
270 © IWA Publishing 2015 Journal of Water and Health | 13.1 | 2015

Downloaded fr
by guest
on 19 October 
Monitoring of chlorination disinfection by-products and

their associated health risks in drinking water of Pakistan

Sidra Abbas, Imran Hashmi, Muhammad Saif Ur Rehman, Ishtiaq A. Qazi,

Mohammad A. Awan and Habib Nasir
ABSTRACT
This study reports the baseline data of chlorination disinfection by-products such as trihalomethanes

(THMs) and their associated health risks in the water distribution network of Islamabad and

Rawalpindi, Pakistan. THM monitoring was carried out at 30 different sampling sites across the twin

cities for 6 months. The average concentration of total trihalomethanes (TTHMs) and chloroform

ranged between 575 and 595 μg/L which exceeded the permissible US (80 μg/L) and EU (100 μg/L)

limits. Chloroform was one of the major contributors to the TTHMs concentration (>85%). The

occurrence of THMs was found in the following order: chloroform, bromodichloromethane>

dibromochloromethane> bromoform. Lifetime cancer risk assessment of THMs for both males and

females was carried out using prediction models via different exposure routes (ingestion, inhalation,

and dermal). Total lifetime cancer risk assessment for different exposure routes (ingestion,

inhalation, and skin) was carried out. The highest cancer risk expected from THMs seems to be from

the inhalation route followed by ingestion and dermal contacts. The average lifetime cancer risk for

males and females was found to be 0.51 × 10�3 and 1.22 × 10�3, respectively. The expected number

of cancer risks per year could reach two to three cases for each city.
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INTRODUCTION
The availability of clean and safe drinking water is one of the

major concerns in developing countries. Intake of poor qual-

ity drinking water may lead to several health risks to the

community, and eventually, it affects the magnitude of the

healthcare budget. Thus, it is important to appropriately

manage and treat drinking water for the benefit of society.

Contaminated drinking water is a major carrier of disease

causing organisms; these pathogenic organisms may pose

a serious threat to human health (Ashbolt ; Duke

et al. ).

Currently, almost one-half of the population of Paki-

stan has no or little access to potable drinking water

(PCRWR ), whereas only one-quarter of the whole

population has access to clean drinking water in Pakistan

(Hashmi et al. ). Approximately 70% of Pakistan’s
surface and sub-surface water supply sources are not appro-

priate for drinking due to significant organic, inorganic,

and biological contamination (PCRWR ; Baig et al.

). Therefore, disinfection plays a significant role in the

supply of safe drinking water. The destruction of microbial

pathogens is essential and very commonly involves the use

of reactive chemical agents such as chlorine. Chlorination

is one of the most common methods for water disinfection

due to its effective oxidizing potential, cost–effectiveness,

and simplicity of operation (Karim et al. ; Pardakhti

et al. ; Chowdhury a, b). Chlorination inacti-

vates pathogenic organisms responsible for waterborne

diseases such as cholera, typhoid fever, and dysentery. Fur-

thermore, residual chlorine restricts the microbial

recontamination throughout the water distribution system
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(Hassan et al. ). However, chlorination may form

chlorination disinfection by-products (CDBPs) due to the

oxidation of organic matter, anthropogenic contaminants,

and bromide/iodide present in most surface water

resources (rivers, lakes, and many groundwaters). The

residual chlorine reacts with natural organic matter

(NOM). CDBPs normally include trihalomethanes

(THMs), which are considered potential carcinogens (Bis-

chel & von Gunten a; Imo et al. ). Generally,

disinfection of surface water produces more THMs as com-

pared to groundwater due to the presence of high organic

matter (Hassan et al. ).

More than 600 DBPs have been reported in drinking

water after disinfection. There are two major types of

chlorinated disinfection by-products, THMs and haloacetic

acids (HAAs). According to Rook (), THMs have

further been categorized into four main species: chloro-

form (CHCl3), bromodichloromethane (CHBrCl2; BDCM),

dibromochloromethane (CHBr2Cl; DBCM), and bromo-

form (CHBr3). Bull et al. () have reported that these

CDBPs are not only mutagenic but also potential carcino-

gens. Many recent studies indicate a connection between

cancer and exposure to THM-contaminated potable water

(Goi et al. ). These CDBPs pose a threat to human

health even at very low concentrations. The potential

health effects include different kinds of cancers, reproduc-

tive disorders, miscarriages, and birth defects (Wright et al.

; Ristoiu et al. ). CDBPs formation depends on the

amount and chemical composition of organic species pre-

sent in water along with other factors such as

temperature, pH, chlorine dose, and retention time.

Humans are exposed to these THMs via oral, inhalation,

and dermal routes. Thus, monitoring of THMs has

become mandatory to ensure the public’s health against

their carcinogenic and non-carcinogenic risks, associated

with public water supplies (Lee et al. ; Mallika et al.

; Chowdhury et al. a, b; Karim et al. ; Par-

dakhti et al. ).

This study aims at the monitoring of THMs in drinking

water supplies in the twin cities of Rawalpindi and Islama-

bad, and to predict cancer and non-cancer risk associated

with THMs via three different routes using different

models.
s://iwaponline.com/jwh/article-pdf/13/1/270/397051/jwh0130270.pdf
MATERIALS AND METHODS

Sampling area

Rawalpindi and Islamabad are known as twin cities of Paki-

stan with more than two million inhabitants. These cities are

supplied with drinking water from Rawal Lake, Simly Dam,

and Khanpur Dam after being treated in their respective

water treatment plants. Simly Dam is the largest water reser-

voir with a total depth of approximately 2,300 ft (701 m).

Disinfection by chlorination is practiced at Simly, Khanpur,

and Rawal Dam filtration plants as means of water disinfec-

tion, and treated water is supplied to the public via

distribution networks. Surface water from these resources

is filtered and then it is subjected to on-site chlorination

(Hashmi et al. ). This chlorination is carried out by

non-technical staff based on their experience rather than

exact calculations. The chlorinated water is, thus, supplied

to the twin cities. Thirty sites were selected for sampling

across the twin cities (Figure 1). Three replicate samples

were collected from each of the 30 locations. The samples

were taken directly from consumers’ taps after letting the

water run for several minutes before collecting the water

in pre-cleaned glass containers with sodium thiosulfate

(10 mg for 10 mL of sample) preservative to eliminate any

residual chlorine (APHA ). Samples were collected in

40 mL vials. Vials were completely filled with the samples

leaving no headspace, and were stored below 4 WC in a

dark room for further analysis (Norin & Renberg ).

All samples were analyzed within 14 days of collection

for quality assurance. Much care is needed in sample collec-

tion. No air bubbles should pass through the sample as the

bottle is filled, or be trapped in the sample when the bottle

is sealed. Samples were collected from (1) underground sto-

rage tanks, (2) consumer taps, and (3) overhead reservoirs.

All the samples were collected in triplicate. Measurement

of pH, temperature, and residual chlorine were carried out

in the field as mentioned in Standard Methods for the Exam-

ination of Water and Wastewater (APHA ). Other

measurements were done in the laboratory.

Water samples were collected from the main water

supply systems and treatment plants. The pretreated water

samples were collected in 1 L sterilized glass bottles. The



Figure 1 | Map showing sampling sites of Rawalpindi and Islamabad (Courtesy Google

Maps).
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glass bottles were cleaned and air dried in a hot oven at

100 WC for 30 minutes prior to use. After drying, the glass-

ware was sealed and stored in a clean environment to

prevent any accumulation of dust or other contaminants.

They were store inverted and capped with aluminum foil.

For THMs analysis, samples were collected in 40 mL

clean glass vials. For head space solid phase micro-extrac-

tion (SPME) 25 mL of vial were filled with water and the

remaining 15 mL was left for head space. For liquid SPME

glass vials were fully filled with water.

Chemicals and standards

Chloroform (CHCl3), bromodichloromethane (CHBrCl2),

dibromochloromethane (CHBr2Cl), and bromoform

(CHBr3) were purchased from Dr Ehrenstrofer (Germany).

Standard stock solution of individual THMs were prepared
om https://iwaponline.com/jwh/article-pdf/13/1/270/397051/jwh0130270.pdf

2018
by mixing 10 μL of the standard analyte in 100 mL GC-

grade methanol and stored in sealed glass bottles at 4 WC.

DBP analysis

THM concentration was measured with a gas chromato-

graphy/electron capture detector (GC/ECD) equipped

with fused silica capillary column. Gas chromatographic

analysis was performed using a Shimadzu 2010 series gas

chromatograph coupled with ECD detector.

For sample extraction, the SPME technique using Supleco

cat. No.57344-U manual solid-phase microextraction fiber

assembly fitted with a 75 μm (Car PDMS) fiber was used.

The column used was fused silica capillary with a length of

30 cm, inner diameter 0.53 mm, thickness 0.88 μm and filling

material of 5% diphenyl, 95% dimethyl-polysiloxane.

Fiber was first conditioned at 280 WC for 1 h before use.

All the samples were analyzed within 2 weeks of collection

following USEPA method 551.1 and 552.2 (USEPA a,

b). Extraction was performed with fiber immersed in

the headspace for extraction for 10–15 min at 25 WC. Two

microliters of the THMs extracts were analyzed. Procedural

calibrations were developed using THMs (chloroform, bro-

modichloromethane, dibromochloromethane, bromoform)

standards. Furthers details of the experimental procedures

and calibrations can be found elsewhere (USEPA a).

More details of the GC-FED analysis can also be found in

the literature (Ghaffar et al. ; Amjad et al. ).

Exposure assessment

Exposure assessments were conducted based on the

measured concentration of THMs in drinking water. Carci-

nogenic risks of exposure to THMs levels were calculated

on the basis of other recently reported studies (Basu et al.

; Pardakhti et al. ; Lee et al. ). Oral ingestion

and dermal absorption were considered as the two impor-

tant ways for exposure to THMs. The cancer risks through

inhalation, ingestion, and dermal contact for each of the

four THMs were calculated as the product of their chronic

daily intake (CDI) and the potency or the slope factor

(SF), that is, CDI × SF. The CDI of each THM species

through oral ingestion and dermal absorption were esti-

mated as follows. The assessment was performed on all
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three entry routes including oral ingestion, inhalation, and

dermal absorptions using CDI estimation. Showering was

considered as a major route for inhalation and dermal

absorption (Wang et al. ; Pardakhti et al. ). CDI

values for different routes were calculated using the follow-

ing equations (Pardakhti et al. ; Lee et al. ):

Oral ingestion mg=kg-dayð Þ
¼ CW × IR × EF × ED × CF½ �= BW ×ATð Þ (1)

Dermal absorption mg=kg-dayð Þ
¼ DA × SA × F × EF × ED½ �= BW ×ATð Þ (2)

DA mg=m2:showerð Þ ¼ 2FA × Pd × CW
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(6τ × t)=Π

p
ð2aÞ

Inhalation absorption mg=kg-dayð Þ
¼ C air × R × t × F × EF × ED × CF½ �= BW × ATð Þ (3)

C air can be estimated as follows using the two-resist-

ance theory (Little ):

C air ¼ QW × Pv × CW 1� e�Ka:tð Þ=Ka:V (3a)

Total Risk ¼ CDI Ingestion × CSF Oralð Þ
þ CDI Inhalation × CSF Inhalationð Þ
þ CDI Dermal × CSF Dermalð Þ (4)

The values of input parameters and cancer slope factors

(CSF) are given in Table 1.
RESULTS AND DISCUSSION

THMs analytes mixture

The current study shows that the concentration of THMs is

relatively higher as compared to other published literature,

as shown in Figures 2–6. The occurrence of residual chlor-

ine in the effluent in the drinking water chlorination

treatment plant may also contribute to high levels of

THMs in the drinking water distribution network (Imo
s://iwaponline.com/jwh/article-pdf/13/1/270/397051/jwh0130270.pdf
et al. ). In this research, the sampling sites were fairly

distant from the main water storage facilities and chlori-

nation plant, which may be the probable reason for higher

THMs concentration in drinking water. The higher values

of total trihalomethanes (TTHMs) in Islamabad than in

Rawalpindi could be elucidated on the basis of the main

source of drinking water supply. Islamabad is mainly sup-

plied with surface water, whereas Rawalpindi can access

groundwater as well as a water supply from the chlorination

plant. Groundwater does not have much NOM which con-

tributes to the formation of higher concentrations of

THMs (Imo et al. ). Thus it can be stated that the pres-

ence of higher concentrations of chloroform in Islamabad

was mainly due to the supply of surface water. Surface

water was susceptible to containing higher organic matter

compared to well water due to excessive vegetation and

high temperature throughout the year. Chlorine treatment

of such surface water, with higher organic matter, leads to

the formation of high concentrations of chloroform in the

downstream water supply (Imo et al. ). This can be

observed in the high concentration of TTHMs at sampling

station 9. Again, the probable reason may be the distance

of this station from the treatment plant and the high organic

content in the main water reservoirs that is further treated at

the main filtration plant supplying water to that area. Almost

95% of samples were contaminated with THMs. Chloroform

was found to be a maximum in all samples from the entire

drinking water supply network, i.e., underground tank, over-

head reservoir, and filtration plants. The concentration of

BDCM was between 0.5 and 33.2 mg/L for all locations,

whereas the concentration of DBCM was detected in the

range of 1.09–18 mg/L. Bromoform was only detected at

four locations (data not shown). Thus, chloroform alone

contributed more than 90% at all the sampling sites.

BDCM and DBCM made a trivial contribution of 5–10%

and 0–5%, respectively. Bromoform had presented an

almost insignificant contribution to TTC which was found

to be consistent with other studies (Basu et al. ). Chloro-

form was found to be the most common THMs in all

drinking water samples followed by BDCM, DBCM, and

bromoform. Chloroform and DBCM were found in all the

samples thus presenting 100% occurrence frequency,

whereas BDCM was detected in 90% samples. Bromoform

was detected in only 10% of samples. The occurrence



Table 1 | Input parameters and abbreviations for cancer and non-cancer exposure assessment (Pardakhti et al. 2011; Lee et al. 2013)

Type of parameter Parameter Notation Unit Value References

General THM conc. in water Cw μg/L Table This study

Average lifetime AT Days 64.2 × 365 (M), 67.9 × 365 (F) Lee et al. ()

Body weight BW kg 68.11 (M), 55.23 (F) Aslam et al. ()

Exposure duration ED Year 64.2 (M), 67.9 (F) Lee et al. ()

Exposure frequency EF Days/year 365 Lee et al. ()

Exposure time t min/day 35 RAIS ()

Oral ingestion Ingestion rate IR L/day 2 USEPA ()

Dermal Skin surface area (4BWþ 7)/
(BWþ 90)

SA m2 1.77 (M), 1.57 (F) USEPA ()

Shower frequency F Shower/day 1

Permeability coefficient PC m/min 2.85 × 10�6 (chloroform), 9.79 × 10�7 (BDCM), 1.68 × 10�6

(DBCM), 1.20 × 10�6 (bromoform)
Lee et al. ()

Fraction absorbed water for
THMs

1 Lee et al. ()

Inhalation
absorption

THM concentration in air Ca μg/L Equation Little ()

Air intake rate R m3/min 0.015 (M), 0.012 (F) Lee et al. ()

Bathroom volume V m3 4.78 Chen et al. ()

Water flow rate QW L/min 10 Little ()

Lag time per shower τ min/shower 30 (chloroform), 52.8 (BDCM), 94.2 (DBCM),
167.4 (bromoform)

Lee et al. ()

Air change Ka min�1 0.021 Lee et al. ()

THM transformation rate from
water to air

Pv % 8.76 Chowdhury&
Champagne ()

Carcinogenic slope factor
(oral/dermal)

CSF mg kg�1 day�1 0.031 (chloroform), 0.062 (BDCM), 0.084 (DBCM), 0.0079
(bromoform)

Pardakhti et al. ()

Carcinogenic slope factor
(inhalation)

CSF mg kg�1 day�1 8.05 × 10�5 (chloroform), 0.13 (BDCM), 0.095 (DBCM),
0.00385 (bromoform)

Pardakhti et al. ()

Hazard index Reference dose RfD mg kg�1 day�1 0.01 (chloroform), 0.02 (BDCM), 0.02 (DBCM), 0.02
(bromoform)

Lee et al. ()

M, male; F, female.
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Figure 2 | Total concentration of THMs determined at different sites.

Figure 3 | Total concentration of BDCM and DBCM at different sites.
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frequency trend of THMs is as follows: chloroform, BDCM,

DBCM, bromoform. Similar observations have been

reported in the literature (Karim et al. ; Pardakhti et al.

). Chloroform was comparatively lower in concentration

in underground tanks and sampling station 14. Concen-

tration of TTHMs ranged from 44.51 to 595.86 at different

sampling stations (Table 1). These average concentrations

of the reported species surpassed the authorized permissible

limits of TTC in the USA (80 mg/L) and the EU (100 mg/L)

as reported in the literature (Chowdhury et al. a). The

potential reason for contamination at different points is
s://iwaponline.com/jwh/article-pdf/13/1/270/397051/jwh0130270.pdf
the presence of NOM. THMs formation occurs when chlor-

ine is added to such water sources.

The results of this research showed that the total con-

centration of THMs found was much higher compared

with other studies of a similar nature carried out in

other countries (Chowdhury et al. a; Fooladvand

et al. ; Karim et al. ; Legay et al. a, b; Par-

dakhti et al. ). Out of 30 sampling sites only three sites

met the USEPA drinking water quality standard values,

and the remaining 27 sites exceeded the standard value

of 80 μg/L.



Figure 4 | Total concentration of chloroform determined at different sites.

Figure 5 | Ratio of ingestion, inhalation, and dermal risk in males and females.

Figure 6 | Oral and dermal hazard index of THMs in drinking water samples of male and

females.

276 S. Abbas et al. | Monitoring of chlorination disinfection by-products in Pakistan Journal of Water and Health | 13.1 | 2015

Downloaded from https://iwaponline.com/jwh/article-pdf/13/1/270/397051/jwh0130270.pdf
by guest
on 19 October 2018
Cancer risk analysis of THMs through different routes

Cancer risk through oral ingestion had been calculated for

both males and females. The lifetime cancer risk was esti-

mated from all possible routes of exposure using

Equations (1–4) (Table 2). The average lifetime cancer

risk posed by three THMs (CF, BDCM, and DBCM) via

three exposure routes was calculated as 1.46 × 10�3,

2.02 × 10�3, 0.88 × 10�3 and 8.15 × 10�3, 2.45 × 10�3,

1.56 × 10�3 for both males and females (Tables 3 and 4)

respectively. Ingestion was found to be the most promi-

nent exposure pathway which contributed 65–85% to

total cancer followed by halation and dermal absorption.



Table 2 | Physico-chemical quality parameters of drinking water samples

No. Sampling point Temp pH TDS Turbidity Conductivity TOC
Free
Cl Monochloramines Dichloramines

Total
chlorine CHCl3 CHClBr2 CHCl2Br CHBr3 TTHMs

1 UGT # E-9 sector,
Islamabad

15.5 7.5 332 0.91 671 5.1 0.1 0.1 0.1 0.3 105 6.55 9.15 BDL 120.7

2 H # D 22/6 E-9
sector, Islamabad

13.9 7.3 250 0.92 601 1.3 0.14 0.1 0.07 0.31 150 7.4 12.4 BDL 169.84

3 H # D 22/3 E-9
sector, Islamabad

12.1 7.6 389 1.1 501 4.2 0.11 0.06 0.05 0.22 321 9.6 16.88 7.78 355.26

4 H # D 21/6 E-9
sector, Islamabad

11.9 7.4 264 0.72 524 5.1 0.33 0.15 0.08 0.56 360.6 2.22 9.95 BDL 387.47

5 AHQ E-9 sector,
Islamabad

13.2 7.5 230 0.89 456 3.5 0.12 0.14 0.04 0.3 137 1.55 3.83 BDL 142.38

6 Filtration plant, E-
9, Islamabad

11.7 7.4 220 1 403 1.4 0.15 0.11 0.08 0.34 106.7 4.84 8.66 BDL 120.2

7 Filtration plant, E-8 13.4 7.4 210 0.88 472 1.7 BDL 0.09 0.6 0.69 193.8 1.45 8.5 BDL 203.7

8 H # 22, E-8,
Islamabad

12.8 7.4 206 0.79 447 3.8 0.7 0.43 BDL 1.13 295 2.75 15.45 BDL 313.2

9 H # 25, E-8,
Islamabad

14.6 7.3 367 1.23 416 5.1 0.06 0.09 0.05 0.2 575.9 1.59 15.16 3.11 595.86

10 H # 316, St # 39 G-
9/1, Islamabad

11.3 7.3 210 1.55 415 0.8 0.17 0.3 0.02 0.49 280.2 15.81 22.44 BDL 318.47

11 H # 298, St # 39 G-
9/1, Islamabad

15.1 7.1 208 0.66 443 8.9 0.09 0.04 0.06 0.19 355 1.65 8.11 BDL 364.76

12 H # 35, St # 8,F-7,
Islamabad

13.1 7.4 215 0.53 513 0.5 BDL 0.04 0.02 0.06 96 3.67 7.98 BDL 107.65

13 Wasa office,
Islamabad

12.6 7.6 233 0.76 407 0.4 0.21 BDL BDL 0.21 314 1.09 22.09 BDL 337.18

14 H # 17-C, F-8,
Islamabad

11.5 7.6 222 0.77 343 3 BDL 0.3 0.7 1 23.87 BDL 0.55 BDL 24.42

15 H # 6, street 66,
F-7, Islamabad

12.5 7.6 234 0.55 403 1.4 BDL 0.05 0.03 0.08 55.66 1.84 3 BDL 60.5

16 H # 283, Gomal
road, E-7,
Islamabad

13.7 7.6 257 0.53 524 7 0.55 0.07 0.09 0.71 171.1 5.96 7.83 BDL 184.92

17 H # 309 Aurangzeb
road, E-7,
Islamabad

12.6 7.5 298 0.58 459 3.3 0.11 0.14 0.04 0.29 130.4 BDL 2.09 BDL 132.52

(continued)
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Table 2 | continued

No. Sampling point Temp pH TDS Turbidity Conductivity TOC
Free
Cl Monochloramines Dichloramines

Total
chlorine CHCl3 CHClBr2 CHCl2Br CHBr3 TTHMs

18 H # 205 Hill Side
road, E-7,
Islamabad

12.7 7.4 221 0.69 406 1 BDL 0.06 BDL 0.06 40.69 1.84 1.98 BDL 44.51

19 Filtration plant F-
10, Islamabad

11.8 7.5 202 0.79 398 0.1 0.18 0.4 BDL 0.58 232.4 13.53 33.21 4.11 283.25

20 H # 202B Street 10,
E-7, Islamabad

12.1 7.4 210 0.82 502 5.1 0.34 0.14 0.13 0.61 417.7 1.11 10.11 BDL 428.88

21 Filtration plant F-7,
Islamabad

13.1 7.5 208 0.98 467 0.2 0.27 0.15 BDL 0.42 100.7 4.93 7.11 BDL 112.74

22 Treatment plant
Simly Dam,
Islamabad

12.2 7.4 223 1.05 416 8.2 0.82 0.21 0.15 1.18 144.5 0.69 5.64 BDL 150.83

23 Treatment plant
Rawal Dam,
Islamabad

13 7.4 219 0.99 505 4.6 0.19 BDL 0.06 0.25 103.6 3.14 7.87 BDL 114.57

24 Filtration plant
Chaklala Base,
Islamabad

11.3 7.5 265 0.87 517 0.1 0.14 0.12 BDL 0.26 247.1 13.24 13.98 BDL 274.32

25 Filtration plant
Scheme III,
Islamabad

12.1 7.1 232 0.89 508 0.1 0.15 0.09 BDL 0.24 258 17.55 18.64 BDL 294.19

26 Filtration plant
Askari 4,
Rawalpindi

12.6 7.3 203 0.75 426 6.9 0.48 0.11 0.07 0.66 172 7.32 10.65 BDL 189.97

27 H # 21-C Askari 4
Rawalpindi

11.8 7.6 242 0.79 411 0.1 0.14 0.08 BDL 0.22 271 18.21 23.65 5.72 189.97

28 Filtration plant
Askari 3
Rawalpindi

13.4 7.5 215 0.97 343 5.9 0.44 0.2 0.1 0.74 382 1.99 14.02 BDL 398.02

29 H # 31-D Askari
3Rawalpindi

12.9 7.5 201 0.66 445 4 0.07 0.08 0.03 0.18 415.1 2.11 14.09 BDL 431.26

30 Filtration plant
Askari 2
Rawalpindi

13.1 7.5 231 0.72 409 1.5 BDL 0.14 0.5 0.64 182 9.01 16.21 BDL 207.22
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Table 3 | Cancer risk assessment for males (×10�3 mg/kg.day)

THMs CF BDCM DBCM

Site CF BDCM DBCM TTHMs Ing Inh Der Total Ing Inh Der Total Ing Inh Der Total TTHM

1 105 9.15 6.55 120.7 3.08 3.68 0.70 0.12 0.27 0.32 0.03 0.06 0.19 0.23 0.05 0.04 0.22

2 150 12.4 7.4 169.84 0.00 5.25 1.00 0.03 0.36 0.43 0.04 0.08 0.22 0.26 0.05 0.05 0.16

3 321 16.88 9.6 347.48 0.01 11.24 2.13 0.07 0.50 0.59 0.05 0.11 0.28 0.34 0.07 0.06 0.24

4 360.6 9.95 2.22 372.76 0.01 12.63 2.39 0.08 0.29 0.35 0.03 0.07 0.07 0.08 0.02 0.01 0.15

5 137 3.83 1.55 142.38 0.00 4.80 0.91 0.03 0.11 0.13 0.01 0.03 0.05 0.05 0.01 0.01 0.06

6 106.7 8.66 4.84 120.2 0.00 3.74 0.71 0.02 0.25 0.30 0.03 0.06 0.14 0.17 0.03 0.03 0.11

7 193.8 8.5 1.45 203.7 0.01 6.78 1.29 0.04 0.25 0.30 0.03 0.06 0.04 0.05 0.01 0.01 0.11

8 295 15.45 2.75 313.2 0.01 10.33 1.96 0.06 0.45 0.54 0.05 0.10 0.08 0.10 0.02 0.02 0.18

9 575.9 15.16 1.59 592.63 0.02 20.16 3.82 0.12 0.45 0.53 0.05 0.10 0.05 0.06 0.01 0.01 0.23

10 280.2 22.44 15.81 318.47 0.01 9.81 1.86 0.06 0.66 0.79 0.07 0.15 0.46 0.55 0.11 0.10 0.31

11 355 8.11 1.65 364.76 0.01 12.43 2.36 0.07 0.24 0.28 0.02 0.05 0.05 0.06 0.01 0.01 0.14

12 96 7.98 3.67 107.65 0.00 3.36 0.64 0.02 0.23 0.28 0.02 0.05 0.11 0.13 0.03 0.02 0.10

13 314 22.09 1.09 337.18 0.01 10.99 2.08 0.07 0.65 0.77 0.07 0.14 0.03 0.04 0.01 0.01 0.22

14 23.87 0.55 0 24.42 0.00 0.84 0.16 0.00 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.01

15 55.66 3 1.84 60.5 0.00 1.95 0.37 0.01 0.09 0.11 0.01 0.02 0.05 0.06 0.01 0.01 0.04

16 171.1 7.83 5.96 184.92 0.01 5.99 1.14 0.04 0.23 0.27 0.02 0.05 0.18 0.21 0.04 0.04 0.13

17 130.4 2.09 0 132.52 0.00 4.57 0.87 0.03 0.06 0.07 0.01 0.01 0.00 0.00 0.00 0.00 0.04

18 40.69 1.98 1.84 44.51 0.00 1.42 0.27 0.01 0.06 0.07 0.01 0.01 0.05 0.06 0.01 0.01 0.03

19 232.4 33.21 13.53 279.14 0.01 8.14 1.54 0.05 0.98 1.16 0.10 0.22 0.40 0.47 0.09 0.09 0.35

20 417.7 10.11 1.11 428.88 0.01 14.62 2.77 0.09 0.30 0.35 0.03 0.07 0.03 0.04 0.01 0.01 0.16

21 100.7 7.11 4.93 112.74 0.00 3.53 0.67 0.02 0.21 0.25 0.02 0.05 0.14 0.17 0.03 0.03 0.10

22 144.5 5.64 0.69 150.83 0.00 5.06 0.96 0.03 0.17 0.20 0.02 0.04 0.02 0.02 0.00 0.00 0.07

23 103.6 7.87 3.14 114.57 0.00 3.63 0.69 0.02 0.23 0.28 0.02 0.05 0.09 0.11 0.02 0.02 0.09

24 247.1 13.98 13.24 274.32 0.01 8.65 1.64 0.05 0.41 0.49 0.04 0.09 0.39 0.46 0.09 0.08 0.23

25 258 18.64 17.55 294.19 0.01 9.03 1.71 0.05 0.55 0.65 0.06 0.12 0.52 0.61 0.12 0.11 0.29

26 172 10.65 7.32 189.97 0.01 6.02 1.14 0.04 0.31 0.37 0.03 0.07 0.21 0.26 0.05 0.05 0.15

27 271 23.65 18.21 312.86 0.01 9.49 1.80 0.06 0.69 0.83 0.07 0.16 0.53 0.64 0.13 0.12 0.33

28 382 14.02 1.99 398.02 0.01 13.38 2.53 0.08 0.41 0.49 0.04 0.09 0.06 0.07 0.01 0.01 0.18

29 415.1 14.09 2.11 431.26 0.01 14.53 2.75 0.09 0.41 0.49 0.04 0.09 0.06 0.07 0.01 0.01 0.19

30 182 16.21 9.01 207.22 0.01 6.37 1.21 0.04 0.48 0.57 0.05 0.11 0.26 0.32 0.06 0.06 0.20

Ing, ingestion; Inh, inhalation; Der, dermal.
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Table 4 | Cancer risk assessment for females (×10�3 mg/kg.day)

THMs CF BDCM DBCM

Site CF BDCM DBCM TTHMs Ing Inh Der Total Ing Inh Der Total Ing Inh Der Total TTHM

1 105 9.15 6.55 120.7 3.80 3.63 0.76 0.14 0.33 0.32 0.03 0.06 0.24 0.23 0.05 0.05 0.25

2 150 12.4 7.4 169.84 5.43 5.18 1.09 0.20 0.45 0.43 0.04 0.09 0.27 0.26 0.06 0.05 0.34

3 321 16.88 9.6 347.48 11.62 11.09 2.33 0.43 0.61 0.58 0.06 0.12 0.35 0.33 0.07 0.07 0.62

4 360.6 9.95 2.22 372.76 13.06 12.46 2.62 0.49 0.36 0.34 0.03 0.07 0.08 0.08 0.02 0.02 0.57

5 137 3.83 1.55 142.38 4.96 4.73 0.99 0.18 0.14 0.13 0.01 0.03 0.06 0.05 0.01 0.01 0.22

6 106.7 8.66 4.84 120.2 3.86 3.69 0.77 0.14 0.31 0.30 0.03 0.06 0.18 0.17 0.04 0.03 0.24

7 193.8 8.5 1.45 203.7 7.02 6.69 1.41 0.26 0.31 0.29 0.03 0.06 0.05 0.05 0.01 0.01 0.33

8 295 15.45 2.75 313.2 10.68 10.19 2.14 0.40 0.56 0.53 0.05 0.11 0.10 0.09 0.02 0.02 0.52

9 575.9 15.16 1.59 592.63 20.85 19.89 4.18 0.78 0.55 0.52 0.05 0.11 0.06 0.05 0.01 0.01 0.89

10 280.2 22.44 15.81 318.47 10.15 9.68 2.03 0.38 0.81 0.78 0.07 0.16 0.57 0.55 0.12 0.11 0.64

11 355 8.11 1.65 364.76 12.86 12.26 2.58 0.48 0.29 0.28 0.03 0.06 0.06 0.06 0.01 0.01 0.55

12 96 7.98 3.67 107.65 3.48 3.32 0.70 0.13 0.29 0.28 0.03 0.06 0.13 0.13 0.03 0.03 0.21

13 314 22.09 1.09 337.18 11.37 10.85 2.28 0.42 0.80 0.76 0.07 0.15 0.04 0.04 0.01 0.01 0.58

14 23.87 0.55 0 24.42 0.86 0.82 0.17 0.03 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.04

15 55.66 3 1.84 60.5 2.02 1.92 0.40 0.08 0.11 0.10 0.01 0.02 0.07 0.06 0.01 0.01 0.11

16 171.1 7.83 5.96 184.92 6.20 5.91 1.24 0.23 0.28 0.27 0.03 0.05 0.22 0.21 0.05 0.04 0.33

17 130.4 2.09 0 132.52 4.72 4.51 0.95 0.18 0.08 0.07 0.01 0.01 0.00 0.00 0.00 0.00 0.19

18 40.69 1.98 1.84 44.51 1.47 1.41 0.30 0.05 0.07 0.07 0.01 0.01 0.07 0.06 0.01 0.01 0.08

19 232.4 33.21 13.53 279.14 8.42 8.03 1.69 0.31 1.20 1.15 0.11 0.23 0.49 0.47 0.10 0.09 0.64

20 417.7 10.11 1.11 428.88 15.12 14.43 3.03 0.56 0.37 0.35 0.03 0.07 0.04 0.04 0.01 0.01 0.64

21 100.7 7.11 4.93 112.74 3.65 3.48 0.73 0.14 0.26 0.25 0.02 0.05 0.18 0.17 0.04 0.03 0.22

22 144.5 5.64 0.69 150.83 5.23 4.99 1.05 0.20 0.20 0.19 0.02 0.04 0.02 0.02 0.01 0.00 0.24

23 103.6 7.87 3.14 114.57 3.75 3.58 0.75 0.14 0.28 0.27 0.03 0.05 0.11 0.11 0.02 0.02 0.22

24 247.1 13.98 13.24 274.32 8.95 8.54 1.79 0.33 0.51 0.48 0.05 0.10 0.48 0.46 0.10 0.09 0.52

25 258 18.64 17.55 294.19 9.34 8.91 1.87 0.35 0.67 0.64 0.06 0.13 0.64 0.61 0.13 0.12 0.60

26 172 10.65 7.32 189.97 6.23 5.94 1.25 0.23 0.39 0.37 0.04 0.07 0.27 0.25 0.06 0.05 0.36

27 271 23.65 18.21 312.86 9.81 9.36 1.97 0.37 0.86 0.82 0.08 0.16 0.66 0.63 0.14 0.13 0.66

28 382 14.02 1.99 398.02 13.83 13.20 2.77 0.52 0.51 0.48 0.05 0.10 0.07 0.07 0.02 0.01 0.63

29 415.1 14.09 2.11 431.26 15.03 14.34 3.01 0.56 0.51 0.49 0.05 0.10 0.08 0.07 0.02 0.01 0.67

30 182 16.21 9.01 207.22 6.59 6.29 1.32 0.25 0.59 0.56 0.05 0.11 0.33 0.31 0.07 0.06 0.42

Ing, ingestion; Inh, inhalation; Der, dermal.
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Table 5 | Hazard indices for males and females based on THMs

Chloroform BDCM DBCM Total

Male Female Male Female Male Female Male Female

Site Oral Dermal Oral Dermal Oral Dermal Oral Dermal Oral Dermal Oral Dermal Oral Dermal Oral Dermal

1 367.63 69.67 362.69 76.21 16.02 1.38 15.80 1.51 11.47 2.27 11.31 2.48 395.11 73.32 389.81 80.20

2 525.33 99.55 518.27 108.90 21.71 1.87 21.42 2.05 12.95 2.56 12.78 2.81 559.99 103.99 552.46 113.75

3 1123.90 212.98 1108.80 232.98 29.55 2.55 29.15 2.79 16.81 3.33 16.58 3.64 1170.25 218.86 1154.53 239.41

4 1262.51 239.25 1245.55 261.71 17.42 1.50 17.18 1.65 3.89 0.77 3.83 0.84 1283.82 241.53 1266.57 264.20

5 479.67 90.90 473.23 99.43 6.70 0.58 6.61 0.63 2.71 0.54 2.68 0.59 489.09 92.02 482.52 100.65

6 373.58 70.80 368.56 77.44 15.16 1.31 14.96 1.43 8.47 1.68 8.36 1.83 397.22 73.78 391.88 80.71

7 678.36 128.55 669.25 140.62 14.88 1.29 14.68 1.41 2.54 0.50 2.50 0.55 695.78 130.34 686.44 142.58

8 1032.86 195.73 1018.99 214.11 27.05 2.34 26.68 2.56 4.81 0.95 4.75 1.04 1064.73 199.02 1050.42 217.70

9 2016.29 382.10 1989.20 417.96 26.54 2.29 26.18 2.51 2.78 0.55 2.75 0.60 2045.62 384.94 2018.13 421.07

10 981.12 185.93 967.94 203.38 39.28 3.39 38.76 3.71 27.68 5.48 27.31 5.99 1048.08 194.80 1034.00 213.08

11 1242.94 235.54 1226.24 257.65 14.20 1.23 14.01 1.34 2.89 0.57 2.85 0.63 1260.03 237.34 1243.10 259.62

12 336.12 63.70 331.60 69.67 13.97 1.21 13.78 1.32 6.42 1.27 6.34 1.39 356.51 66.17 351.72 72.39

13 1099.39 208.34 1084.62 227.89 38.67 3.34 38.15 3.65 1.91 0.38 1.88 0.41 1139.97 212.06 1124.65 231.96

14 83.57 15.84 82.45 17.32 0.96 0.08 0.95 0.09 0.00 0.00 0.00 0.00 84.54 15.92 83.40 17.42

15 194.88 36.93 192.26 40.40 5.25 0.45 5.18 0.50 3.22 0.64 3.18 0.70 203.35 38.02 200.62 41.59

16 599.17 113.55 591.12 124.20 13.71 1.18 13.52 1.29 10.43 2.07 10.29 2.26 623.31 116.79 614.93 127.76

17 456.67 86.54 450.53 94.66 3.66 0.32 3.61 0.35 0.00 0.00 0.00 0.00 460.33 86.86 454.14 95.01

18 142.47 27.00 140.55 29.53 3.47 0.30 3.42 0.33 3.22 0.64 3.18 0.70 149.15 27.93 147.15 30.56

19 813.69 154.20 802.76 168.67 58.14 5.02 57.36 5.49 23.69 4.69 23.37 5.13 895.51 163.91 883.48 179.29

20 1462.33 277.12 1442.68 303.13 17.70 1.53 17.46 1.67 1.94 0.38 1.92 0.42 1481.97 279.03 1462.06 305.22

21 352.57 66.81 347.84 73.09 12.45 1.07 12.28 1.18 8.63 1.71 8.51 1.87 373.65 69.60 368.63 76.13

22 505.93 95.88 499.13 104.88 9.87 0.85 9.74 0.93 1.21 0.24 1.19 0.26 517.01 96.97 510.06 106.07

23 362.59 68.71 357.72 75.16 13.78 1.19 13.59 1.30 5.50 1.09 5.42 1.19 381.86 70.99 376.73 77.65

24 865.16 163.95 853.53 179.34 24.47 2.11 24.14 2.31 23.18 4.59 22.87 5.02 912.81 170.65 900.54 186.67

25 903.32 171.18 891.18 187.25 32.63 2.82 32.19 3.08 30.72 6.08 30.31 6.65 966.67 180.08 953.69 196.99

26 602.21 114.12 594.12 124.83 18.64 1.61 18.39 1.76 12.81 2.54 12.64 2.77 633.67 118.27 625.16 129.37

27 948.84 179.81 936.09 196.69 41.40 3.58 40.85 3.91 31.88 6.31 31.45 6.90 1022.12 189.70 1008.38 207.50

28 1337.51 253.46 1319.54 277.26 24.54 2.12 24.21 2.32 3.48 0.69 3.44 0.75 1365.53 256.27 1347.19 280.33

29 1453.22 275.39 1433.70 301.24 24.67 2.13 24.33 2.33 3.69 0.73 3.64 0.80 1481.58 278.25 1461.68 304.37

30 637.23 120.76 628.66 132.09 28.38 2.45 28.00 2.68 15.77 3.12 15.56 3.42 681.38 126.33 672.22 138.19
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This sequence of exposure was found to be in agreement

with previous studies carried out by Lee et al. (),

whereas Pardakhti et al. () reported inhalation to be

the major route of exposure. Among THMs species,

chloroform presented the higher cancer risk due to its

highest concentration in all the water samples, which

was followed by BDCM and DBCM. These findings

were similar to other reports (Viana et al. ; Karim

et al. ). Chloroform imparted the lowest cancer risk

among all the THMs in both males and females through

oral ingestion which is higher by about 163 in females

and 140 in males than the acceptable level (10�6). The

average cancer risk for THMs for both males and females

was in the order of bromoform, BDCM, DBCM, and

chloroform (high to low). Hazard indices for both and

female are shown in Table 5. According to the current

study, females were found to be more susceptible to

cancer risk compared to males in all cases. These results

clearly indicated that public drinking water supplies

pose a serious cancer threat. These results were much

higher than those found in studies reported by other

researchers (Wang et al. ; Karim et al. ; Pardakhti

et al. ). Thus, the higher values of cancer risk may

contribute to potential life-threatening diseases among

the exposed population (Viana et al. ).

In this study, both BDCM and DBCM are found to be

significant contributors to total cancer risk which is, to a cer-

tain extent, similar to the results obtained by Uyak (),

who reported DBCM to be the principal component of

total cancer risk through the oral route. Chloroform was

found to be, if not the main, a significant contributor to

cancer risk, but in one study it was found to be the lowest,

which may be due to the predominance of Br-THMs over

Cl� THMs in the studied water carried out by Basu et al.

(), which is contrary to this research.

Rawalpindi and Islamabad have a population of nearly

three million people (Demographia ) with an assumed

average age of 70 years. The lifetime cancer cases for both

males and females, based on average TTHM risk (1.48 ×

10�3) and 3 million people, could be expected to be up to

254 cases. This scenario suggests that approximately three

to four cases of cancer could be expected each year, and

consequently the number of cancer cases among females

being more than that of males according to this study.
om https://iwaponline.com/jwh/article-pdf/13/1/270/397051/jwh0130270.pdf

2018
According to this scenario we can make an assumption

that one-third of the three million population lives in the

target cities. We expect approximately 120 and 150 lifetime

cancer cases among males and females.
CONCLUSION

The current study compared DBPs occurrence, formation,

and their health risk among the male and female population

in different parts of the twin cities. The statistics indicated

that most of the samples were contaminated. The applied

analytical method including SPME for sampling THMs

from water and determination by GC-ECD was successfully

applied.

The study of THMs from the distribution system of both

municipalities revealed that the maximum concentration of

TTHMs and chloroform was 575 μg/L and 595 μg/L,

respectively, which is above the prescribed limit of USEPA

drinking water quality standards of 80 and 70 μg/L.

Unfortunately, nearly 95% samples were contami-

nated with THMs. In such circumstances, where DBP

values are narrowly approached or exceed the standard

values, water authorities need to evaluate water treatment

practices with a view to improving the elimination of

organic contents of the water sources prior to disinfection

as well as reducing water age in distribution systems. The

average lifetime cancer risk for males and females was

0.51 × 10�3 and 1.22 × 10�3, respectively. The expected

number of cancer cases per year could reach two to

three cases for each city. The highest risk from THMs

seems to be from the inhalation route followed by inges-

tion and dermal contact.
ACKNOWLEDGMENTS

The research work was supported by a grant from

(COMSTECH), TWAS, the Academy of Sciences for the

Developing World Project # 10-213 RG/ENG/AS_C. The

authors are very grateful to the staff of Rawalpindi

Development Authority (RDA), Capital Development

Authority (CDA), and Water and Sanitation Authority

(WASA) for their kind support during the sampling phase.



283 S. Abbas et al. | Monitoring of chlorination disinfection by-products in Pakistan Journal of Water and Health | 13.1 | 2015

Downloaded from http
by guest
on 19 October 2018
REFERENCES
Amjad, H., Hashmi, I., Rehman, M. S., Awan, M. A., Ghaffar, S. &
Habib Nasir, H.  Risk assessment of chlorination by-
products in municipal drinking water supplies of Pakistan.
Toxicol. Environ. Safety 91, 25–33.

APHA  Standard Methods for the Examination of Water and
Wastewater. 22nd edn, American Public Health Association,
Washington, DC, USA.

Ashbolt, N. J. Microbial contamination of drinking water and
diseases outcomes in developing region. Toxicology 198 (1–
3), 229–238.

Aslam, M., Saeed, A., Pasha, G. R. & Altaf, S.  Gender
differences of body mass index in adults of Pakistan: A case
study of Multan City. Pak. J. Nutr. 9 (2), 162–166.

Baig, S. A., Mahmood, Q., Nawab, B., Shafqat, M. N. & Pervez, A.
 Improvement of drinking water quality by using plant
biomass through household bio sand filter – A decentralized
approach. Ecol. Eng. 37, 1842–1848.

Basu, M., Gupta, S. K., Singh, G. & Mukhopadhyay, U.  Multi-
route risk assessment from trihalomethanes in drinking water
supplies. Environ. Monit. Assess. 178, 121–134.

Bischel, Y. & von Gunten, U. a Formation of iodinated
trihalomethanes during disinfection and oxidation of iodide
containing waters. Environ. Sci. Technol. 34 (13), 2784–2791.

Bull, R. J., Krasner, S. W., Daniel, P. A. & Bull, R. D.  Health
effects and occurrence of disinfection byproducts. AWWA
(American Water Works Association) Research Foundation
project #448.

Chen, M. J., Wu, K. Y. & Chang, L.  A new approach to
estimating the volatilization rates of shower water-contained
volatile organic compounds during showering. Atmos.
Environ. 37, 4325–4333.

Chowdhury, S. a Heterotrophic bacteria in drinking water
distribution system review. Environ. Monit. Assess. 184,
6087–6137.

Chowdhury, S. b Implications of using steady-state conditions
in estimating dermal uptake of volatile compounds in
municipal drinking water: An example of THMS. Hum. Ecol.
Risk. Assess. 18, 1051–1068.

Chowdhury, S. & Champagne, P.  Risk from exposure to
trihalomethanes during showering: Probabilistic assessment
and control. Sci. Total Environ. 407 (5), 1570–1578.

Chowdhury, S., Rodriguez, M. J. & Sadiq, R. a Disinfection
byproducts in Canadian provinces: Associated cancer risks
and medical expenses. J. Hazard. Mater. 187, 574–584.

Chowdhury, S., Rodriguez, M. J., Sadiq, R. & Serodes, J. b
Modeling DBPs formation in drinking water in residential
plumbing pipes and hotwater tanks.Water Res. 45 (1), 337–347.

Demographia  Demographia World Urban Areas (World
Agglomerations). 7th edn, Wendell Cox Consultancy, St
Louis, MO, USA.

Duke, W. F., Nordin, R. N., Baker, D. & Mazumder, A.  The
use and performance of biosand filters in the Artibonite
s://iwaponline.com/jwh/article-pdf/13/1/270/397051/jwh0130270.pdf
Valley of Haiti: A field study of 107 households. Rural
Remote Health 6 (3), 570. Available at: www.rrh.org.au
(accessed 4 September 2012).

Fooladvand, M., Ramavandi, B., Zandi, K. & Ardestani, M. 
Investigation of trihalomethanes formation potential in
Karoon River water, Iran. Environ. Monit. Assess. 178, 63–
71.

Ghaffar, S., Hashmi, I., Awan, M. I., Nasir, H. & Amjad, H. 
Determination of volatile organic compounds (VOCs) in
potable water using solid phase micro extraction–gas
chromatography (SPME-GC).Arab. J. Sci. Eng. 37, 1255–1262.

Goi, D., Tubaro, F., Barbone, F., Dolcetti, G. & Bontempelli, G.
 Evaluation of chlorinated byproducts in drinking waters
of central Friuli (Italy). Ann. Chem. 95 (9–10), 617–627.

Government of Pakistan  National water quality report.
Pakistan Council of Research in Water Resources, Ministry of
Science and Technology, Islamabad, Pakistan.

Hashmi, I., Farooq, S. & Qaiser, S.  Chlorination and water
quality monitoring within a public drinking water supply in
Rawalpindi Cantt (Westridge and Tench) area, Pakistan.
Environ. Monit. Assess. 158, 393–403.

Hassan, A., Thacker, N. P. & Bassin, J.  Trihalomethane
formation potential in treated water supplies in urban metro
city. Environ. Monit. Assess. 168, 489–497.

Imo, T. S., Oomori, T., Toshihiko, M. & Tamaki, F.  The
comparative study of trihalomethanes in drinking waters.
Int. J. Environ. Sci. Technol. 4, 421–426.

Karim, Z., Mumtaz, M. & Kamal, T. Health risk assessment of
trihalomethanes from tap water in Karachi, Pakistan.
J. Chem. Soc. Pak. 33, 215–219.

Lee, J., Kim, E. S., Roh, B. S., Eom, S. W. & Zoh, K. D. 
Occurrence of disinfection by-products in tap water
distribution systems and their associated health risk. Environ.
Monit. Assess. 185, 7875–7691.

Lee, S. C., Guo, H., Lam, S. M. J. & Lau, S. L. A. 
Multipathway risk assessment on disinfection by-products of
drinking water in Hong Kong. Environ. Res. 94, 47–56.

Legay, C., Rodriguez, M. J., Miranda-Moreno, L., Sérodes, J.-B. &
Levallois, P. a Multi-level modelling of chlorination by-
product presence in drinking water distribution systems for
human exposure assessment purposes. Environ. Monit.
Assess. 178, 507–524.

Legay, C., Rodriguez, M. J., Sadiq, R., Serodes, J. B., Levallois, P. &
Proulx, F. b Spatial variations of human health risk
associated with exposure to chlorination by-products
occurring in drinking water. J. Environ. Manage. 92, 892–901.

Little, J. C.  Applying the two-resistance theory to contaminant
volatilization in showers. Environ. Sci. Technol. 26, 1341–
1349.

Mallika, P., Sarisak, S. & Pongsri, P.  Cancer risk assessment
from exposure to trihalomethanes in tap water and
swimming pool water. J. Environ. Sci. 20, 372–378.

Norin, H. & Renberg, L.  Determination of trihalomethanes
(THMs) in water using high efficiency solvent extraction.
Water Res. 14, 1397–1402.

http://dx.doi.org/10.1016/j.ecoenv.2013.01.008
http://dx.doi.org/10.1016/j.ecoenv.2013.01.008
http://dx.doi.org/10.1016/j.tox.2004.01.030
http://dx.doi.org/10.1016/j.tox.2004.01.030
http://dx.doi.org/10.3923/pjn.2010.162.166
http://dx.doi.org/10.3923/pjn.2010.162.166
http://dx.doi.org/10.3923/pjn.2010.162.166
http://dx.doi.org/10.1016/j.ecoleng.2011.06.011
http://dx.doi.org/10.1016/j.ecoleng.2011.06.011
http://dx.doi.org/10.1016/j.ecoleng.2011.06.011
http://dx.doi.org/10.1007/s10661-010-1677-z
http://dx.doi.org/10.1007/s10661-010-1677-z
http://dx.doi.org/10.1007/s10661-010-1677-z
http://dx.doi.org/10.1021/es9914590
http://dx.doi.org/10.1021/es9914590
http://dx.doi.org/10.1021/es9914590
http://dx.doi.org/10.1007/s10661-011-2407-x
http://dx.doi.org/10.1007/s10661-011-2407-x
http://dx.doi.org/10.1080/10807039.2012.707932
http://dx.doi.org/10.1080/10807039.2012.707932
http://dx.doi.org/10.1080/10807039.2012.707932
http://dx.doi.org/10.1016/j.scitotenv.2008.11.025
http://dx.doi.org/10.1016/j.scitotenv.2008.11.025
http://dx.doi.org/10.1016/j.scitotenv.2008.11.025
http://dx.doi.org/10.1016/j.jhazmat.2011.01.085
http://dx.doi.org/10.1016/j.jhazmat.2011.01.085
http://dx.doi.org/10.1016/j.jhazmat.2011.01.085
http://dx.doi.org/10.1016/j.watres.2010.08.002
http://dx.doi.org/10.1016/j.watres.2010.08.002
http://www.rrh.org.au
http://dx.doi.org/10.1007/s10661-010-1672-4
http://dx.doi.org/10.1007/s10661-010-1672-4
http://dx.doi.org/10.1007/s13369-012-0248-8
http://dx.doi.org/10.1007/s13369-012-0248-8
http://dx.doi.org/10.1007/s13369-012-0248-8
http://dx.doi.org/10.1002/adic.200590073
http://dx.doi.org/10.1002/adic.200590073
http://dx.doi.org/10.1007/s10661-008-0592-z
http://dx.doi.org/10.1007/s10661-008-0592-z
http://dx.doi.org/10.1007/s10661-008-0592-z
http://dx.doi.org/10.1007/s10661-009-1129-9
http://dx.doi.org/10.1007/s10661-009-1129-9
http://dx.doi.org/10.1007/s10661-009-1129-9
http://dx.doi.org/10.1007/BF03325976
http://dx.doi.org/10.1007/BF03325976
http://dx.doi.org/10.1016/S0013-9351(03)00067-7
http://dx.doi.org/10.1016/S0013-9351(03)00067-7
http://dx.doi.org/10.1007/s10661-010-1709-8
http://dx.doi.org/10.1007/s10661-010-1709-8
http://dx.doi.org/10.1007/s10661-010-1709-8
http://dx.doi.org/10.1016/j.jenvman.2010.10.056
http://dx.doi.org/10.1016/j.jenvman.2010.10.056
http://dx.doi.org/10.1016/j.jenvman.2010.10.056
http://dx.doi.org/10.1021/es00031a010
http://dx.doi.org/10.1021/es00031a010
http://dx.doi.org/10.1016/S1001-0742(08)60058-3
http://dx.doi.org/10.1016/S1001-0742(08)60058-3
http://dx.doi.org/10.1016/S1001-0742(08)60058-3
http://dx.doi.org/10.1016/0043-1354(80)90003-2
http://dx.doi.org/10.1016/0043-1354(80)90003-2


284 S. Abbas et al. | Monitoring of chlorination disinfection by-products in Pakistan Journal of Water and Health | 13.1 | 2015

Downloaded fr
by guest
on 19 October 
Pardakhti, A. R., Bidhendi, G. R. N., Torabian, A., Karbassi, A. &
Yunesian, M.  Comparative cancer risk assessment of
THMs in drinking water from well water sources and surface
water sources. Environ. Monit. Assess. 179, 499–507.

RAIS  Risk Assessment Information System. USEPA
(Electronic data base). Available at: http://www.rais.ornl.gov/.

Ristoiu, D., von Gunten, U., Mocan, A., Chira, R., Siegfried, B.,
Kovacs, M. H. & Vancea, S.  Trihalomethane formation
during water disinfection in four water supplies in the Somes
river basin in Romania.Environ. Sci. Pollut. Res. 16, S55–S65.

Rook, J. J.  Formation of haloforms during chlorination of
natural waters. J. Soc. Water Treat. Exam. 23, 234–243.

USEPA aDetermination of chlorinated disinfection by-products
and chlorinated solvents in drinking water by liquid–liquid
extraction and gas chromatography with electron capture
detection. Environmental Monitoring Systems Laboratory
Office of Research and Development, Method 551.1.

USEPA b Determination of haloacetic acids in drinking water
by liquid-liquid extraction and gas chromatography with
om https://iwaponline.com/jwh/article-pdf/13/1/270/397051/jwh0130270.pdf

2018
electron capture detection. National Exposure Research
Laboratory Office of Research and Development, Method
552.2.

USEPA  Exposure Factors Handbook. General Factors. Vol. I.
USEPA, Washington.

Uyak, V.  Multi-pathway risk assessment of trihalomethanes
exposure in Istanbul drinking water supplies. Environ. Int.
32, 12–21.

Viana, R. B., Cavalcante, R. M., Braga, F. M. G., Viana, A. B., de
Araujo, J. C., Nascimento, R. F. & Pimentel, A. S.  Risk
assessment of trihalomethanes from tap water in Fortaleza,
Brazil. Environ. Monit. Assess. 151, 317–325.

Wang, G.-S., Deng, Y.-C. & Lin, T.-F.  Cancer risk assessment
from trihalomethanes in drinking water. Sci. Total. Environ.
387, 86–95.

Wright, J. M., Schwartz, J. & Dockery, D. W.  The effect of
disinfection by-products and mutagenic activity on birth
weight and gestational duration. Environ. Health. Persp. 112,
920–925.
First received 15 April 2014; accepted in revised form 22 July 2014. Available online 22 August 2014

http://dx.doi.org/10.1007/s10661-010-1752-5
http://dx.doi.org/10.1007/s10661-010-1752-5
http://dx.doi.org/10.1007/s10661-010-1752-5
http://www.rais.ornl.gov/
http://www.rais.ornl.gov/
http://dx.doi.org/10.1007/s11356-009-0100-1
http://dx.doi.org/10.1007/s11356-009-0100-1
http://dx.doi.org/10.1007/s11356-009-0100-1
http://dx.doi.org/10.1016/j.envint.2005.03.005
http://dx.doi.org/10.1016/j.envint.2005.03.005
http://dx.doi.org/10.1007/s10661-008-0273-y
http://dx.doi.org/10.1007/s10661-008-0273-y
http://dx.doi.org/10.1007/s10661-008-0273-y
http://dx.doi.org/10.1016/j.scitotenv.2007.07.029
http://dx.doi.org/10.1016/j.scitotenv.2007.07.029
http://dx.doi.org/10.1289/ehp.6779
http://dx.doi.org/10.1289/ehp.6779
http://dx.doi.org/10.1289/ehp.6779

	Monitoring of chlorination disinfection by-products and their associated health risks in drinking water of Pakistan
	INTRODUCTION
	MATERIALS AND METHODS
	Sampling area
	Chemicals and standards
	DBP analysis
	Exposure assessment

	RESULTS AND DISCUSSION
	THMs analytes mixture
	Cancer risk analysis of THMs through different routes

	CONCLUSION
	The research work was supported by a grant from (COMSTECH), TWAS, the Academy of Sciences for the Developing World Project &num; 10-213 RG&sol;ENG&sol;AS_C. The authors are very grateful to the staff of Rawalpindi Development Authority (RDA), Capital Development Authority (CDA), and Water and Sanitation Authority (WASA) for their kind support during the sampling phase.
	REFERENCES


