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Abstract A laboratory-scale experiment was conducted to
investigate, evaluate, and model the formation and occur-
rence of disinfection by-product in Nablus water supply under
various operating conditions including chlorine concentra-
tion, natural organic matter (as BOD), and incubation time
of water in the distribution system. The incubation time is
an important factor for Nablus water supply because of its
intermittent nature. Houses and apartments in Nablus receive
water once every two to three days. The results show that the
extent of total trihalomethane (TTHM) formation depends
not only on chlorine concentration in water but also on BOD
contamination level, and the incubation period in pipes.
Results were used to develop an empirical model for pre-
dicting TTHM as a function of Cl2, BOD, and incubation
period. The predictive capacity of the model was in high
correlation with measured TTHM values. Results obtained
and the predictive model developed provide water supply
managers with TTHM prediction capability using the most
important operating parameters of intermittent water supply
systems.
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1 Introduction

Palestinian water supplies have generally very good water
quality at source. However, due to deterioration in water dis-
tribution systems and intermittent pumping regimes, water
disinfection using chlorine either in the form of chlorine gas
or hypochlorite is practiced by all municipalities and/or water
suppliers as a precautionary measure. In addition to that and
due to the poorly controlled disinfection process, there is
a high potential of the reaction of chlorine with naturally
occurring organic compounds and other materials present in
the water source to occur and consequently to form disinfec-
tion by-products (DBPs) such as trihalomethanes (TTHMs)
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and haloacetic acids (HAA5) in water. These DBPs have
been linked with a wide range of adverse human, animal,
and environmental health effects [1–3]. As drinking water
disinfection is inevitable, a fine balance should be achieved
between adequate disinfection and control of DBP formation
in drinking water treatment [4].

The formation, temporal, and spatial variations of DBPs in
drinking water depend on the physicochemical characteristic
of water (pH, temperature, BOD content, etc.) and disinfec-
tants used (type, dose, residual concentration, etc). When
Chlorine is used as disinfectant, detention time of water in
the water distribution system during chlorination is another
important factor to consider.

There have been no systematic measurements of DBPs
made of water supplies in Palestine, and unfortunately, little is
known about the occurrence and growth of DBPs in drinking
water under the intermittent supply conditions experienced
there. However, the results of a recent field survey of Nablus
water supply system indicated the formation and occurrence
of DBPs in all 21 samples collected from various locations in
the system including water roof tanks and water resources.
TTHM level in those samples was found to range from 6 to
153 µg/l [5].

However, there is extensive research work done on the
formation and modeling of TTHM in continuous-pressurized
water supply as the case of most places in the world (devel-
oped as well as developing). However, one important aspect
of this research is that it tackles the formation and model-
ing of TTHM in intermittent water supply conditions such as
those prevailing in Palestine and Jordan.

Therefore, the objectives of this research are to assess
and better understand the formation and occurrence of DBPs
in the Nablus water supply and to develop a relationship

between DBP occurrence and chlorine dose used, organic
matter level, and detention time of water in the distribution
system.

2 Background

2.1 Water Supply in Palestine and Nablus

According to the Palestinian Water Authority [6], the total
Palestinian water supply was 308.7 MCM/year of which
73.1 % was pumped from wells, 8.17 % from springs, and
18.73 % through the Israeli company commissioned by the
Israeli occupational authorities. The total water supply for
domestic purposes was 185.5 MCM/year, distributed as fol-
lows: 86.7 % via piped networks, 3.4 % from tankers, 6.7 %
from rainwater harvesting, and 3.2 % by other means [7,8].
The total daily per capita water supply rates for domestic
purposes in the West Bank range from 43 L/c-d (liters per
capita per day) in the Jenin governorate to 162 L/c-d in the
Jericho governorate (see Table 1 below).

The average rate of unaccounted water (UFW) in urban
water supply systems was estimated at 42 % of total water
supply (it varies between 25 and 55 %); therefore, the average
per capita domestic water consumption in these areas is much
less than that listed above [9].

The City of Nablus is located in the northern West Bank—
Palestinian Territory. The Nablus water supply system started
in 1934 with partial service (50 % of the population). Now,
the system serves 99 % of the 30.58 km2 service areas, which
includes the city itself and several surrounding communi-
ties, with a total of approximately 177,000 people. The water
sources of Nablus include five wells and five springs

Table 1 Quantity of water
supply for domestic sector in the
West Bank, 2010

a Data exclude those parts of
Jerusalem, which were annexed
by Israel in 1967. Source: PCBS
2010 and PWA, 2011 [7,10]

Governorate Water supply
for domestic
sector (MCM)

Population
midyear

Water
consumed
(MCM)

Total losses
(MCM)

Daily allocation
per Capita
(liter/capita/day)

West Banka 85.0 2,275,982 60.3 24.7 73.0

Jenin 6.0 274,001 4.3 1.7 43.0

Tubas 1.7 54,765 1.2 0.5 60.0

Tulkarm 4.6 165,791 2.8 1.8 46.0

Nablus 11.2 340,117 7.9 3.3 64.0

Qalqiliya 4.0 97,447 3.1 0.9 87.0

Salfit 2.6 63,148 2.0 0.6 87.0

Ramallah and Al-Bireh 16.2 301,296 11.9 4.3 108.0

Jericho and Al-Aghwar 3.6 45,433 2.7 0.9 162.0

Jerusalema 4.6 144,740 2.8 1.8 53.0

Bethlehem 10.7 188,880 7.0 3.7 102.0

Hebron 19.8 600,364 14.6 5.2 67.0
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Table 2 Capacity of Nablus water sources

No. Source Average yield
(m3/day)

1 Audala well 5,280

2 Al-Badan well 4,800

3 Al Far’a well 4,320

4 Deir Sharaf well 4,320

5 Sabastia well 8,160

6 Ein Beit El Ma spring 1,574

7 Al-Qaryon spring 1,447

8 Ras Al-Ein spring 1,169

9 Ein Al-Assal spring 457

10 Ein Dafna spring 340

Total 31,867

Data Source: WSD, 2010 [11]

Table 3 Average annual water quality for sources used in Nablus water
supply

Parameter Concentration Parameter Concentration

pH (U) 7.22–7.40 Ca (mg/L) 52–80

Turbidity (NTU) 0.21–0.28 Mg (mg/L) 12–22

NO3 (mg/L) 16–41 Na (mg/L) 12–27

SO4 (mg/L) 6.5–11 K (mg/L) 1–2

PO4 (mg/L) 0 Fe (mg/L) 0

F (mg/L) 0.21–0.25 Zn (mg/L) 0

TDS (mg/L) 247–420 Pb (mg/L) 0

Total alkalinity
(mg/L) as CaCO3

160–240 Cr (mg/L) 0

Total Hardness
(mg/L) as CaCO3

190–290 Cd (mg/L) 0

Cu (mg/L) 0

Br (mg/L) 0.02–0.025

Data Source: Authors

(Table 2), with a total yield of nearly 32,000 m3/d in 2010.
The actual average water consumption in the year 2010 was
72 l/c-d, and the UFW rate was 29 % [11].

Water quality of Nablus water supply is good and
comply with Palestinian drinking water quality standards.
Table 3 includes average annual water quality measurements
for 10 groundwater sources (wells and springs) used in
Nablus water supply.

The distribution network consists of 13 storage tanks, 13
pump stations, and about 304 km of water pipes ranging in
diameter from 2 to 12 in. The existing system consists of a
variety of pipe types: steel (254 km), polypropylene (24 km),
ductile iron (14 km), and high-density polyethylene (12 km)
pipes, and there is a range of pipe ages. While some of the
network is more than 60 years old, most of the pipes (about
224 km) were installed in the last 15 years [11].

The Nablus water system is divided into nine individual
service zones, but some interconnections exist between these
zones. The Municipality supplies the zones intermittently by
opening and closing various valves as necessary, with typ-
ical pumping duration of 8–16 h. For example, in January,
water is pumped to each zone every third or fourth day. In
the high-demand season of summer, water may be pumped
only once every 5–7 days [11]. During the periods of no sup-
ply, the pipes in that zone are drained, which increases the
chance of contaminant intrusion into the pipe network. Due to
this intermittent supply system, most residences are equipped
with roof storage tanks with capacity of up to several cubic
meters.

The only treatment practiced in Nablus water supply is
chlorination using sodium hypochlorite solution. Chlorine is
dosed at each of the storage tanks in the system. A typical
dose is 1 kg of 12 % solution per 200 m3 of water, which
yields a dose of approximately 0.6 mg/L as Cl2. Monitor-
ing indicates that detectable chlorine residual is maintained
throughout most of the system. For example, in 2009, 127 of
130 samples had a detectable (>0.1 mg/L) chlorine residual
(range=0.1–1 mg/L, mean=0.43 mg/L, median=0.4 mg/L)
[12].

2.2 Disinfectants and Disinfection By-products Formation
and Operational Challenge

There are many known organic and inorganic DBPs, as well
as possibly as yet unidentified DBPs formed in disinfected
water. Total trihalomethanes (TTHM—chloroform (CHC13),
bromoform (CHBr3), bromodichloromethane (CHBrCl2),
and dibromochloromethane(CHBr2Cl) and haloacetic acids
(HAA5—monochloro-, dichloro-, trichloro-, monobromo-,
dibromo-) are widely occurring classes of DBPs formed dur-
ing disinfection with chlorine and chloramine. These DBPs
generally form at much lower levels when chloramine is
used instead of chlorine. The amount of trihalomethanes and
haloacetic acids in drinking water from one water system
can change from day to day, depending on the season, water
temperature, amount of chlorine added, the amount of plant
material in the water, and a variety of other factors. The four
THMs (TTHM) and five HAAs (HAA5) measured and reg-
ulated in the Stage 2 DBPR act as indicators for DBP occur-
rence. There are many other known DBPs, in addition to
the possibility of unidentified DBPs present in disinfected
water [13]. Total organic carbon and bromate are the two
major compounds reacting with chlorine to form TTHM. In
general, all types of disinfectants produce and form a vari-
ety of oxidation and disinfection by-products [3,14,15]. For
example, Chlorine and hypochlorite can form halogenated
by-products such as trihalomethanes and haloacetic acids;
ozone can form bromate and chlorite; chlorine dioxide can
form chlorite and chlorate; chloramines can form genotoxic
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iodo-acid DBP; and non-aromatic compounds may be sig-
nificant sources of DBP precursors

Other chlorination DBPs include chloral hydrate, haloace-
tonitriles, halopropanones, and chloropicrin. Cyanogen chlo-
ride is a unique DBP in chloraminated waters. Aldehydes,
ketoacids, and carboxylic acids are organic by-products com-
monly detected in ozonated waters.

The health impacts resulting from ingesting DBPs are
important, of concern, and a big challenge due to the fact that
the majority of people drink water from public water supply.
A convincing proof suggests that DBPs have already begun
to cause large-scale damage to the health of humans, ani-
mals, and wildlife [16,17]. Reports indicate that DBPs when
ingested will react with human body’s internal parts content
and may result in various health impacts such as liver, pan-
creas, and kidney tumors [18–22]; red blood cells decrease
[23,24]; cancer to bladder, colon, rectum, and urinary track
[1,2,25–35]; cardiovascular diseases [36,37]; growth retar-
dation [38–43]; birth defects; pregnancy failure; and abortion
[44–49] and other (immune suppression and cancer, breast
cancer, cognitive/behavioral deficits, and wildlife).

Although these impacts are not yet fully confirmed and
still under evaluation and discussion by scientists, govern-
ments, and researchers, the long-term impacts of DBPs
should be taken into consideration.

The levels of certain DBPs formed from chlorine are
strictly regulated because of their known potential as muta-
gens or carcinogens [21,35].

It was reported that as of 2009, there have been more than
48 scientific publications reporting 118 models to predict
DBP formation in drinking waters [50]. However, this abun-
dance of research work and data was generated for medium
and large continuous supply systems, and very little was done
on modeling DBP formation in small intermittent water dis-
tribution systems.

2.3 Regulating and Modeling DBP Exposure
Concentrations

Because of their high occurrences in drinking water and
potential health risks, DBPs are regulated in drinking water
by the US EPA. The Total Trihalomethane Rule established
a maximum contaminant level (MCL) of 100 mg/L for four
THMs in finished water [51]. The Stage 1 Disinfectants and
Disinfection By-products Rule established MCLs at 80 mg/L
for four THMs, 60 mg/L for five HAAs, 10 mg/L for bromate,
and 1 mg/L for chlorite [15,41].

3 Methods and Materials

This study included a field study and a laboratory study.
The field campaign measured TTHM concentrations at 21

Fig. 1 Schematic diagram of experimental setup

locations within the Nablus water network, while the lab-
oratory study evaluated TTHM formation in pipes under a
variety of controlled conditions. The field survey results were
reported by Jodeh et al. [5]. The laboratory experiment results
will be presented and discussed in this article.

3.1 Experimental Setup: Laboratory Pipe Study

A laboratory-scale pipe experiment was conducted at the
Water and Environmental Studies Institute (WESI) labora-
tory at An-Najah National University in Nablus. The labo-
ratory was kept at a constant temperature of 26 ◦C for the
duration of the experiment.

Three pipe materials were studied: old steel, new steel,
and new polypropylene. Old steel pipes (15–20 years old)
were obtained when the Nablus Municipality Water Depart-
ment removed pipes from their existing network. New steel
and polypropylene pipes were obtained from a local supplier.
Triplicate 3-m sections of each pipe material were mounted
on steel stands with a 3 % slope, for a total of nine pipes
studied. Each pipe had a valve at each end (Fig. 1).

Some variables were not tested such as pH and tempera-
ture because of their values in the system are constant (pH
of water around 7 most of the year) or difficult to control
(temperature).

A total of six testing rounds (R) were conducted with the
nine pipes, for an overall number of 54 samples (Table 4).
The nine pipe segments were filled with water of varying
quality as follows:

• For each pipe material, pipes were filled with Nablus tap
water, supplemented with chlorine doses of 0.3, 0.6, and
0.9 mg/L. These values are typical of free chlorine residual
levels reported in the Nablus water system over 16 years
of monitoring.
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Table 4 Description of experimental program

Pipe type Diameter
(mm)

Length (m) Number
of pipes

Incubation period 1 = 72 h Incubation period 2 = 120 h

CL2 doses
(mg/L)

BOD level
(mg/L)

CL2 doses
(mg/L)

BOD level
(mg/L)

New steel (NS) 50 3 3 R1—0.3 0 R4—0.3 0

10 10

30 30

R2—0.6 0 R5—0.6 0

10 10

30 30

R3—0.9 0 R6—0.9 0

10 10

30 30

Old steel (OS) 50 3 3 R1—0.3 0 R4—0.3 0

10 10

30 30

R2—0.6 0 R5—0.6 0

10 10

30 30

R3—0.9 0 R6—0.9 0

10 10

30 30

Polypropylene (P) 63 3 3 R1—0.3 0 R4—0.3 0

10 10

30 30

R2—0.6 0 R5—0.6 0

10 10

30 30

R3—0.9 0 R6—0.9 0

10 10

30 30

R = Testing round

• For each pipe segment filled with each chlorine dose, the
water was mixed in separate rounds with three BOD con-
tamination levels: 0, 10, and 30 mg/L (maximum level of
BOD ever found in Nablus water supply).

• Two incubation periods were applied for water in the pipes:
72 and 120 h (the same periods used in Nablus water supply
system for intermittent pumping).

For chlorine dosing, the residual chlorine of the tap water
was first measured using a Hach colorimetric test. Then, the
appropriate amount of chlorine was added (using sodium
hypochlorite solution) as required to achieve the required
dose. The residual chlorine was measured again after chlorine
addition to ensure the proper value was achieved.

Because a total organic carbon analyzer was not avail-
able, organic content was monitored using biochemical oxy-
gen demand (BOD). To add organic matter, solid waste was

obtained from a chicken farm in Nablus City, dried in sun-
light, and ground to the size of a sesame seed (approximately
1 mm). One gram of waste was soaked in 1 L of water for
2 days; the BOD measured after five days was 100 mg/L.
This solution was then diluted with tap water to the appropri-
ate BOD concentration. Initial BOD in tap water was mea-
sured prior to adding organic matter and was zero for all
samples.

Samples were collected at the end of each experimental
round in 1-L glass bottles with Teflon-lined screw caps. The
sample bottles were filled to the rim from the water valve at
the lower end of each pipe segment and 0.l g of sodium thio-
sulfate (Na2S2O3 5H2O analytical grade POCH SA, Gliwice)
was added to each sample to quench any remaining chlorine
residual and stop the formation of THMs. Bottles were then
capped and preserved in a refrigerator at 4 ◦C until analysis,
with a maximum holding time of 3 days.
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3.2 Analytical Methods

For each sample Cl2, BOD, pH, temperature, and DBPs were
analyzed according to the standard methods for the exami-
nation of water and wastewater [52].

3.2.1 TTHM Extraction

The DBP compounds were separated from the water samples
by SPME technique and as described by Luks-Betlej and
Bodzek [53].

A micro-extraction time of 8 min and mixing the sam-
ple at 400 rpm achieved equilibrium conditions. After the
set time of the micro-extraction, the fibers were immediately
inserted into the injector of GC/MS of PerkinElmer Clarus
500 Gas Chromatograph–Mass Spectrometer, where the des-
orption took place within 2 min at 170 ◦C. The time of ther-
mal desorption was verified by fiber purity control by blank
test; moreover, the fibers were cleaned at 250 ◦C, before each
extraction. Two hundred extractions were performed with the
PDMS fibers.

3.2.2 TTHM Analysis

A PerkinElmer Claurus 500 GC/MS was used for TTHM
analysis. The chromatograph was equipped with 560D MS
detector and a column of Elite 5MS with poly(dimethy
lsiloxane) phase (30 m×0.25 mm×0.25 µm film thickness).
The parameters of chromatographic analysis were as follows:

• Stock solutions of 5,000µg/mL of each chemical dissolved
in methanol were made. The solutions were kept refriger-
ated in amber-colored vials.

• Temperatures: split/splitless injector 170 ◦C, detector
250 ◦C; program: 30 ◦C (5 min), 30–120 ◦C (9 ◦C min),
120 ◦C (10 min). Carrier gas He: 20 cm /s; desorption time
from the fibers: 2 min.

• To make calibration curves, aliquots dissolved in methanol
with concentration of 5,000µg/mL of all standards were
applied. The solutions were kept refrigerated in amber-
colored vials. The basic aliquots were dissolved with
methanol in order to prepare spiked water solutions for
making calibration curves.

• Calibration curves for chloroform (CHC13) were made for
the concentration range 5–30µg/L, for bromodichlorome
thane (CHBrCl2) 0.25–4µg/L, dibromochloromethane
(CHBr2Cl) 0.5–5µg/L, bromoform (CHBr3) 0.05–0.1
µg/L, respectively. Calibration curve details are shown in
Table 5.

Calibration curves for four THMs determined by the
SPME-GC/MS method were estimated. Each of the four

Table 5 Calibration curves correlation coefficients

Compound ba aa r2 RSD % Detection
limit ppb

CHBrCl2 145.7 1,212.3 0.998 6–10 2.1

CHBr2Cl 414.7 1,220.8 1 3–5 3.1

CHBr3 −10.36 782.4 0.999 3–12 3.2

CHC13 −22.82 308.9 0.999 3–10 2.5

a Linear regression constants y=ax+b

compounds was measured individually, and the TTHM was
calculated as the sum of the four concentrations.

4 Results and Discussion

Results obtained for the TTHM formation in water pipes
under various test conditions are summarized in Tables 6
and 7 and Figs. 2 and 3.

4.1 Effect of BOD in Water on TTHM Formation

In the presence of soluble organics in water (measured
as BOD) for all types of pipe material, the TTHM concen-
tration increased in water as both the chlorine concentra-
tion increased and incubation period in pipes increased. This
increase was highest in old steel pipes, then new steel pipes,
and the least was in polypropylene pipes (see Tables 6, 7;
Figs. 2, 3). This result is in agreement with the work of Stu-
art et al. [54]. For zero addition of BOD and for the three
types of pipes, there was an increase in TTHM concentra-
tions for chlorine dose (Cl 0.36–0.62) and then there was a
decrease for the second chlorine dose (Cl 0.62–0.90). This
decrease probably due to decay of one or more of the four
TTHM compounds (see Tables 6, 7; Figs. 2, 3).

TTHM Data shown in Tables 6 and 7 indicated that

• In the absence of BOD and for under all test conditions,
TTHM was formed and occurred.

• The TTHM rate was decreasing as initial chlorine concen-
tration in water was increasing. This decrease was the high-
est in old steel pipes and with longer incubation period.

• In general, there was no TTHM rate trend for initial BOD
concentration and incubation period change.

• The TTHM rate for the 120-h incubation period was
decreasing with increasing initial BOD and chlorine con-
centration. This decrease might be attributed to that with
longer incubation periods, TTHM concentration start to
decompose.

• The TTHM rate as a function of increasing initial chlo-
rine and BOD concentration was higher for polypropylene
pipes than old and new steel pipes.
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Table 6 Summary of TTHM formation in water pipes under various test conditions

BOD (mg/L) T (h) Cl2= 0.36 mg/L Cl2= 0.62 mg/L Cl2= 0.9 mg/L

Sample no. TTHM (µg/L) Sample no. TTHM (µg/L) Sample no. TTHM (µg/L)

0 72 OS1/1 111 OS3/1 118 OS2/1 123

0 120 OS1/2 131 OS3/2 211 OS2/2 169

10 72 OS1/3 121 OS3/3 160 OS2/3 188

10 120 OS1/4 148 OS3/4 215 OS2/4 298

30 72 OS1/5 176 OS3/5 288 OS2/5 326

30 120 OS1/6 193 OS3/6 298 OS2/6 357

0 72 NS1/1 88 NS3/1 89 NS2/1 94

0 120 NS1/2 92 NS3/2 187 NS2/2 114

10 72 NS1/3 93 NS3/3 151 NS2/3 162

10 120 NS1/4 136 NS3/4 201 NS2/4 276

30 72 NS1/5 156 NS3/5 262 NS2/5 302

30 120 NS1/6 171 NS3/6 281 NS2/6 319

0 72 PP1/1 63 PP3/1 81 PP2/1 72

0 120 PP1/2 74 PP3/2 163 PP2/2 89

10 72 PP1/3 74 PP3/3 138 PP2/3 157

10 120 PP1/4 111 PP3/4 193 PP2/4 259

30 72 PP1/5 141 PP3/5 238 PP2/5 287

30 120 PP1/6 159 PP3/6 273 PP2/6 307

OS Old steel pipe, NS new steel pipe, PP polypropylene

Table 7 Percent change in TTHM under various test conditions

Pipe concentration Percent increase in TTHM

Initial BOD = 0 mg/L Initial BOD = 10 mg/L Initial BOD = 30 mg/L

t=72 h t=120 h t=72 h t=120 h t=72 h t=120 h

Old steel pipe

Cl 0.36–0.62 6 38 24 31 39 35

Cl 0.62–0.90 4 −20 15 28 12 17

New steel pipe

Cl 0.36–0.62 1 51 38 32 40 39

Cl 0.62–0.90 5 −39 7 27 13 12

Polypropylene Cl

0.36–0.62 22 55 46 43 41 42

Cl 0.62–0.90 11 −45 12 26 17 11

It is important to note that the formation and occurrence of
TTHM in water with initial zero or no BOD presence prob-
ably due to chlorine reaction with other compounds found
in the water other than BOD. In this regard, it was reported
by Cooke and Kennedy [55] that the formation and occur-
rence of DBP in drinking water could start before the water
treatment plant (chlorine addition) due to the presence of
taste and odor-causing matters and algae and/or the emer-
gence of chemical solvents and refrigerants to water sources
from industrial sources [56–58]. Further studies are needed to

explore this point and decide on the source of TTHM (DBPs)
reaction when no initial BOD or soluble organics present in
water.

4.2 Effect of Chlorine Presence in Water on TTHM
Formation

The presence of chlorine in water and in all pipe material
has resulted in direct positive increase in TTHM formation
regardless of soluble organics presence. The levels of TTHM
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Fig. 2 TTHM pipe experiment results for t=120 h
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Fig. 3 TTHM pipe experiment results for t=72 h

formed for chlorine concentration equal or less than 0.9 mg/L
were within accepted USEPA [42] and Palestinian standards
of 80 and 250 mg/L, respectively. Results indicate that with
chlorine concentration in water up to 1.0 mg/L, incubation
period of 72 h, and BOD up to 10 mg/L, TTHM formation
was under or within Palestinian drinking water standards
[59]. However, these TTHM concentrations do exceed and
in some cases over double USEPA standards. A result that
clearly question the effectiveness and safety of Palestinian
TTHM standards. As chlorine concentration and the incuba-
tion period increased, TTHM exceeded both Palestinian and
USEPA standards.

4.3 Effect of Incubation Period on TTHM Formation

Results obtained indicated the direct positive effect of the
incubation period of water in pipes on TTHM formation
except at high chlorine dose and incubation period of 120 h
decrease was observed due to decomposition of TTHM.

Fig. 4 Relation between measured and predicted TTHM

4.4 Effect of Pipe Material on TTHM Formation

It is clear from the obtained results that in regard to TTHM
formation in water pipes, the propylene pipes and under
all conducted test conditions were with minimum and less
TTHM formation in water incubated than in other pipes and
accordingly represent the best pipe material among the three
tested pipe types to be used in the conditions tested under
this research.

4.5 Development of Predictive Model for TTHM Formation

In order to predict the occurrence of TTHM in drinking
water, nonlinear regression analysis using SPSS [60] was
used to develop a predictive model. The model expresses
total trihalomethane (TTHM) concentration in terms of BOD,
Cl2concentration, and incubation time.

The proposed model is

TTHM = 24.758 × BOD0.3292 × Cl20.5579 × t0.3386

where TTHM, Trihalomethane in mg/L; BOD, Biological
oxygen demand in mg/L; Cl2, chlorine concentration in
mg/L; tincubation period in hours.

The model indicates that chlorine presence in water has a
higher impact on TTHM formation than BOD or incubation
period. The plot of predicted TTHM values by the model
versus the measured ones indicates good correlation (Fig. 4).

A comparison of model predicted TTHMs with actual
measurements for 21 field samples taken from Nablus water
supply system (see Fig. 5 below) indicates a fair agreement
between the two, although the correlation coefficient was low
(r=0.55).

4.6 Potential Application of the Model

Applying the developed model to various Cl2 concentrations,
BOD water contamination levels and incubation periods of
water in pipes point toward the following:
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Fig. 5 Relation between measured and predicted TTHM (Field Data)

In case of fixed BOD in water at 10 mg/L and incubation
period in pipes at 72 h and variable chlorine concentration in
water, the maximum allowable Cl2 concentration in water to
fulfill Palestinian Standards is 1.2 mg/L and with EPA stan-
dards is 0.2 mg/L. The predicted TTHM by the model indi-
cates that the permissible TTHM by USEPA standards of 80
TTHM seems very practical and safe, while the permissi-
ble TTHM by the Palestinian standard of 250 TTHM is the
opposite.

In case of fixed chlorine concentration in water of
0.62 mg/L and incubation period in pipes at 72 h and vari-
able BOD concentration in water, the maximum allowable
BOD concentration in water to fulfill Palestinian Standards
is 30 mg/L and with EPA standards is 4 mg/L. Again, and in
this case, the predicted TTHM by the model indicates that
the USEPA standards seem very practical and safe, while the
Palestinian standard is the opposite.

In case of fixed chlorine concentration in water of 0.62 and
10 mg/L BOD concentration in water, and variable incubation
period in pipes, the maximum allowable incubation period
in pipes to fulfill Palestinian Standards is 238 h and with
EPA standards is 8 h. Again, and in this case, the predicted
TTHM by the model indicates that the USEPA standards
seem very practical and safe, while the Palestinian standard
is the opposite.

As shown above, the developed model effectively and rea-
sonably predicts TTHM concentrations at various conditions.

5 Conclusions

The data obtained from the pipe segments experiment indi-
cate that

• TTHM formation in water is influenced not only by chlo-
rine concentration in water but also pipe material, BOD
contamination level, and incubation time of water in the
pipe.

• Results obtained were used to develop an empirical model
for TTHM prediction as a function of chlorine concen-
tration in water, BOD contamination level in water, and
incubation time in pipes.

• The presence of chlorine in water and in all pipe material
resulted in direct increase in TTHM formation regardless
of soluble organics presence or extent.

• TTHM formation under all test conditions was highest in
old steel pipes, then in new steel pipes and the least in
polypropylene pipes.

• At average operating conditions, as the incubation period
of water in pipes increased, TTHM formation in water also
increased

• TTHM concentration in water increased as both the BOD
concentration and the chlorine concentration in water
increased.

• The developed model effectively and reasonably predicts
TTHM concentrations at various conditions.

• Further studies are needed to explore this point and decide
on the source of TTHM (DBPs) reaction when no initial
BOD or soluble organics present in water.
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