versus

predicted chloroform are generated in the same manner.)

Upon inspection of the values of K and z presented in Table 5.2 

and Appendix B, two intersecting relationships can be perceived. The ' 

first is that when the type of precursor (i.e., humic acid or fulvic 

acid) and temperature are held constant, the values of z, the time expo

nent, are close to.the same value (i.e., for humic acid at 20 C, z, in 

almost all cases, is between 0.22 and 0.23) . ■ This would suggest that 

the exponent z is dependent upon the temperature and precursor type and 

independent of the initial TOC, pH and initial•chlorine-to-TOC ratio. .

The second relationship.is more subtle, ,and can be seen by comparing the

values of'K for the different conditions. It becomes apparent that K. .. a . . . a
is closely related to.the initial TOC, pH, initial. .chlorine-to-TOC ratio 

and temperature. Values of range from 52 to 250, depending upon the 

conditions.

In order to further analyze the chloroform production from a 

water containing a huitic substance, it is necessary to define a set of 

"basic conditions." These conditions were arbitrarily set at a tempera

ture of 20QC,.a pH of 7.0 and humic. acid as the precursor.
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Figure 5.15. Measured versus predicted CHC1- (run 11):
humic acid; TOC 5 mg/1; pH 7.0; 20°C;
C12 /T0C 6:1.
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Figure 5.16. Measured versus predicted CHC1- (run 10):
humic acid; TOC 5 mg/1; pH 7.0; 20°C;
Cl2/TOC 4:1.
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Figure 5.17. Measured versus predicted CHC1- (run 15):
humic acid; TOC 5 mg/1; pH 5.5, 20°C;
C12 /T0C 6:1.
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Figure 5.18. Measured versus predicted CHC1. (run 17):
huraic acid; TOC 5 mg/1; pH 8.5; 20°C;
C12 /T0C 6:1.
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Figure 5.19. Measured versus predicted CHC1. (run 30):
humic acid; TOC 2.5 mg/1; pH 7.0; 20°C;
C12 /T0C 6:1.
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Figure 5.20. Measured versus predicted CHCI3 (run 31):
humic acid; TOC 10 mg/1; pH 7.0; 20°C;
C12 /T0C 6:1.
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Figure 5.21. Measured versus predicted CHC1„ (run 13):
humic acid; TOC 5 mg/1; pH 7.0; 10°C;
Cl,/TOC 6:1.
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Figure 5.22. Measured versus predicted CHC1- (run 12):
humic acid; TOC 5 mg/1; pH 7.0; 35°C;
Cl /TOC 6:1.
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Figure 5.23. Measured versus predicted CHCI3 (run 23):
fulvic acid; TOC 5 mg/1; pH 7.0; 20°C;
Cl /TOC 6:1.
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Figure 5.24. Measured versus predicted CHCI3 (run 22):
fulvic acid; TOC 5 mg/1; pH 7.0; 20°C;
C12 /T0C 4:1.
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Figure 5.25. Measured versus predicted CHCI3 (run 19):
fulvic acid; TOC 2.5 mg/1; pH 7.0; 20°C;
Cl./TOC 6:1.
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Figure 5.26. Measured versus predicted CHCI3 (run 25):
fulvic acid; TOC 5 mg/1; pH 7.0; 10oC;
C12 /T0C 6:1.
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Figure 5.27. Measured versus predicted CHCI3 (run 24):
fulvic acid; TOC 5 mg/1; pH 7.0; 35°C;
C12 /T0C 6:1.
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Using the experimental data defined by the "basic, conditions,T!

a linear regression of Equation 5.7 results in values of K and z of
: . ' . . - . - ' ■; ,.: : ■ - , ", ■ _ : a  ■ ■ .• . , :

119.1 and 0 .2 1 , respectively, and a correlation coefficient of 0.62.

Shown on Figure 5.28 is a natural log-log plot of the measured chloro

form concentration versus the predicted chloroform concentration (based 

on Equation 5.7) for the "basic conditions" using the values of K and 

z derived.above. . Also presented on Figure 5.28 is the least squares 

regression line for the measured chloroform concentration versus the 

predicted chloroform concentration for the "basic conditions." The 

regression line has a slope of 1.0.0 and an intercept of 0.00. A regres^ 

sion line slope of 1.00 and intercept of 0.00 for a measured concentra

tion versus a predicted concentration in themselves suggests an excellent 

correlation. However, with a correlation coefficient of 0.62 and from 

inspection of Figure 5.28, the prediction of the chloroform concentration 

as a function of time alone is not sufficiently accurate for application 

of this type of, model to a regulation as important as.the MCL for TTHMs.

Examination of Figure 5.28 reveals' that there are three unique 

groups of data approximately following a linear pattern. The upper 

' "band" of data coincides with a TOC of 10 mg/1, the center "band" with 

a TOC of 5 mg/1, and the "lower" band with a TOC of 2.5- mg/1.. This 

indicates that the TOC has an important effect upon .chlorination forma

tion; This• dependence has also been shown by Babcock.and Singer (1979) , 

Kavanaugh et al. (1980) , and other authors.

On Figure 5.29 is replotted Equation 5.7 for the "basic condi

tions" with the added constraint of a TOC of 5 mg/1. The slope of the



LN
CH

CL
3 

(M
IC

RO
OR

AM
S 

PE
R 

LI
TR

E)

78

8.160 ■+■

5.200 --

4.720

• TOC 10 mg/1 
*TOC 5 mg/1 
■ TOC 2.5 mg/1

6.7706.170 6-370
LNh>Z<NTIME

Figure 5.28. Measured versus predicted CHCl^ (Equation 5.7):
humic acid; TOC 2.5, 5 and 10 mg/1; 20°C; pH
7.0; Cl./TOC 2, 4 and 6:1.
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Figure 5.29. Measured versus predicted CHC1-, (Equation 5.7):
humic acid; TOC 5 mg/1; 20°C; pH 7.0; Cl /TOC
2, 4 and 6:1.



: y < . : . - ; so
regression line is 0.99 and the intercept is 0.02, again showing a good 

prediction of chloroform concentration as a function of time. The cor

relation coefficient for this plot is 0.95. Upon inspection of Figure 

5.29, there.still exists a scatter of data for any given time with the 

upper data corresponding to a chlorine-to-TOC ratio of 6 to 1 .and the 

lower data to a chlorine-to-TOC ratio of 2 to 1. This effect of the 

chlorine-to-TOC ratio on the chloroform yield has also been noted by 

Kavanaugh et al. (1980) for chlorine-to-TOC ratios up to 8.9 to 1.

Effect of Chlorine-to-TOC. Ratio

Two new factors may now be introduced into = Equation 5.6: the

initial- TOC and the initial chlorine-to-TOC'ratio. The second of these 

factors, namely the initial chlorine-to-TOC ratio, will be investigated 

in this section while the effect of TOC will be investigated in the next 

section.

• In order to investigate the effect of the chlorine-to-TOC ratio, 

Equation 5.6 must be rewritten as:

CHC1 3 = Kb(Cl2 /T0C)ytZ V ; (5.8)

. where. ,

CHC1„, t and z are the same as previously defined
■ - ■ - ■ ■■ ;• Cl^/TOC =. the dimensionless. chlorine-to-TOC ratio- - - . . ' /

y = the exponent for the chlorine-to-TOC ratio 

= the new proportionality constant

In the same manner as used for evaluating Equation 5.6, the 

values of K, , y and z can be determined for Equation 5.8 by. taking the



■: ' ' V  'natural log of. both sides of the equation, . as. shown in Equation 5.9, and 

employing-a multiple linear regression technique to evaluate, the con

stants. ■ / .

In CHC13 = In = y ln(Cl2/TOC)>  z In t (5.9)

The results of the regression for the "basic conditions" yielded 

. values for , y and z of 72.81, 0.28 and 0.22, respectively. The cor

relation coefficient for this regression is equal to 0.65.

Figure 5.30 is a natural log-log plot of measured versus predic

ted chloroform concentration by Equation 5.9 using the values of K^, y 

and z obtained from the regression of the- "basic conditions." Again, 

as previously noted for Figure 5.28, there exists three unique groups 

of data. An upper data trend corresponding to a TOC of 10 mg/1, a 

center data trend corresponding to a TOC of 5 mg/1, and a lower data 

trend corresponding to a TOC of 2.5 mg/1. Upon visually comparing 

Figure 5.30 with Figure 5.28, it can be seen that the -data for the TOC 

of 5 mg/1 is closer to the regression line on Figure 5.30. This fact 

is more evident on Figure 5.31 which is a plot of the "basic conditions" 

with the added constraint of a TOC of 5 mg/1. The correlation coeffi

cient for this plot is 0.98. Comparing Figure 5.31 with Figure 5.29 

along with their correlation coefficients of 0.98 and 0. 95, respectively 

it becomes evident that, the chlorine-to-TOC ratio is an important factor 

within the range of conditions investigated, in the formation of chloro- 

- form.
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Figure 5.30. Measured versus predicted CHCl^ (Equation 5.9):
humic acid; TOC 2.5, 5 and 10 mg/1; pH 7.0;
20°C; C12 /T0C 2, 4 and 6:1.
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Figure 5.31. Measured versus predicted CHCl^ (Equation 5.9):
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2, 4 and 6:1.



To further investigate the effect of the chlorine-to-TOC ratio 

on the formation of chloroform, a series of experiments were run over a 

much greater range.of chlorine-to-TQC ratios than originally used in 

this study. These experiments were run under the following conditions:

1. Precursor: humic acid

2. TOC: 5 mg/1 ■-

3. pH: 7.0 .

4. Temperature:' 20°C

5. Chlorine-to-TOC ratios: 0.5, 1.0, 2.0, 3.0, 4.0, 6.0, 10.0

and 20.0 to 1 .

Based upon the results' of these experiments, presented in Table 

5.3 i there appears to be some chlorine-to-TOC ratio where the rate of 

chloroform formation is independent of the ratio. This phenomenon will...

be discussed further in Chapter 6 .

Table 5.3. Effect of chlorine-to-TOC ratio 
yield

on chloroform

ci2/toc Clg Residual* chci3 (ug/1)

0.5 29
1.0 60
2.0 + ' ' 232
3.0 224
4.0 + 300

. 6.0 289
10.0 + ■ : 300
20.0 310

* A positive or negative free chlorine residual at the 
end of 96 hours.



Effect of TOC

Up to this point•in the development of a model.for the prediction 

of chloroform, the influence of the TOC. concentration has been noted to 

be an important consideration. To evaluate the effect of the TOC concen

tration, Equation 5.6 will be revised, as shown by Equation 5.10:

ChCl3 = Kc T0CXtZ ’ (5.10)

where .

CHClg, t and z are as previously described 

TOC = the total organic carbon in mg/1 

x = the exponent of the TOC 

K = a new proportionality constant

By taking the natural log of both sides of Equation 5.10, as 

shown by Equation 5.11, and utilizing a multiple linear regression analy

sis for the nbasic conditions," the values for K , x and z can be deter-

mined, . - : ; . ' ' . . - :

In CHC1 = In K + x In TOC + z In t (5.11)3 C --  ̂' : . - . - . - '

The regression yielded values for K x and z of 25.88, 0. 95 and 0.21,-c
respectively. The correlation coefficient for this regression was 0.97. 

This is a considerable improvement over the correlation coefficient of 

0.65 observed for Equation 5.8 , showing that the TOC is a more important 

parameter than the. chlorine-to-TOC ratio.

Figure 5.32 is a natural log-log plot of the measured versus . 

predicted chloroform concentration by Equation 5.11 using the values of
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Figure 5.32. Measured versus predicted CHCl^ (Equation 5.11):
humic acid; TOC 2.5, 5 and 10 mg/1; pH 7.0;
20°C; C12 /T0C 2, 4 and 6:1.



K , x and z obtained from the regression of Equation 5.11 for the "basic 

conditions."

Combined Effect of TOC and Chlorine-to-TOC Ratio 

The final phase of investigating the "basic conditions" is to 

introduce the initial TOC and initial chlorine-to-TOC ratio into Equation 

5.6, as shown by Equation 5.12:

CHCl = K TOCX(Cl„/TOC)ytZ (5.*12)
3 L

where all terms are as previously described with the.exception of K which 

is the reaction rate constant, to be discussed in a later.section.

By taking the natural log of both sides of Equation 5.12, as 

shown by Equation 5.13, a multiple linear regression for the "basic 

conditions" yielded values for K, x, y and z of 16.75, 0.95, 0.28 and 

0.22, respectively. The correlation coefficient for this regression was - 

0.99.." \ '  ̂ .- ,' -' ; - / ' '

In CHC13 = In K + x In TOC + y In (Cl^/TOC) 4- z In t (5.13)

Figure 5.33 is a natural log-log plot of measured versus pre

dicted chloroform concentration by using the values of K, x, y and z 

obtained from the regression.

Effect of pH-

In a previous section it was noted that the value of K in
.. ; . S. - .

Equation 5.6 appeared to.be a function of the TOC concentration, the ■_
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chloriner-to-TOC ratio, the pH and the temperature. In the preceding 

sections it was discussed how the TOC concentration and the chlorine-

to-TOC ratio could be separated from.K , the composite parameter in
-■ ■ ■' ■ . ■; a  ■ ■ : Equation 5.6, and made into independent terms such that:

K = K TOCX (Cl0/TOC)y (5.14)
.. a • . z

It is now possible to .redefine K in both Equations 5.12 and 5.14 

to account for the pH and the temperature of the reaction, as shown by 

Equation 5.15.

K - k]Lk2 (5.15)

where

K = the overall reaction constant

k- = the. reaction constant due to the pH

ki = the reaction constant due to the temperature

In this section the reaction constant due to the pH, k_ will be evalu-
■ . ■■ ■ ated. The reaction constant due to temperature, k0, will be discussed

in the next section. '

In the preceding sections a set pf "basic conditions" were
odefined: humic acid as the precursor, a temperature of 20 C and a pH 

of 7.0. In order to evaluate k_, the pH constraint of the "basic con

ditions" was relaxed and a value of one was arbitrarily assigned to k 

for a pH of 7.0.

The values of x, y and z derived from the regression of Equation 

5.13 of 0 .9 5 , 0.28 and 0 .2 2 , respectively, were, used to determine the



:: : : V ^ \ . - - \ ' 90
■ value of k .̂ This can be accomplished by recognizing.that the TOC and 

chlorine-to-TOC ratio used, in this research are the initial values.

This enables development.of the following relationship in which the term . 

"constant" refers to.a particular value for a given set of conditions at 

a particular reaction time.

(T0C)X(C1 /T0C)ytZ = constant (5.16)

Substituting Equation 5.16 into Equation 5.12 yields the following 

equation:

CHCl3 .= K- (constant) (5 .17)

A .regression of Equation 5.17 using the pH-relaxed "basic conditions" 

data yielded the values of K presented in Table 5.4. As previously 

stated the value of was arbitrarily set at one for a pH of 7.0 and- . V : ' , . ' : 1 : ' ' ■ ■ . ; . • , ... - : •"
because only data for a temperature of 20 C was used for the regression,

kn can be determined by using Equation 5.15 in the modified form shown
• . ■ - -
below: "

k̂  ==: K/k^'; - (5,18) -

By using the resulting value of K from the regression of Equation 5.16 

. in Equation 5.18, the values of k- can be estimated. In Table 5.4, 

estimates of are presented for pH values of 5.5, 7.0 and 8.5. As. 

expected, the yield of chloroform increases as the pH increases. This 

relationship has also been observed by Stevens (1979), Kavanaugh et al. 

'(1980) , and other authors.
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Table 5.4. Estimated K and 
5.5, 7.0 and 8 .

:k_ for pH values of
5

pH K 1  h  ' r

5.5 13.73 ' . ' 0.82 1.00

7.0 16.75 ': 1.00 0.99
8.5 21.52 ■' 1.28 ' 0.99

Effect of:Temperature 

In a previous section, it was noted that the ..term z was. depen

dent upon the temperature. It was also noted that the value of K ina
Equation 5.6 was influenced by the temperature. ..In subsequent sections 

the term K was redefined by Equations 5.14 and 5.15.• In this section.
a :■ vv"'-: ^the effect of k0 and z (as influenced by temperature) on the chloroform 

yield will be investigated.

The evaluation of z and as a function of temperature involved 

a.two-step process. The first step was to determine the value of z.

This was accomplished by relaxing the temperature constraint of the 

"basic conditions" and using the values of x and y derived from the reg

ression of Equation 5.13 of 0.95 and 0.28, respectively. As in the 

previous case of determining the value of k^, the Value of z for the 

temperature-relaxed "basic condition" can be determined by formulating 

the following, equation in which the term "constant" refers to a parti

cular value for a given set of. initial TOC and initial chlorine-to-TOC 

conditions. '
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x In TOC + y In . (Cl^/TOC) = constant (5.T9)

By substituting Equation 5.19 into Equation 5.13, the, following equation 

results: . .

In. CHC1 = In K + (constant) 4- z In t (5.20)5 . - ■ . • . ‘

Rearranging the terms of Equation 5.15 leads to the following relation- 

ship;

In CHCl^ - (constant) = In. K + z In t (5.21)

A linear regression analysis of Equation 5.21 using the temperature- 

relaxed "basic conditions" data yielded values of z for 10 , 2 0  and 

35 C. These resulting values of z are shown in Table 5.5. Although 

values of k0- were determined by the regression of Equation 5.21, data 

corresponding to a reaction time of zero and therefore, chloroform con

centrations equal to zero were not used. The reason for this is that 

. the natural log of zero is an undefined number. Instead the values of 

for the temperatures under investigation were determined in the same 

manner as k-. By using the values of x and y used in Equation 5.21 and 

the values of z derived from the same equation, Equation 5.17 can be 

regressed■to yield values of K. Because the regression was performed 

on humic acid at a pH of 7.0, the value of k^ in Equation 5.15 is equal 

to one. Therefore the values, of K are equal to k^. The resulting . 

values of k^ are presented in Table 5.5.



93

Table 5.5. - Estimated kg 
10°, 20° and

and z for temperatures 
35°C

of

Temperature . / : k 2
z r

10°C 13.59 0.19 1.00

20°C . • 16.75 0.22 0.99
35°C 23.35 ■ 0.28 0.98

The information presented in Table 5.5. indicates increased chloroform 

yield with increased temperature, a phenomenon also noted by Stevens . 

(1979), .Kavanaugh et al. (1980), and other authors.

Overall Model for Humic Acid 

In the preceding sections of this chapter, a model has been 

developed to predict the chloroform concentration at any given-time for 

the chlorination of. humic acid under a given set of conditions (i.e.,

./pH., temperature, initial TOC and initial chlorine-to-TOC ratio) . The 

■ overall model for humic-acid can be obtained by substituting Equation 

• 5.15 into Equation 5.12 yielding,

. CHC13 = k1k2T0CX(Cl2/T0C)ytZ (5.22)

■where all the terms are as previously described.

... - The next Step is to check the model (Equation 5.22) for all the

humic acid 'data. , Summarized in Table 5.6 are the values of , x, y

and z derived in the preceding sections of this chapter.
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Table 5.6. Estimated ki, ko, x, y and z for different
temperature and pH values

kl k 2 z
PH Temp (°C) x y Temp (°C)

5.5 7.0 8.5 10 20 35 10 20 35

0.82 1.0 1.28 13.57 16.75 23.35 0.95 0.28 0.19 0.22 0.28

Figure 5.34 is a natural log-log plot of the measured versus 

predicted chloroform concentration by Equation 5.22 using the constants 

presented in Table 5.6 for all the humic acid data generated during the 

experimental phase of this work. The correlation coefficient for these 

data is 0.97.

Presented on Figure 5.35 is an arithmetic plot of measured versus 

predicted chloroform concentration by Equation 5.22 using the constants 

presented in Table 5.6. The correlation coefficient for this plot is 

0.97.

Model Modification for Application to Fulvic Acid 

In the preceding sections, only humic acid was considered as the 

precursor. In this section the model for humic acid. Equation 5.22, 

will be modified and applied to fulvic acid. In the initial section, 

results of the regression of chloroform concentration versus reaction 

time for both humic and fulvic acids were presented (a compilation of 

these data appears in Appendix B). Upon inspection of the results of 

similar conditions, except for the type of precursor, it is evident that
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the values of K and z are lower for fulvic acid than for humic acid.■ . ■ ■ a
.Because of this observation it can be rationalized"that by raising the 

entire right-hand side of Equation 5.22 to a power less than one, the 

resulting expression would predict a lower chloroform concentration from 

fulvic acid than humic acid under otherwise identical conditions. There

fore, Equation 5.22 can be modified as follows:

CHC13 = k3tk1k2TOCX(Cl2/TOC)ytZ]q (5.23)

where

kQ = a constant related to precursor type
, ' ■ - ' q = an exponent related to precursor type

It can now be stated that:

k k T0CX (Clo/T0C)ytZ = constant (for the humic acid 1 2  2
at a given time) (5.24)

Thus, Equation 5.23 can be rewritten as follows:

CHC10 = k- (humic acid constant)q (5.25)3 3

The value of q was determined by taking the natural log of both sides of

Equation 5.25 and performing a linear regression of the natural log of 

the chloroform.concentration versus the natural log of the humic acid.. 

constant. The regressed value of q was 0.93. By substituting the value 

of q into Equation 5.23 and performing a linear regression of the chloro

form concentration versus the humic acid concentration to the q power.
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the value of kn was determined to be 1,29. The correlation coefficient' - 3 - . - ' - - - . ... . --
for this regression was 0.98.

- .Figure -5.•36 is a natural log-log plot of the measured versus 

predicted chloroform concentration by Equation 5.23 using fulvic acid 

data, values of x, y , z, and k^ presented in Table 5.6, and the q and 

k^ values derived above. Figure 5.37 is an arithmetic plot of the meas

ured versus predicted chloroform by Equation 5.23, employing fulvic acid" 

data. These two plots show a good prediction of the chloroform yield . 

for fulvic acid.

Final Formulation of Chloroform Prediction Model and 
.Application to Both Humic and Fulvic Acid Data

■ Equation 5.23, used for the determination of the values of q . 

and k^ for fulvic acid, also represents the final form for the model to 

predict the chloroform formation from humic substances. Shown on Figure 

5.38 is a natural log-log plot of the measured versus predicted chloro

form concentration by Equation 5.23, employing all data. The correlation 

;coefficient for this plot is 0.98. Figure 5.39 is an arithmetic plot of 

the measured versus predicted chloroform concentration by Equation 5.23, 

once again employing all data. The correlation coefficient for - this 

plot is also 0.98.
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CHAPTER 6

' DISCUSSION OF RESULTS AND MODEL APPLICATION; .

The formation of chloroform can be represented by the following 

equation:

precursor + Cl^ ^ chloroform

As previously reported in Chapter 3, a general rate expression for this 

reaction has been presented by Trussell and Umphres (1978) as:

' #  = - #  =:k2(Gl2)(C)" \ . (3.3)

. Another rate expression discussed in Chapter 3 was proposed by Kavanaugh 

et al. (1980) :

°r dt̂ = kn<B> ^ m

In their model, it was assumed that the reaction order with respect to 

TOC was first orderj and with chlorine was third order. The later as

sumption was based on the premise that 3 moles of chlorine or its halogen 

equivalent are needed in the production of one mole of trihalomethane.

\ I In Chapter 5, a general model was developed for chloroform yield 

from humic substances. The final form of this model, as previously 

presented in Equation 5.23, is shown below:

103
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CHC13 = k3 1k2.k 2 (TOC)X(Cl2/TOC)ytZ] q (5.23)

• The first part of this chapter will focus on the significance of 

each parameter in Equation 5.23 compared to observations‘by.other 

researchers. , .The second part of:the chapter will present a possible 

.method of application of the.model using data from the literature.

Effect of Time

Based on this research, the effect of time on.chloroform forma

tion from humic and fulvic acids has been graphically shown in Chapter 5 

on Figures; 5.2 through 5.27. Replotted on Figure 6.1 are chloroform 

formation curves, for humic and fulvic acid.evaluated in this research at 

a temperature of 20 C, a pH of 7.0, an initial TOC of 5 mg/1, and an 

initial chlorlne-td-TOC ratio of ,6 :1. Figure 6.2 represents the corres

ponding log-log plot of the data presented on Figure 6.1. Kavanaugh et 

al. (1980) presented plots similar to Figure 6.2 showing a constant 

slope for chloroform concentration versus time. The actual slope of 

each line is a function of type of precursor, as will be discussed in a 

subsequent section.

Effect of TOC '

. It has been suggested in the literature that the chloroform yield 

is first, order with respect to the TOC level. Rook (1976) observed.that 

chloroform yield from fulvic acid is linear .in concentrations of TOC up 

to 250 mg/1 after four hours of reaction time.• Stevens et al. (1976) 

presented chloroform.formation .curves for three different concentrations
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Figure 6.1. CHCl^ versus time: TOC 5 mg/1; pH 7.0; 20°C;
Cl^/TOC 6:1; humic and fulvic acid.
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of: Aldrich humic acid and found an apparent first-order rate, dependence 

on initial humic acid concentration. . Babcock and Singer (1979), working ‘ • 

with humic and fulvic acids extracted from Michigan peat, presented 

curves demonstrating the same linear relationship as observed by Rook 

(1976). Kavanaugh et al. (1980), while working with Aldrich humic acid, 

also found a linear relationship and stated that an eightfold increase 

in TOC is matched by a five- to sixfold increase in the chloroform con

centration. Kavanaugh also indicated that the reaction order appears to 

increase with an increased chlorine dosage.

The linearity between chloroform yield arid TOC is shown in 

Figure 6.3 for humic acid at TOC concentrations of 2.5, 5 and 10.mg/1, 

a temperature of 20 C, a pH of 7 and a chlorine-to-TOC ratio of 6:1 for 

several different reaction times. In the preceding.chapter, the order 

with respect to the initial TOC was determined to be 0.95, with is close 

to first order.

Effect of Chlorine-to-TOC Ratio

The extent to which chlorine effects chloroform yield has been a 

subject of some confusion. It is generally accepted that the formation 

of chloroform terminates when the free chlorine residual is exhausted. 

However* there is a difference of opinion on the influence of increased 

free chlorine residuals on chloroform yield. Young and Singer (1979) , 

working with a natural water, found little additional chloroform yield 

with an increase in-chloroform dosage. Th$ same conclusion was reached 

by.Stevens et al. (1976) for an Aldrich humic acid solution. Conversely, 

Rook (1976) presented data derived for a water of low organic content
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that showed an increase in chloroform yield with an increase in chlorine.

Rook presented no information as to whether a positive chlorine residual 

was present for all samples'; however, considering the short reaction time 

(one hour), it would seem reasonable to assume that there was a residual 

for most.of the samples.

Kavanaugh et al. (1980) showed that chloroform yield strongly 

depended upon the applied chlorine concentration. They presented loga

rithmic plots of.chloroform versus time for chlorine-to-TOC ratios from

1 .1:1 to 8 .9:1 and having slopes approximately equal.

In this study, the yield•of chloroform was found to be dependent 

upon the applied chlorine-to-TOC ratio for ratios up to about 6:1 and 

less dependent on ratios greater than 6 :1, which approaches a zero order. 

This is shown on Figures 6.4 and 6.5 which are plots of the data pre- ■ 

sented in Table 5.3. On Figure 6.5 there appears to be two unique groups 

of data which can be characterized by two separate lines.

A possible explanation of the two different slopes observed on 

Figure 6.5 is related to the structure of both the humic and fulvic acid 

molecules. As shown on Figures 3.1 and 3.2, the humic and fulvic acid 

molecules are large conglomerates of several substructures, portions of 

which are in an ionized state. These ionized molecules are more or less 

evenly dispersed throughout the solvent containing the evenly dispersed 

free chlorine.. It can be further hypothesized that when a chlorine 

molecule contacts a reactive site on the precursor-molecule, it reacts. 

The- first line, corresponding to low chlorine-to-TOC ratios having a 

slope of 0.28, could be the result of the low driving force of the
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reactive chlorine due to the small concentration gradient between the 

bulk solution and the reactive sites of the precursor molecule. The 

second line, corresponding to the higher chlorine-to-TOC ratio having 

a slope of approximately, zero, would,tend to indicate that, there are - 

only a limited number of reactive sites on the precursor molecule at a 

given set of reaction conditions (i.e., precursor type, temperature and 

pH), that are available for the chloroform formation reaction. ‘

The regression of several sets of data with chlorine-to-TOC- 

ratios ranging from 2:1 to 6:1 resulted in an order of reaction with 

respect to the initial chlorine-to-TOC ratio of 0.28.

Effect of pH

The effect of pH on chloroform formation has been evaluated and 

discussed by several researchersRook (1976). showed an increase in 

chloroform yield from fulvic acid with an increase in pH. He noted that 

it was especially evident at pH values from 8 to 10 and had much less 

influence when the pH value was varied one unit on either side of 7. 

Stevens et al. (1976) reported.an, almost twofold increase in chloroform 

yield from settled Ohio River water when the. pH was varied from 5.5 to

ll. 5. In additional work with low concentrations of humic acid, Stevens 

reported over a twofold increase in chloroform yield corresponding to 

■ an increase of the pH from 5.5 to 9.2. Trussell and Umphres (1978) 

reported that reduction of the pH from 9 to,7 would reduce the THM yield 

of Contra Costa water over 50 percent.

In this study it was found that over a. 40-percent reduction in 

chloroform yield was obtained by reducing the pH from 8.5 to 5.5 under
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otherwise identical experimental conditions. This is shown on Figure 

6.6 for a humic acid solution, a TOC of 5 mg/1, a temperature of 20OC 

and a chlorine-to-TOC ratio of 4:1. . Also shown on .Figure 6.6 is the 

effect of pH on chloroform yield from humic acid reported by Stevens et 

al. (1976).

There are two possible reasons for this increase in chloroform 

yield with an increase in.pH. •The first is that■presented by Trehy and 

Bieber (1980), as discussed in Chapter 3, where the rate of hydrolysis 

(the separation of the chloroform molecule from the parent molecule) is 

much slower at a lower pH than at a higher pH. This phenomenon was also 

discussed by Trussell and Umphres (1978). A second possible reason is 

that, as■the pH of the solution containing the humate molecule is low

ered, the charge density of.the molecule is reduced as acidic functional 

• groups,revert to their nonionized form. This phenomenon reduced the 

solubility as well as the'"stability" of a humic/'fulvic. acid suspension 

and allows individual molecules to aggregate due to Van der Waals forces. 

Furthermore, this phenomenon causes the humate molecule to fold in upon 

itself," leaving fewer sites open to attack by chlorine. This lower 

formation potential has been discussed by Trehy and Bieber (1980) and 

Trussell and Umphres (1978).

•The effect of pH is incorporated into the developed model (Equa

tion 5.23) in the form of a pH-related reaction constant, k^, appearing 

as part of the overall reaction constant, K (see Equation 5.15). Values 

of k. for. pH values of 5.5, 7.0 and 8.5, determined in the previous 

chapter, were found to be 0.82, 1.0, and 1.28, respectively. For
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application of the model.to other pH values, one can estimate an appro

priate value of k- by linear interpolation of the relevant relationship 

as shown in Figure 6,7 (an arithmetic plot) or by using Figure 6,8 (a 

semi-logarithmic plot).

‘ Effect of - Temperature 

The effect of temperature on chloroform formation is the least 

investigated of the parameters used in this study. Arguello et al. .

(1979) reported higher trihalomethane levels in finished water supplied 

in the summer than in the winter months. .. They attributed this to the 

water temperature.

• Stevens et al. (1976) showed over a fourfold increase in chloro

form yield from raw.Ohio River water when the temperature was raised 

from 3°C to 40°C. They further- expressed that the effect of temperature 

could easily account for most of the winter-to-summer variation in 

chloroform concentration observed in Cincinnati tap water.

■ A comparison of the effect of the temperature observed during 

this;study and the results of Stevens et al. (1976)7 is.shown in-Figure 

6.9. In this study an approximate reduction of 40 percent in chloroform 

yield was observed when the temperature was reduced from 35 C to 10 C.

In Chapter 5 it was determined that the "temperature has an effect 

on both the time . exponent , z, and the reaction. constant«, k^.

The reaction constant, kn, was previously determined to be 13.57,.

"16.75 and 23.35 for temperatures of 10 , 20° and 35°C, respectively. .

The time exponent, z, was found to be 0.19, 0.22 and 0.28 for temperatures
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of 10°, 20° and 35°C, respectively. For application,of the model to 

temperatures other than those specified, the values of:.kn and z can be

approximated by linear interpolation of the relationships shown on .

Figures 6.10, 6.11, and 6.12, which portray the variation of k0 and z as

a function of temperature.

Effect of Type of Precursor -

Rice (1980). listed some 40 organic compounds that can be found

in water and yield chloroform when chlorinated. It was also noted by 

Rice that the amount of chloroform produced/was not the same for each 

compound. In this study, it was found that under otherwise identical 

experiment conditions, the chloroform yield and rate of .chloroform for

mation were greater for humic acid than fulvic acid (see Figures 6.1 

and 6.2). Based on the evidence that fulvic and humic acids, have dif

ferent rates and yields of chloroform formation, it would seem reason

able to assume that the different organic compounds referred to by Rice

(1980). would also have different rates of formation because they have - .

different yields.

There are two possible means of handling differences in yield and 

rate of formation when using Equation 5.23, the overall model for humic 

acid. The first approach would be to determine new values of all.con

stants involved in the equation for each unique type of precursor or 

combinations of precursors. This method would involve the generation 

of large amounts of data and be very time-consuming and expensive. The 

second method would be to employ the general model, as represented by 

Equation 5.23, and to estimate precursor-related (source-related) .
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. discrepancy between predicted chloroform formation curve and the meas- ,

„ured.chloroform by raising the humic acid model (Equation 5.22) to a

power, q, and multiplying the.resulting value by a second precursor-

related constant, ky The function of the parameter q. is to modify the .

rate of formation of the humic acid used in this study to the rate of

formation of the aquatic source of the chloroform-forming precursor of

question. . The second term, k y  is the yield-modifying term which serves

to compensate for the difference in yield between humic acid used in

this study and the yield predicted by applying the rate-modifying term. .

The function of these precursor constants is to compensate for 

the difference in yield and rate of formation of chloroform between dif- 

. ferent sources of precursors.If the actual rate of chloroform formation 

is greater for a given precursor than the rate for an equivalent con

centration of the humic acid used in this study,, the value of q would 

be greater than one. Conversely, if the rate were less, the value of q : . 

would be less than one. If the rate of formation for a water or precur

sor. was the same as that of the humic acid studied, the value of q would 

equal one.

/ Application of the Model '

.. Two different methods of applying the model to data from the 

. literature will be presented in this section* .The first method will.be. 

to apply the model as it appears in Equation 5.23:

CHC13 = k3[k1k2(TOC)X(Cl2/TOC)ytz]q : ( 5 . 2 3 )
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The method for doing; this is to take the natural log of both sides of 

Equation 5.23 such that:

In CHCl^ =.Ink^ + qlnk^ - qlnk^ + qxlnTOC +

qylnCCl^/TOC) 4- qzlnt , (6.1)

Because this model is based on the initial TOC, initial chlorine-to-TOC 

ratio, a constant temperature, and a constant pH, there are only two 

variables in Equation 6.1 (i.e., CHCl^ and t). By selecting two reaction 

times several hours apart such that at the first time (t^), the chloro

form concentration is CHC1Q , and at the second time (t0), the chloro-

form concentration is CHClq , an estimated value of q can be determined
- ; ^ 2 ' - ' " / :: 

This is accomplished by substituting the appropriate values of t and

CHClg into Equation 6 .1 and taking the algebraic difference between the '.

two resulting equations yielding:

In. CHCl^. -. In CHCl3t = q(zln t̂  - zln t̂ ) (6 .2 )
' . 2 ;■ : 1 ■■■.': ■ / ' s: ; 

By rearranging the terms of Equation 6.2, the value of q can be estim

ated as follows: '

. In CHCIa - In CHC1„
2 3tl .

. q - —  ■

z (In t'2 - In tp

or- :CHC1 3t2

. ; ln :v /
. q = . ■ (6‘3>

'■ a : ' ■
■ h  ■
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A value of kg can be estimated by substituting the. estimated value of q 

into Equation 5.23 such that:

CHC1 3t2 ■ /'
k. =  ----— --------' ■—  ' • (6.4)

: ' [kxk2(TOC)X(Cl2/TOC)yt2]q

The second method of applying the model is to make a slight modi

fication and reformulate the original model (Equation 5.23) by writing 

the equation such1 that only the exponent of time is affected by the dif

ferent precursor or source, as such: :

CHC13 = .k^k^TOC) (Cl2/TOC)ytqz (6.5)

An estimated value of q can be obtained in the same manner as in the 

first method. To estimate the value of k_ it is only necessary to re

write Equation 6 .5 as follows:

CHC1_ . :
k = —-----------------------------      (6.6)

k1k2 (TOC)X(Cl2/TOG)ytqZ

As an example of the model application procedures, the following data was 

taken from figures presented by Kavanaugh et al. (1980).

Reaction Conditions ' Time (hr) . CHCl^ (yg/T)

TOC 1.8 mg/1. : 0.17 48
Cl0 16 mg/1 0.5 60
20 C ■ ; 1.7 90 ■ ■
pH 8.6 vl'/ 17  ̂ ' 190

168 450
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From Figure 6.7 the value of can be estimated to be 1.30 and from 

Figure 6.10 the estimated values of and z are 18.07 and 0.23, respec

tively. The estimated values of x and y from Chapter 5 are 0.95 and 

0.28, respectively.

To estimate values of q and , Equation 6 .3 and 6.4 are applied 

for reaction times of 0.5 and 167 hours. The estimated values'of q 

and kg are 1.51 and 0.11, respectively. The • same. general approach is

employed in Method 2'except that Equation 6.6 is used to estimate k_
: ■■■ ■ ' ' ■' ' instead of Equation 6.4. In using Method 2, the estimate of kQ is 1.00.'''' ... . ' - -' d ' ....

Recognize that values of q are the same for each method.

The same methods described for the above example.can be applied 

to other data presented in the literature. • Presented in Table 6 .1 are. 

the estimated values of q and for selected data from the literature. 

The k estimates derived by employing Method 2 are shown in parentheses.

In relation to the method of model application (Method 1 or 

Method 2), it appears that Method 1 represents a more usable form when 

there is a change . in the parameters (i.e.TOC or Cl^/TOC).. This con

clusion is based on the much better relationship developed between k \ 

in the Kavanaugh et al. (1980) and Singer et al. (1980) data. But 

because there is no conclusive evidence that the relationship would 

hold for other situations, caution must be observed when using the•model.

Shown on Figures 6.13 through 6.18 are data extracted from the 

literature (corresponding to the studies identified in Table 6.1), toge

ther with'the predicted line. Because all terms except for time and 

chloroform concentration are constant in the model the same prediction



Table 6.1. Estimated k„ and q for selected literature data

TOC (mg/I) Source Temp ( C) pH Cl2/TOC q k3** Reference Figure

1 . 8

1.8

1 .8

8.9

6.4

2.9

Aldrich 
Humlc Acid

Aldrich 
Humlc Acid

Aldrich 
Humlc Acid

Cliapel Hill 
Raw Water

Durham 
Set Lled

Ohio River

240 Fulvie Acid

extracted 
Fulvie Acid

lixt racted 
Humlc Acid

23

23

23

20

20

20

8.6 8.9 1.51 0.11 (1.00) Kavanaugh et 6.13
ai. (1980)

8.6 4.4 1.52 0.11 (0.92)

8.6 2.2 1.51 0.10 (0.74)

2.25 1.23 0.37 (1.20) Singer et al. 6.14
(1980)

3.1 1.20 0.41 (0.86)

5.2 1.40 1.02 (0.65)

25 6.7 3.3 1.66 0.011 (0.22) Stevens et al. 6.15
(1976)

10

20

20

7.5 3.3 0.91 0.78 (0.37) Rook (1976) 6.16

6.5 5

6.5

1.38 0.14 (0.63) Babcock & Singer 6.17
(1979)

1.70 0.08 (1.25)

1.8 Columbia River 20* 8* 1.7 2.01 0.014 (0.44) Trussell & 6.18
Umphres (1978)

* Assumed values.
** Number in parentheses corresponds to k^ derived by Method 2.
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Figure 6.18. Predicted CHC1. versus reported: Trussell and
Umphres (1978).



■ ' .■ : --c: : - 134 ;
line is obtained irregardless .of whether Method 1 or Method 2 is used to 

generate it . .

In this study the millimoles of chloroform yielded per mole of 

TOC under identical conditions (i.e,pH 7,'TOC 5 mg/1, 20°C and a Cl^/TOC 

of 6:1) for humic and fulvic acid are 6.4 and 4.7, respectively. These 

yields fall within the range of values reported by other .researchers, 

as shown in Table 3.2.

The variation in q and k 'between the different data can best be 

described by the reaction parameters. In the case of the artificial 

waters evaluated by Kavanaugh et al. (1980), Rook (1976), and Babcock 

and Singer (1979), the methodology used to generate their data was simi

lar to that used in this research. (Rook, in his work on artificial 

water, used an undefined methodology.) The major differences between 

the various studies evaluating artificial waters were the source of the 

precursor molecule and the strength of the buffer system employed,in the 

chloroform formation experiment. Either of these factors, could account .■ 

for the differences observed.

Concerning the source of the precursor, it has been previously 

discussed in Chapter 3 and shown on Table 3.2 that, different precursors : 

yield different chloroform concentrations. Regarding the strength of 

the buffer,. it is well accepted that part of the formation process of 

the deltas of a river are.the result of the humates (and clay) precipi

tating out of the river, when they come into the high ionic strength of . 

the oceans. In this research there was no visible precipitate on the 

bottom of the reactors but there is the. possibility that the, buffer
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could have attached to a portion of the ionized part of the precursor . 

molecules. This could account for part of the lower yields by making 

part of the precursor molecule less available for reaction with chlorine.

In the case of the natural waters studiedby Singer et al. / (1980) ,

Stevens et al. (1976) and Trussell and Umphres (1978), there are several

factors that could have an influence. Among the possible factors are . 

precursor type, turbidity, method of chlorination.and initial chlorine 

demand.caused by reducing agents and ammonia. Although it was not 

stated by Trussell and Umphres, there is a strong possibility.that, in 

the case of the Columbia River, bromide was present and resulted in the 

, formation of trihalomethanes other than chloroform.

It should be recognized that, when applying this model, it has 

only been partially verified on laboratory data derived from one precur

sor source and data taken from the literature. Also, this model is not 

able, in its present form, to account for the presence of trihalomethanes •. 

other than chloroform, or .for other halogenated compounds that may result 

from the chlorination of aqueous organics.

Some possible applications of the model (Equation 5.23) are: .

1. From the time water is chlorinated in the clear well of a treat

ment plant and throughout the distribution system the formation 

of chloroform continues. This model could be used to indicate 

if there could be potential problems in meeting the 100 Ug/1 

regulation, as well as predicting the chloroform concentration 

at the consumer's tap.



In water treatment plants using prechlorination, such as before 

carbon or resin adsorption for precursor removal, this model 

could be used to determine the chloroform that would be gener

ated and subsequently must be removed by the column, giving an 

indication of the loading rate upon the column and operating 

time before the product is of unacceptable quality. Another 

prechlorination application is when chlorine is added prior to 

coagulation-flocculation for precursor removal; and this model 

could be used to indicate the chloroform form. More work is 

needed on the short-term chloroform formation predicted by this 

model for these types of applications.



CHAPTER 7

. CONCLUSIONS

A model for the prediction of chloroform formation from humic 

•substances has been presented and shown to be applicable to natural 

waters. This study has shown that there are several parameters that, 

must be considered when attempting to model chloroform formation. Con

clusions relating to the important parameters follow:

1. The pH at which the reaction occurs between chlorine and the 

precursor has a pronounced effect on chloroform yield. As the

' pH was increased from 5.5 to 7.0, there was only a 17 percent 

increase in chloroform observed. When the pH was raised from 

7 .;0' to 8.5, there was a 50 percent increase ; and ah overall 

increase of 76 percent was observed between 5.5 and 8.5 after 

96 hours. .

2. The temperature at which chloroform formation occurs was shown 

to be an important factor influencing the yield. As the tem

perature was increased from 10QC to 20°C, there was a 33 percent 

increase in chloroform yield; when the temperature was increased 

from 20°C to 35°C there was a 92 percent increase; and an overall 

increase of 156 percent was observed between 10 C and 35 C after 

96 hours.
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The effect of the concentration of precursor (as TOC) on the ’ 

yield of chloroform was found to be linear, with a doubling of 

TOC resulting in a doubling of chloroform yield.

The chlorine-^ to-TOC ratio was found to have an effect on the 

yield of chloroform, although its actual significance is not 

clearly understood.

The model presented was found to apply to both natural and syn

thetic waters.with good reliability. It was found that once 

precursor-related constants were determined for a particular 

water for a given-TOC and chlorine-to-TOC ratio the model could 

be applied for the same water source; at different TOC concen

trations and chlorine-to-TOC ratios.



CHAPTER 8

RECOMMENDATIONS . FOR FUTURE -RESEARCH.

There are several areas of future research that should be ex

plored. Among these are:

1. The development of a purely kinetic non-steady state model con

sidering the change in the nonpurgable TOC and the chlorine-to- 

TOC ratio .with time.

■ 2. Evaluate the application of the model.. (Equation 5.23) for changes

- .. in temperature and pH during the reaction time. Also, evaluate.

• the effect of increasing the chlorine-to-TOC.ratio.during the 

reaction time.

3. : Further testing of .the model (Equation 5.23) on natural waters 

should be investigated. Also, the model should be.tested on 

other precursors such as sewage effluent and nonhumate organic ; 

contaminants in raw water supplies.

: 4& The effect that other halogens (i.e. , B r a n d  I ). would have on

this model should be evaluated, as well as if this model could 

be used to predict their formation, with slight modifications.

5. With the increased concern over total organic halogens (TOXs),

this model should be tested to determine if it could be applied 

to. the prediction of TOXs.

139



APPENDIX A 

DATA

140



1

£
T

12 11 10

Is)

Run
Number

HA HA HA HA HA Precursor
Type

Ln

O

Ul

o

5.0

5.0

5.0 Initial TOC 
(mg/1)

Ch cr\ Ov IS)
Initial
ci2/toc

7.0

7.0 o
-vl

O

•"J

O
PH

10 35 20 20 20 Temperature
°c

vD 4> M
0 ' > 0 0 4 > 0 0 - P ' M I —' O

M
C^00 4> 00 4 > M | —‘ O

VO -P> Is)
O x C O - P 'O O - P 'M H O

vo -P' is)
O v 0 0 - P '0 0 4 > ls ) l—‘ O

VO -O Is)
Ov 00 4> OO 4> O

Time
(hours)

+  +  +  +  +  +  +  + +  +  +  +  +  +  + +  +  +  +  +  +  + + + + + + + + +  +  +  +  +
Cl2 Residual 
( + / - ) *

N) M  N) H  H  H  H  
4> N) O  Ln U) U> O  
O ^ J O O O O O O

On U1 K> K> K> M  
1—* Ln Ln VO ^1 Is) 00
L n O L n O O ' U ~ ~ J O

U) U) IS) H  I-1 H  H  
is) H  U) CTn Ln Ui H  
O L n O * ~ J - ~ l O O O

Is) is) Is) H  H  H  M  
vO 4> 1—1 ^ 1  Ln Is) O  
O O L n - U L n U i O O

Is) Is) H  H  25 
U) 1—1 'U (Ji •
Is) Is) Os O  H  O

CHC13
(Mg/1) 141



00

>

Ui Run
Number

Precursor
Type

ro
Vi

Ln

o

in
O

in

O
in

O Initial TOC 
(mg/1)

Ox Initial 
Cl /TOC

o

00
In

00
In

in

In

In

In
pH

MO MO o
N>O ID

o
Temperature

VO 4> ID
O x 0 0 4 > 0 0 4 > I D H O

VO -t>  ID
Ox00-t>00-t>IDHO

vO -P' ID
OX00-P'00-t>ID|—'O

VO ID
OxOO-P'OO-P'tDI—*o

VO -t>  ID
O V O O -P 'O Q -P ' ID H O

Time
(hours)

+ + + + + + + + + + + + + + + + + + + + + + + + + + + +
Cl^ Residual 
(+/-)*

I—1 O  O  D| OX in in 
I n P ^ I D l n m o o u O

-t> U  ID ID ID I—‘ I—1
in -D 00 ID o Dl In 
OOlnlnlnlnlnO

VJ U) ID H  H  M  
U  -P> I—1 In CO ~D ID
InlnlnlnOlnOO

ID ID ID H  I—1 H  
-D OX O  ox U  I—1 VO 
O O l n t D ' - J l n t D O

ID ID H* H  H  H  
ID 00 H  H  00^ ■ D O O - D I D l n O

C11C13
(pg/1) 142



23 22 21 20 19 Run
Number

FA FA FA FA FA Precursor
Type

5.0 Vi

o

2.5

2.5

2.5 Initial TOC 
(mg/1)

ON ON ON ON
Initial
ci2/toc

o

7.0 o

7.0 •V

o PH

O
Z

20 10 V)
Vi

20 Temperature
°C

v£) ■P' M
On 00 4 > 0 0 4 > M I —‘ O

VO 4> M
0 N 0 0 ^ > 0 0 4 ^ M H O

vo 4> rv
On 00 4 > C X ) 4 > M H O

VO -P~ M
On O D 4 > O O P > M H O

VO 4> M
0 0 0 4 >  00 4 > M H O

Time
(hours)

+  +  + +  +  +  + +  +  +  +  +  + + +  +  +  +  +  +  + +  +  +  +  +  +  + +  +  +  +  +  +  +

Cl^ Residual 
( + / - ) *

M  K) M  H  H  h-1 H  
UJ O  O  4> 4> W H  
M O O U i - ^ I O O O - O - O

N) M  1—1 I—1 1—1 1—1 I—1 
H  IV VO -t> V) M  O  
O t V M V i V l H O O

H  M
U) O  vO CX) -V On Vi 
V i V i l —l 0 0 U ) |v J - P 'O

rv M  M  H  H
VO 00 1—1 Vl V> 00 
O O O O - P ' O v O - P ' O

H  H  H~~4 IV |—1 VO 00 O VI 
O v O v O O O O O O O O

CHC13
(pg/1) 143



N)00

1

a 
!

26 25 24 Run
Number

---
---

---
---

---
---

---
---

--
!

VH

HA HA FA FA Precursor
Type

5.0 Ul

o

Ul

o

5.0 Ui

o
Initial TOC 
(mg/1)

O' cr> O'. Ov O' Initial
ci2/toc

8.5 Ui

Ln

4.5 -xJ

o

-xl

o pH

10 U>
Ln

35 10 u>
Ul Temperature

°c

v£> •£' N>
O ' O O - P ' O O - O M M O

vO 4>  M
CJv004> 004> t x ) H O

vO 4>  M
o v c o - P '00  4> r x ) i —> o

VO •P' IX)
CJ'O0 -P 'C O 4> l x ) | —- O

VO -D' lx)
0 ' 004> 0 0 - P ' l x ) H O

Time
(hours)

+ + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + +
Cl2 Residual 
(+/-)*

U) M  IX) H  H  1—1 H  
U> -̂1 O  00 U> N) 
O U i M L n L n U i O O

Ui U) U) IX) lx) H  H  
On — 1 O  fx) I—1 -P' O  
U i U i O O I x ) O U i O

ov Ui  U) U) IX) fx)1—1 vO Ov lx) Ui Ui  U) 
O O U i U l O U l x J O

1—1 1—1 1—1 1—* 1—100 VO CTV H  H  vO 00
O O O v O O O - P ' - P ' O

U) fx) lx) fx) H  
00 -xj 00 VO vO O  O'  
U O U l O O M U i O

CHC13
(yg/D 144



LUUJ U)M

31 30 29 Run
Number

HA HA HA HA HA Precursor
Type

Ul
o

Ul
o

10 M
Ul

5.0 Initial TOC 
(mg/1)

o\ 4> Ch Ov Ch Initial
ci2/toc

7.0 o o

7.0 Ul
Ui PH

20 35 20 20 10 Temperature
°c

<D 4> MCJ'00 4>00-P'MI—‘O VO 4> MCTi004>00̂ >K)|—‘O VO 4> N)OV004^004>MI—‘O VO 4> M0v00^>004>MHO vO 4> MOv004>004>hJ|—‘O
Time
(hours)

+ + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + Cl Residual 
(+/-)*

M rv3 M H H M H 00 o> 0> 00 Ul OJ O U l M M O O H - O O
Ul 4> Ul M M H 1—1 VO 4> 1—1 00 'U Ul UiUiO'^JUi'U'^JO

-U <JV Ul U) U) LO M M O H U) O Ov O O O O O O O O
H H H Hvo ov ru i—• vo -uOUlUiOUiUlOO

M H H M1—1 U) 1—1 vo 00 Ovruo^joui^jooo
CHC13
(yg/D 145



9CLH-n9

Hi1m
(D

n9"Hofi
9"m
MmcnH-cl
99

r f
ft)9O
rt

S'
9

rt
H-

§

38 U)'-U

36 Run
Number

HA HA HA Precursor
Type

Ln
O

Ln
O

5.0 Initial TOC 
(mg/1)

M M Initial
ci2/toc

7.0 O O pH

35 10 10 Temperature
°c

VO -t> Mcnoo4>oo4>-rx)HO vo -P- ro0N00-O004>h0HO LD 4> MGh004>004>tx)|—‘O
Time
(hours)

1 1 + + + + + + + + + + + + + + + + + + + Cl^ Residual 
(+/-)*

Ui Ui 4> U) M  1—1 M  K) M  Ln U) H  Ui Ln L n L n O O O O N C ^ O
N> M  H  HLn Lo N> vD — 1 O'OOO^vl-P'O^LoO

N) M  H  H
H  O  '-J LU 00 (J\
O O O t O N S C T N L J O

CHC13
(Mg/1) 146



APPENDIX B

K , z AND r a

147



148

Parameters Data Type 
Used

pH Temp. TOC Cl :TOC x z Ka r

Run 2 4 HA 7 2 0 5 2 - - .1 5 6 3 113 0 .9 3

Run 10 7 HA 7 2 0 5 4 - - .2 1 9 7 107 0 .9 9

Run 11 7 HA 7 2 0 5 6 - - .23 3 1 114 0 .9 8

Run 33 7 HA 7 2 0 5 6 - - .22 8 4 1 1 0 0 .9 8

Run 36 7 HA . 7 1 0 5 2 - - .28 7 6 63 0 .9 8

Run 37 7 HA 7 1 0 5 4 - - .3 2 5 3 61 1 . 0 0

Run 13 7 HA 7 1 0 5 6 - - .19 1 9 104 0 .9 9

Run 38 7 HA 7 35 5 2 - - .3 1 1 3 147 0 .9 7

Run 32 7 HA 7 35 5 4 - - .2 9 6 8 161 0 .9 7

Run 12 7 HA 7 35 5 6 - - .2 7 0 1 9 184 0 .9 9

Run 30 HA 7 2 0 2 .5 6 - - . 2 2 1 0 6 8 0 .9 9

Run 31 7 HA 7 2 0 1 0 6 - - .22 44 250 0 .9 9

Run 29 7 HA 5 .5 1 0 5 6 - - . 2 3 3 8 69 0 .9 9

Run i  5 HA 5 . 5 2 0 5 6 - - .28 3 3 91 0 .9 9

Run 27 7 HA 5.5 35 5 6 - - .33 5 0 1 1 2 0 .9 8

Run 28 7 HA 8 .5 1 0 5 6 - - .20 9 0 1 2 0 0 .9 8

Run 12 7 HA 8 .5 2 0 5 6 - - .23 0 2 143 0 .9 9

Run 28 7 HA 8 . 5 35 5 6 - - .22 0 8 231 0 .9 8

Run 1-. 7 HA 5 .5 2 0 5 4 - - .23 1 2 38 0 .9 9

Run 16 7 HA 3 .5 2 0 5 4 - - .2 6 3 4 132 0 .9 8

Run 25 7 FA 7 1 0 5 6 - - .19 4 4 34 0 .9 7

Run 23 7 FA 7 2 0 5 6 - - .15 4 2 116 0 .9 3

Run 24 * 7 FA 7 35 5 6 - - .23 7 7 179 0 .9 3

Run 22 7 FA 7 2 0 5 4 - - .17 4 6 104 0 .9 3

Run 21 7 FA 7 1 0 2 .5 5 - - .1 3 2 0 55 0 .9 8

Run 19 7 FA 7 2 0 2 .5 6 - - .22 4 5 58 1 . 0 0

Run 20 7 FA 7 35 2 .5 6 - - .3 1 5 0 77 0 .9 9

Run 18 7 FA 7 2 0 2 .5 4 - - .1 3 1 7 52 0.99
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