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ABSTRACT

Utilities involved in drinking water treatment are faced with a serious challenge in achieving the
balance between pathogen destruction by chlorination and trihalomethanes (THMSs) minimization
below regulatory levels. Mathematical modeling offers an effective tool in cases where the prediction
of THM formation is required. The main purpose of this study is to develop an empirical
mathematical model that would predict the THM formation in water distribution systems on a
laboratory scale. A parallel purpose of the study is to investigate, develop and test procedures for
conducting water quality studies related to THM formation. Different types of regression models
were investigated using backward elimination for the THM model parameters to select the optimum
number of independent variables to be used. The Statistical Package for the Social Sciences backward
regression revealed that there are five possible empirical models that predict the amount of total
THM:s formation as a function of various parameters such as, chlorine concentration, contact time,
and temperature. The fifth model which only considers the free chlorine as independent variable,
explains 80% (R* = 0.8) of the variability in total trihalomethanes (TTHM). This means that the best
regression variable in predicting the TTHM is the free chlorine. The developed model serves as a
basis for conducting further studies of THM formation on real scale water distribution networks.
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1. Introduction

One of the major processes that is applied in the field
of water treatment is the disinfection process. It is used to
protect against microbial contamination of the water. Due
to its high efficiency and the possibility of maintaining
residual disinfectant in water distribution system with
relatively low cost, chlorine is the most commonly used
disinfectant in water treatment. However, chlorine
interacts with organic matter that may be available in the
raw water, such as humic and fulvic acids, to form disin-
fection by-products, such as trihalomethanes (THMs).

*Corresponding author.

THM compounds are the chlorinated and brominated
derivatives of methane, namely, chloroform (CHCL,),
bromodichloromethane (CHBrCl,), dibromochloro-
methane (CHBr,Cl), and bromoform (CHBr;).

The presence of THM compounds in chlorinated
waters was first reported in the US by Bellar et al. in 1974
[1]. A later study by the US National Cancer Institute
(1976) indicated that chloroform, the major component of
THMSs, is an animal carcinogen and, thus, is a suspected
human carcinogen [2]. The carcinogenic effects of bromo-
form and bromodichloromethane were later reported
[3,4]. The levels of THMs are currently limited by US EPA
to 0.1 mg/L in distribution systems serving 10,000 people
or more.
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Uyak [5] estimated the lifetime cancer risk and the
hazard index of THMs through oral ingestion, dermal
absorption, and inhalation exposure from tap water of 15
districts in Istanbul, Turkey. The most dominant THM
compounds are chloroform, bromodichloromethane
(BDCM), and dibromochloromethane (DBCM) in Istanbul
tap water. The results indicated that the major pathway
with higher cancer risk is the oral pathway. The researcher
estimated that approximately 5 of the 8 million Istanbul
residents could get cancer from the daily intake of tap
water.

Water utilities are being forced to keep a sufficient
amount of residual chlorine in the water distribution
system to guard against microbial contamination. On the
other hand, it is necessary to keep chlorine concentration
to a minimum so as to decrease the THM formation
potential. As such, the utilities involved in drinking water
treatment are faced with a serious challenge in finding the
balance between pathogen destruction and THM minimi-
zation as presented in Fig. 1.

Mathematical models for predicting water quality are
considered an effective tool to evaluate water quality
changes in water distribution system [6]. The effective use
of these models would offer a number of benefits to the
water industry. Such models would be useful in pre-
dicting water quality degradation problems, such as the
THM formation.

The formation of THMs in drinking water depends on
various water quality parameters and chlorination con-
ditions. These include the total organic carbon level, the
type of organic precursor, chlorination pH, temperature,
bromide level, chlorine dosage, reaction time, and UV-254
absorbance [7]. However, analytical mechanistic-kinetic
models of THM formation have not yet been developed
mainly because of the complexity of the reactions of
chlorine with organic materials in water. The consump-
tion of chlorine in water occurs through complex con-
secutive and parallel reaction pathways. The rates that
may describe the kinetics of these complex reactions are
generally not well known [8]. As a result, description
based on empirical reaction kinetics models is generally
required.
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Fig. 1. Balance between disinfection and THM formation
potential during chlorination process [4].

In order to describe the mechanisms of THMs
formation and kinetics, several empirical models have
been proposed. Lou and Chiang [9] studied the formation
of trihalomethanes in a water distribution system in Taipei
City (Taiwan) water distribution system. The study
compared the measured values with the calculated values
according toamodel developed for water in a distribution
system. They used a model of formation of TTHM which
was developed earlier to predict the TTHM concentration.
The model took into account dissolved organic carbon
(DOC) concentration, chlorine dosage, temperature, pH,
bromide concentration, contact time, and flow conditions
of the piping system for drinking water. The applied
model tended to overestimate the concentration of TTHM
in the distribution system. As a result of the significant
deviation between the predicted and measured values, the
authors recommended not to apply their model in regu-
latory analysis.

Garcia-Villanova et al. [10,11] studied the formation,
evolution and modeling of THMs in the drinking water
system of a town, both at the treatment facility and in the
distribution system. For the first part of this study samples
were taken at eight points chosen from two conventional
water treatment plants for the city of Salamanca (Spain).
The values obtained were correlated statistically with the
following parameters: concentration of humic acids, pre-
and post chlorination dosages, UV absorbance (UV-254),
pH and temperature. No statistical correlation was
observed either with the humic acid content or with the
organic matter measured as UV-254. So it was concluded
that both pH and temperature increase the concentration
of chloroform, although for each pH value all the In CHCI,
(ng/L) versus temperature curves showed a maximum in
correspondence of a temperature value of 18.97°C, after
which chloroform levels decrease sharply.

In the second stage of the Garcia-Villanova et al. study
[11], six sampling points located at different distances
from the three main supply reservoirs were selected in the
distribution system of the drinking water network of the
city of Salamanca (Spain) in order to follow the evolution
of THMs. Data obtained were correlated statistically with
the chlorination dosages in the treatment plants and the
distribution system, the distances run by the water, the
residual free chlorine and total chlorine, the total organic
carbon (TOC), pH and temperature. Temperature and pH
proved to be the parameters with the strongest influence,
where increasing values of pH and temperature are seen
to increase the level of CHCI, up to a given temperature
value (T = 17.3°C), after which a sharp decrease in the
CHC, content occurs.

Nokesetal. [12] developed a simple kinetic model that
mathematically relates the extent of bromination and the
relative abundance of the four THMs to the [Br]:
[chlorine] ratio. The results of the study show that chlori-
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nation of water containing bromide and natural organic
matter (NOM) leads to the formation of brominated
THMSs. Using US EPA cancer potency factors, the model
was used to predict the relative cancer risk associated with
THMs as a function of the [Br]:[chlorine] ratio. This risk
increases steeply to a peak at a [Br ]:[chlorine] ratio of
approximately 0.15, then gradually decreases to the value
associated with bromoform alone.

Elshorbagy et al. [13] studied the simulation of THM
species in water distribution systems. An approach to
characterize and model the kinetics of THM species in a
water distribution system was presented. The model is
based on nonlinear optimization and capable of modeling
chlorine, total THM, and the single four THM species in
water distribution systems subjected to different varying
loading conditions. The model has been tested and
verified by application to a portion of the Abu-Dhabi
distribution system in the United Arab Emirates.

The present study focused on the modeling of THMs
formation in water distribution systems, so as to develop
an improved understanding of the THMs formation
process.

2. Materials and methods

In order to simulate the water distribution process, a
laboratory-scale unit was constructed. This unit consists of
a dual-loop ductile iron pipe network along with a pump,
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a chlorination unit and a 2 m’ galvanized steel storage
tank. A schematiclayout of the network is shown in Fig. 2.
The pipes are of 100 mm diameter connected to the tank
through a gate valve to control the flow rate. The total
length of the pipes in the laboratory network is 42 m.

In order to get data on THM formation and degra-
dation, several experiments were conducted under
various combinations of experimental conditions (tem-
perature, chlorine concentration, pH, reaction time). The
water used in the experiments was taken from the tap that
complies with drinking water quality standards, stored in
the tank, where it was subjected to the addition of chlorine
and an amount of humic substance was added to reach the
required concentration level. The chlorine was added as
chlorine gas from a cylinder, while the humic substance
was added in the form of humic acid solution prepared
from analytical grade from Acros Organics containing
50-60% humic acid. The concentration of humic acid in all
experiments was 2.5 mg/L. After the addition of the
chemicals, the water was allowed to stay in the reservoir
for various periods of time to achieve the necessary
reaction time specified in the experimental design
(Table 1). The variables examined in the present work
were temperature, pH, chlorine dose and reaction time.
All variables except chlorine dose were measured after
passing the required reaction time. Values of these vari-
ables are listed in Table 1. Mixing of water with chemicals
was achieved as a result of turbulence that created during
tank filling.
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Fig. 2. Schematic diagram of the water distribution network used in the experiments. 1 water tank, 2 water pump, 3 chlorine
cylinder, 4 gas flowmeter, 5 control valve, 6 sampling ports, 7 water outlet.
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By the end of the contact time, samples of water were
withdrawn from the tank. Then, the water was pumped
into the network and more samples of water were
collected from the sampling ports for THM analysis. The
samples were tested for temperature, pH, chlorine and
THM measurements. The samples taken from the network
for THM analysis were replicate.

2.1. Chlorine concentration measurement

The chlorine concentration was measured by the
diethyl-p-phenylenediamine (DPD) method using a Hach
DR /820 colorimeter. Both total and free chlorine were
measured and the combined chlorine was calculated as
the difference between the total and free chlorine values.

2.2. THM measurement

Calibration standard solutions of the four THMs were
prepared from pure Supelco compounds and subjected to
GC analysis. In the sampling bottles, sodium thiosulfate
crystals were added as a preservative to eliminate any
residual chlorine and thus stop the THM formation reac-
tion. THM concentrations were determined using head
space method [9,14] where the THM in the sample is
allowed to volatile in the sampling bottle head space from
where it is collected by syringe and injected into a Varian
gas chromatograph/mass spectrophotometer (GC/MS-
MS) with an MS detector and DB5 capillary column. The
carrier gas was helium, and the retention times on the
column were about 1.58, 2.036, 2.67, and 3.44 min for
chloroform, bromodichloromethane, dibromochlorome-
thane, and bromoform, respectively.

Table 1
Values of the variables that are used in experimental design

Experiment Temp., Free chlorine  Reaction  pH
no. (°C) (mg/L) time (h)

1 16 21.0 24 7.7
2 19 2.6 24 7.4
3 19 9.6 120 6.8
4 18 9.5 24 7.6
5 17 9.5 48 7.0
6 16 9.5 72 7.5
7 18 9.5 24 7.7
8 17 9.5 48 7.4
9 17 21.0 72 7.3
10 18 21.0 96 7.3
11 17 21.0 24 7.4
12 19 5.7 24 6.7
13 40 21.0 24 7.0

3. Results and discussion

Analysis of 13 samples with replicates showed that
THMs were detected in all water samples except two
samples. The samples with no THM could be produced as
a result of analytical error, as in experiment 4, or from the
rapid volatilization of THM due to the high temperature
value as in the last experiment, which was carried out at
40°C. The TTHM concentration ranged from 7 ppb to
313 ppb. Table 2 shows the range of variables used in the
experiment, their means and standard deviations.

3.1. Effect of temperature

A regression analysis was carried out between
InNTTHM and the temperature. As shown in Fig. 3, the
relationship is a polynomial of second order with R* =
0.7327. From the figure it can be observed that TTHM
concentration increases with temperature up to a certain
value (i.e., 17°C) after which the concentration decreases.
This is may be attributed to the fact that temperature
higher than 17°C will lead to THM volatilization. This is
also confirmed by the results obtained from the experi-
ments conducted at 40°C, which gave zero TTHM value.
A similar conclusion was reached by Garcia-Villanova et
al. [11], who noticed that the THM concentration was
reduced after the temperature reached about 19°C, which
was referred to as a critical temperature.

3.2. Effect of free chlorine concentration

Since the greater THM formation is attributed to free
chlorine [11,15], the effect of the free chlorine concen-
tration was considered in this study rather than the total
chlorine concentration. Fig. 4 shows the relation between
In TTHM and the free chlorine concentration, which is a
second order polynomial with R* of 0.795. This suggests
that there is a strong correlation between the chlorine
concentration and TTHM formation, which is confirmed
by the multiple regression, as shown later in the modeling
section.

Table 2
Range, mean and standard deviation values of dependent and
independent variables

Variable Min Max Mean Standard
deviation

TTHM (ppb) 7 313 126 101.4

Temperature (° C) 16 19 17.58 1.08

Free chlorine (mg/L) 2.6 21 12.45 6.65

pH 6.7 7.6 7.31 0.33

Reaction time (h) 24 120 50 33.09
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Fig. 3. Relationship between In TTHM and temperature.
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Fig. 4. Relationship between In TTHM and free chlorine
concentration.

3.2. Effect of the reaction time

Several reaction times were considered during the
experiments, namely 24, 48, 72, 96 and 120 h (Table 1).
Fig. 5 shows the relationship between In TTHM and the
reaction time. As it can be seen from the figure, the
relationship between the two variables can be described
by a second order polynomial with a relatively low
correlation coefficient (R* = 0.31). This poor correlation
value may be explained by the complex response of THM
formation to reaction time. Amy et al. [7] found that the
THM formation was overpredicted at longer reaction
times, while it was underpridicted at a shorter reaction
time. To overcome this problem, a model comprising two
submodels was developed: one submodel for short reac-
tion time and the other for long reaction time. Rathbun
[15] indicated that TTHM formation as a function of
reaction time is a two-phase process: an initial phase
where the concentration increased rapidly and a second
phase where the concentration increased slowly or was
constant.

3.3. Effect of pH

In order to simulate the real characteristics of the
drinking water within the distribution systems, the pH
values were kept relatively constant (i.e., 6.7-7.7) during
the experiments. Thus, within this narrow range of pH
values, it is not expected that this parameter will have a
significant effect on the THM formation. This will be
shown later in the modeling section.

y =-0.0004 x* + 0.0656x + 2.4823

8 2
R*=0.3122
6
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12 24 36 48 60 72 84 96 108 120 132
Reaction time (hr)
Fig. 5. Relationship between In TTHM and reaction time.

4. Development of TTHM model
4.1. Modeling approach

Development of TTHM model is the fundamental
objective of this study. This canbe achieved by developing
a suitable prediction equation for the TTHM concen-
tration. As a result, several experiments were conducted
under various combinations of experimental conditions
(Table 1). The total concentration of TTHM from each
experiment was estimated as the sum of the concen-
trations of the four THM compounds (i.e. chloroform,
bromodichloromethane, dibromochloromethane, and
bromoform).

Multiple regressions are ones of the most widely used
methods in water resources and environmental engineer-
ing applications. Regression has been widely used in
water quality modeling for predicting THM formation in
water distribution systems. Amy et al. [7], Garcia-
Villanova et al. [10,11] and Golfinopoulos et al. [16] used
the multiple regression techniques to analyze and model
the THMs in drinking water systems.

The Statistical Package for Social Sciences (SPSS)
software was used to find the best subset regressions for a
regression problem. The criterion used to define “best” is
R® (in percent):

R*=100 [1-(SSE/SST)] 1)

where R’ is a multiple coefficient of determination which
is a measure of the amount of reduction in the variability
of TTHM obtained using regressor variables, SSE is
defined as the residual sum of squares ( residual means
the difference between the actual TTHM and the pre-
dicted TTHM by the model, and SST is the total corrected
sum of squares of TTHM ( which is sum of the square of
the actual TTHM minus the mean value of TTHM)

4.2. Trihalomethane formation models

One of the most difficult problems in regression
analysis is the selection of the model. This is because in
most cases the independent variables are not statistically
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Table 3
Correlation matrix among the variables used in the regression model
Variable In(TTHM) FCI? T? pH T? FClI
In(TTHM) 1.0 0.343 -0.532 0.174 -0.54 0.479
FCI? 0.343 1.0 -0.461 0.335 -0.467 0.985
T -0.532 -0.461 1.0 -0.575 1.0 -0.528
pH 0.174 0.335 -0.575 1.0 -0.576 0.329
T? -0.54 -0.467 1.0 -0.576 1.0 -0.535
FCl 0.479 0.985 -0.528 0.329 -0.535 1.0
independent but are correlated. Therefore, the first step ¢ Model V:

that should be done in regression analysis is to compute
the correlation matrix of the independent variables. This
correlation matrix is shown in Table 3.

Different types of regression models were investigated
using backward elimination for the THM model para-
meters to select the optimum number of independent
variables to be used. The criteria to select the appropriate
regression model are a high value of R” and the hypothesis
that the number of independent variables does not exceed
4. In addition, all the regression coefficients should be
significantly different from zero at the five percent level of
significance.

In developing the regression model for the TTHM in
this study, the values of experimental factors given in
Table 1 were used. The independent variables were
temperature (T), reaction time (RT), pH, and free chlorine
concentration (FCI), while the dependent variable was
InTTHM. Following the approach described in the pre-
vious section, the results of the regression analysis was a
prediction equation for the TTHM concentration. The
SPSS backward regression indicated that there are five
possible models as follows:
¢ Model I

In(TTHM) = -34.35 + 0.598 FCI-0.0206 (FCI)* + 0.419 pH
+2.86 T+7.821¢° (RT>-3.311¢ > T°

e Model II:

In(TTHM) = -33.849 + 0.566 FCI-0.01948 (FCI)* + 3.136 T
+7.358¢”° (RT)*-3.69¢° T°

e Model III:

In(TTHM) = 1.464 + 0.68 FCI-0.02295 (FCI)*
+5.254¢5 (RT>-2.0¢* T°

e ModelIV:

In(TTHM) = -0.235 + 0.787 FCI-0.02625 (FCI)?
+2.963¢° (RT)

In(TTHM) = -0.335 + 0.825 FCI-0.02755 (FCI)?

where FCl is the free chlorine concentration in mg/L, T is
the water temperature in °C, and RT is the reaction time in
minutes.

The coefficient of determination R*> and the F-test
values of the regression equations are given in Tables 4
and 5, respectively. R” ranges from 0.79 to 0.84 for these
models. Testing the hypothesis that the regression does
not explain a significant amount of the variation in TTHM
concentration indicates that this hypothesisis accepted for
the first model (I) and rejected for the other four models.
As a result, model I is rejected on the basis of the F test.
Analyzing the estimated regression coefficients, the
standard errors of regression coefficients and the calcu-
lated t-value used in testing H:B; = 0 (B, is the regression
coefficient) indicates that not all the regression coefficients
are significantly different from zero at the 5% level of
significance. This is true for all the coefficients in model II.
Thus model II is rejected based on the t-test. Model V is
the most preferable model among the three remaining
modelsbased on both F and ¢-tests. Model IV is the second
preferable model and model Il is the least accepted one.

Accordingly, model V, which only considers the free
chlorine as an independent variable, explains 80% of the

Table 4

Suggested regression models for the TTHM concentration
Model R R? Adjusted R*
I 917° .841 .602

II 913 .833 .667

I .905¢ 819 698

v .898¢ .807 724

Vv .892¢ 795 744

“Predictors (Constant), T?, RT?, FCl, pH, FCI* ,and T.
PPredictors: (Constant), T?, RT?, FCI?, FCL,T.
“Predictors: (Constant), T?, RT?, FCI?, ECl.
4Predictors: (Constant), RT? FCI?, ECL.

Predictors: (Constant), FCl, FC1*
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Table 5
Summary statistics of regression results (ANOVA)

Model Sum of squares df Mean square F Significance

I Regression 11.782 6 1.964 3.523 0.122*
Residual 2.230 4 0.557
Total 14.011 10

II  Regression 11.677 5 2.335 5.003 0.051°
Residual 2.334 5 0.467
Total 14.011 10

III Regression 11.472 4 2.868 6.775 0.021°¢
Residual 2.540 6 0.423
Total 14.011 10

IV Regression 11.302 3 3.767 9.732 0.007¢
Residual 2.710 7 0.387
Total 14.011 10

V  Regression 11.145 2 5.573 15.554 0.002¢
Residual 2.866 8 0.358
Total 14.011 10

*Predictors (Constant), T?, RT?, FCl, PH, FCI? ,and T.
PPredictors: (Constant), T°, RT?, FCI? FCI, T.
“Predictors: (Constant), T?, RT?, FCI?, ECl.
4Predictors: (Constant), RT? FCI?, FCL.

*Predictors: (Constant), FC1>, FCL>.

‘Dependent Variable, In(TTHM).

variability in TTHM, while adding the temperature, pH
and the reaction time to the model will explain only 4%
more in the TTHM variability as shown in Table 4. The
strong influence of the free chlorine on the variability of
the TTHM, as compared to the other independent
variables, is due to the range of the variables values used
in the experimental design. In trying to simulate the real
water conditions within the distribution networks, the
selected range for the pH was 6.8-7.7 and 16-19°C for the
temperature (40°C was selected to check the effect on the
TTHM volatility), which are close to the real values of the
water available in the distribution system. On the other
hand, the free chlorine concentration and the reaction time
may be within the ranges used in the real water distri-
bution systems, especially when the water is stored for
several days in reservoirs as in the case of intermittent
water supply.

5. Conclusions and recommendations

Water utilities are faced with several challenges to
maintain the water quality in the distribution systems.
One of these challenges is the trihalomethanes formation
while protecting against microbiological contamination.
Water quality modeling is a useful tool in this regard that
helps water utilities in establishing operational strategies
to comply with regulation requirements.

The present study is an attempt to develop a mathe-
matical model that predicts TTHM formation in the water
distribution system at a laboratory scale. A multiple
regression technique was used in formulating the model.
The independent variables used in the model were tem-
perature, free chlorine concentration, pH and the reaction
time. The backward elimination produced five models
with different values of correlation coefficients. The most
appropriate model to describe the TTHM formation was
Model V, which relates the TTHM formation to the free
chlorine concentration.

The model developed in this study would serve as a
basis to conduct a study on a real water distribution
network to enable the water utilities to develop strategies
for preventing or minimizing TTHM formation by
keeping it below the regulatory levels, while maintaining
adequate chlorine residual in the system. It is recom-
mended that further studies are needed to relate the THM
formation to pipe network characteristics and conditions.
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