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Abstract
This study investigated the characteristics (levels, profiles, seasonal variations) of disinfection by-products (DBPs) includ-
ing four trihalomethanes (THMs) and six haloacetic acids (HAAs) in two water supply systems (zones A and B) of Ho 
Chi Minh City and assessed their human health risk via daily exposure. THMs and HAAs were analyzed simultaneously 
using GC/MS coupled with a headspace. The results indicated that the levels of total DBPs measured in zone B (419 ± 223 
and 204 ± 153 µg/L in dry and rainy seasons, respectively) were significantly higher than those in zone A (101 ± 49.7 and 
48.9 ± 15.0 µg/L in dry and rainy seasons, respectively). Significant correlations (p < 0.05) between DBPs indicated similar 
formation pathways and variations of these DBPs in the pipeline. The findings also showed significant correlations (p < 0.05) 
of DBPs with not only regular parameters (TOC,  UVA254, residual chlorine,  Cl−) but also soluble ions  (SO4

2−,  Na+,  K+, 
and  Ca2+). THMs were the main contributors to the total DBPs (86.8 ± 7.4% and 91.4 ± 10% for zones A and B, respec-
tively). Among four THMs, trichloromethane (TCM) was the predominant compound, accounting for 83.7 ± 4.8% (zone A) 
and 91.4 ± 10.0% (Zone B). For the HAA group, monochloroacetic (MCAA) was the major contributor (86.3 ± 8.2% and 
60.5 ± 23% for zones A and B, respectively). Non-cancer and cancer risks caused by DBPs for the population using drinking 
water in Ho Chi Minh City were notably high. The study suggested that water should be pretreated before use in households 
to eliminate the level of DBPs and reduce their impacts on human health.
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Introduction

Used as a disinfectant in England for the first time at the end 
of the nineteenth century, chlorine has been commonly uti-
lized for disinfection purposes in tap water treatment plants 
(WTPs) worldwide to inactivate various pathogens that can 
cause many waterborne diseases and prevent the reinfection 
of pathogens in the distribution network (Puget et al. 2010; 
Kumari et al. 2015). Nowadays, chlorine is widely used in 
WTPs both for pre- and post-chlorination. Pre-chlorination 
at the beginning of the water treatment process eliminates 
the microorganisms in raw water and controls the growth of 

algal within treatment units, while post-chlorination ensures 
the bacteriological water quality after treatment and in the 
distribution system (Mosaferi et al. 2020; Hendricks 2016). 
Unfortunately, many disinfection by-products (DBPs) are 
unintentionally formed during the water treatment process 
via the reactions between chlorine (or bromine) and different 
precursors, such as natural organic matters (NOMs) (Ding 
et al. 2019; Dobaradaran et al. 2020; Huang et al. 2019; Li 
and Mitch 2018), which have been confirmed to be associ-
ated with adverse human health effects and cancer (Kolb 
et al. 2017; Villanueva et al. 2015; Costet et al. 2011; Wright 
et al. 2017).

Among more than 700 detected DBPs, trihalomethanes 
(THMs) and halo acetic acids (HAAs) were identified as 
the most common DBPs in treated water (Wei et al. 2010; 
Postigo et al. 2018; Dong et al. 2022); and they showed toxic 
effects on human health (Benson et al. 2017; Cotruvo and 
Amato 2019; Dobaradaran et al. 2019). Epidemiological 
studies suggested that exposure to DBPs is closely linked 
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with different types of cancer (e.g., bladder, colon, and rec-
tal cancers) (Cotruvo and Amato 2019; Hrudey et al. 2015; 
Evlampidou et al. 2020; Rahman et al. 2014). Among vari-
ous DBPs, THMs and HAAs raised the most public concern 
among scientific communities and governments due to their 
ubiquitous occurrence in treated water (Bond et al. 2012). 
WHO also set formal guideline values for THMs and HAAs 
in drinking water (WHO, 2011). The most popular com-
pounds of THMs comprise trichloromethane (Chloroform 
or TCM), bromodichloromethane (BDCM), dibromochlo-
romethane (DBCM), and tribromomethane (Bromoform, 
TBM). Five HAAs, which also caught the public attention, 
embrace monochloroacetic acid (MCAA), dichloroacetic 
acid (DCAA), trichloroacetic acid (TCAA), monobro-
moacetic acid (MBAA), and dibromoacetic acid (DBAA) 
(Dobaradaran et al. 2020). When drinking water contain-
ing these compounds is used for daily activities (e.g., bath-
ing, showering, washing, cooking, and drinking), users get 
exposed to THMs and HAA via not only digestion (drink-
ing) and dermal contact (showering or bathing, washing, 
or swimming), but also inhalation (breathing) (Wang et al. 
2019).

The formation of DBPs in water could be attributed to 
various factors, including the type of disinfectant, disinfect-
ant dose, pH, temperature, level , and composition of NOMs 
(humic acid, fulvic acid), contacting time, and content of 
bromide and ammonia (Srivastav and Kaur 2020). After 
being treated and introduced into the distribution system, 
DBPs could increase or decrease in their levels due to the 
variation of DBP precursors in the pipeline (Charisiadis 
et al. 2015; Wang et al. 2021), which may lead to a spatial 
change of DBPs along the pipeline. The seasonal variation 
of DBPs in the distribution network has also been reported 
in numerous studies (Uyak et al. 2014; Kalankesh et al. 
2019; Mosaferi et al. 2020). In fact, apparent differences in 
DBPs were often found between winter and summer, which 
might result from many reasons, such as higher reactivity 
of NOM, higher temperatures in summer compared with 
those in winter, or different composition of raw water in two 
seasons (Uyak et al. 2014; Mosaferi et al. 2020).

Literature review has shown very limited information on 
the occurrence of DBPs in drinking water collected in Viet-
nam, especially in a megalopolis, like Ho Chi Minh City 
(HCMC), the most important economic center in Vietnam. 
Only a few studies investigated the occurrence of THM in 
tap water, swimming pools, and WTPs (Phu et al. 2016; 
Trang et al. 2012), but these merely examined a limited size 
of samples and only focused on four THMs. Furthermore, no 
information was reported regarding the seasonal and spatial 
variations of DBPs in the water distribution system, as well 
as health risks caused by DBPs. The lack of information of 
DBPs in drinking water may lead to an underestimation of 
possible health risks on humans when they use supply water. 

Study on the occurrence of DBPs in drinking water is essen-
tial for ensuring public health and advancing the One Health 
objective (Li et al. 2022). Access to safe and clean drink-
ing water is necessary for human existence, and water con-
tamination can lead to severe health implications, including 
disease outbreaks, chronic health issues, and even death (Li 
and Wu 2019). This study investigated the levels and char-
acteristics of DBPs, including four THMs and six HAAs in 
the water supply system of Ho Chi Minh City to (1) evaluate 
the seasonal and spatial variations of DBPs drinking water 
collected from households; (2) investigate the difference 
of levels and characteristics of DBPs in two zones where 
drinking water was supplied by two major WTPs with dif-
ferent raw water sources; (3) explore the variations of DBPs 
in main pipelines of two water distribution zones; and (4) 
assess the exposure and human health risks caused by DBPs 
in daily activities among different age groups and sexes. This 
study aims to provide useful information for water quality 
management and raise public concern over the occurrence 
of DBPs in drinking water, thereby enhancing the posttreat-
ment of drinking water in households before use to mitigate 
adverse health effects.

Materials and Methods

Studying Areas and Characteristics of WTPs

HCMC is the largest city with an area of 2095  km2 and a 
population of more than 9 million, located in northern Viet-
nam characterized by a tropical climate with two seasons: 
rainy season (May–November) and dry season (Decem-
ber–April) (GSO Vietnam 2019). In HCMC, two sources 
of water are used as raw water, including surface water and 
groundwater, for water supply. Indeed, the overexploitation 
could result in the depletion of groundwater (Leeuwen et al. 
2016). According to Saigon Water Corporation (SAWACO 
2022), surface water is the major source of drinking water 
in HCMC, accounting for 95% of the total water supply. 
Two groups of WTPs were established to provide potable 
water, and they use two raw water sources and provide drink-
ing water for two zones. Figure 1 indicates the locations of 
two WTPs and their water supply zones with merged areas 
(in orange) at the end of pipelines. Figure S1 illustrates the 
water treatment processes of two WTPs. The typical treat-
ment technologies to purify surface water in two WTPs 
included pre-chlorination, coagulation and flocculation, sed-
imentation, filtration, and disinfection. In both WTPs, liquid 
chlorine was used for both pre-chlorination to control algae 
growth and disinfection. Raw water of WTPA was collected 
from Dong Nai River, while WTPB used water from Sai Gon 
River. Both water sources were collected downstream which 
was greatly influenced by residential and industrial activities 
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(Nguyen et al. 2019). It is noted that a high liquid chlorine 
 (Cl2) dose was used in plant B for both pre-chlorination and 
disinfection (3.3–6.5 mg/L) due to the high level of organic 
matter in raw water (Nguyen et al. 2020), while the average 
dose in WTPA was only 1.5 mg/L. Additionally, polyalu-
minium chloride (PAC), lime, and polymer were used in 
the coagulation and flocculation processes in these WTPs.

Sample Collection

In this study, drinking water samples were collected from 
households in two water supply zones to investigate the 
variation of DBPs in distribution networks in these zones. 
Samples were collected every 2  km2 in urban areas (city 
center) and every 4–12  km2 in suburban areas during the dry 
season (April to May) and the rainy season (Jun to July) in 
2022. A total of 114 sampling sites were randomly selected 
with 64 sites in zone A and 50 sites in zone B. Samples were 
collected from 8 a.m. to 4 p.m. in the dry season (April to 
May) and the rainy season (Jun to July) in 2022. The spatial 
distribution of these sampling sites in two zones is presented 
in Fig. 1. Furthermore, the water samples were also collected 
at five sampling points in the main pipelines to investigate 
the variation of contaminants along the pipelines with dif-
ferent distances from the WTPs. These samples were also 

collected in three timeframes, including the morning (7:00 
a.m. to 10:55 a.m.), noon (11:00 a.m. to 2:00 p.m.), and the 
afternoon (2:05 p.m. to 5:00 p.m.). Relevant information 
regarding the sampling points along the pipelines is dem-
onstrated in Table S1. The average temperature recorded 
at Tan Son Nhat airport in HCMC in the dry season (April 
to May) ranged from 26.1 to 34.4 ℃, while the temperature 
recorded during the rainy season (Jun to July) was in the 
range of 24.4–32.2 ℃.

The formation potential of DBPs (DBPFP) was also 
measured to examine the possibility of having the high-
est formation of DBPs in water samples in the condition 
of excessive chlorine at different hydraulic retention time 
points. DBPs formation was analyzed following the proce-
dure reported by Phatthalung et al. (2019). The water sam-
ples were collected at the sampling points which were close 
to each WTP. Chlorine was added to these samples with the 
level of 3.5 mg/L and then they were kept tight in the dark 
condition at 25 ℃. DBPs in samples were analyzed in the 
beginning and after each hour during 12 h.

The residual chlorine (RC) was analyzed right onsite 
using the spectrophotometric method in accordance with 
the Vietnam national standard method for Determination 
of free chlorine and total chlorine in water (TCVN 6225-
2:2012, Ministry of Science & Technology 2012). A 125-mL 

Fig. 1  Locations of WTPs and 
sampling sites
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sample was collected for  UVA254, pH, and anion analyses. 
Two samples of 50 mL were collected separately for analy-
sis of TOC and cations which were preserved under pH < 2 
condition until analysis. For analysis of DBPs, samples were 
collected in a 45-mL dark glass bottle with a Teflon cap and 
preserved with 120-mg  NH4Cl for quenching chlorine (US-
EPA Method 551.1, 1995). All samples were stored in an ice 
box during delivery to the laboratory.

Sample Analysis

pH and  UVA254 were analyzed as soon as possible after 
being transported to the laboratory. TOC was analyzed 
using TOC Torch (Teledyne Tekmar, USA), while anions 
 (Cl−,  SO4

2−,  NO3
−,  Br−) and cations  (Ca2+,  Mg2+,  Na+, 

 K+,  NH4
+) were analyzed using IC system (Dionex 1100, 

Thermo scientific) coupled with an autosampler (Dionex 
AS-DV). TOC and  UVA254 were analyzed following U.S 
EPA Method 415.3 (U.S. EPA 2005). Permanganate index 
(PMI) was analyzed by the titration method following Viet-
nam national standard (TCVN-6186-1996).

Relevant information of DBPs analyzed in this study are 
shown in Table S2. Four THMs and six HAAs were ana-
lyzed following the procedure reported by Cardador et al. 
(2015) using GC/MS (QP2020 NX, Shimadzu) coupled with 
headspace (HS-20, Shimadzu). To be more specific, 10 mL 
of water was transferred to an HS glass vial containing 4 g 
of  Na2SO4. Then, 200 µL of  H2SO4 0.01 N was added to the 
vial for adjusting the pH value to about 5.0. Eighty µL of 
Dimethyl sulfate, 100 µL of 0.05 M Tetrabutylammonium 
hydrogen sulfate (TBA-H2SO4), and 150 µL of n-Pentane 
(modifier) were then added to the vial. These steps aimed 
to create derivatives of HAAs which were more volatile and 
beneficial to the measurement using HS-GC/MS. Finally, 
the vial was sealed using a crimper (Shimadzu, Germany) 
and then vortexed using a rotator (Phoenix  Instrument, 
RS-VA10, Germany) for 3 min. Subsequently, the vial was 
transferred to HS for incubation at 70 ℃ with strong shaking 
for sample equilibrium during 10 min before being injected 
into the GC system. The GC system coupled with the SH-
Rxi-5Sil MS column (30 m × 250 µm I.D. × 0.25 µm film 
thickness; Shimadzu) was kept at 40 ℃ as the initial tem-
perature in 3 min which then increased 20 ℃/min to 60 ℃ 
and held for 3 min. The temperature was then elevated to 
100 ℃ at the rate of 5 ℃/min and thereafter, raised at 25 ℃/
min up to 200 ℃ and held for 3 min. A split ratio of 1:20 
was used. The MS was operated under following conditions: 
transfer line temperature of 200 ℃; ion source temperature 
of 230 ℃; and quadrupole temperature of 200 ℃. All data 
were obtained with selective ion monitoring (SIM) mode.

The calibration curves presented a linear form with 
the coefficients of determination (R2) ranging from 0.991 
(BDCM) to 0.999 (TCM). The detection limits (LODs) 

were determined based on the lowest concentration meas-
ured when the signals of the target compound were approxi-
mately three times higher than background noise, ranging 
from to 0.05 µg/L (TCM) to 0.2 µg/L (DBCM) for THMs 
and 0.15 µg/L (MCAA) to 0.3 µg/L (DBAA) for HAAs. The 
recoveries of spiked samples (10 and 100 µg/L for THMs 
and 5 and 50 µg/L for HAAs) varied from 86 to 104%. Blank 
and duplicate samples were processed and analyzed simulta-
neously with water samples collected. All DBPs were below 
LODs in any blank samples, and the relative standard devia-
tions obtained from duplicate analysis ranged from 4 to 11%.

Chronic Daily Intake and Health Risks Assessment

Exposure Assessments

In this study, the chronic daily intake was estimated based 
on the assumption that the water supply was directly used 
for all activities in the households without any further treat-
ment. All possible routes of human exposure to DBPs were 
included for assessment, including ingestion via drinking 
and cooking, dermal absorption via skin contacts (washing, 
showering, or bathing), and inhalation via breathing through 
showering or bathing. Additionally, the exposure assessment 
of DBPs was also conducted among different age groups and 
sexes. The chronic daily intake (CDI) was calculated via 
Eqs. (1) to (4) which were widely used in previous studies 
(Mishra et al. 2014; Dobaradaran et al. 2017; Mosaferi et al. 
2020; Du et al. 2021; Kujlu et al. 2020; Costa et al. 2020; 
Liu et al. 2021; Wei et al. 2021).

where  CDIingestion,  CDIdermal absorption,  CDIinhalation, and 
 CDItotal (mg/kg-d) are the CDIs of DBP via ingestion, inha-
lation, dermal absorption, and all the three routes, respec-
tively; Cw and Cair (mg/L) are the levels of DBP in bathing 
water and bathroom air, respectively; IR (L/d) and InhR 
 (m3/h) are the ingestion rate of drinking water and inhala-
tion rate, respectively; EF (d/y) is the exposure frequency to 
DBPs via drinking water; ED (y) is the exposure duration 
to DBPs from drinking water; BW (kg) is the body weight; 

(1)CDIingestion(mg∕kg - day) =
Cw × IR × EF × ED

BW × AT
,

(2)
CDIdermal absorption(mg∕kg - day)

=
Cw × SA × F × PC × ET × EF × ED × 10−3

BW × AT
,

(3)
CDIinhalation(mg∕kg day) =

Cair × InhR × ET × EF × ED × 103

BW × AT
,

(4)
CDItotal = CDIingestion + CDIdermal absorption + CDIinhalation,
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AT (d) is the averaging time; SA  (cm2) is the skin area; F 
(dimensionless) is the fraction of surface skin in contact 
with water during bathing; PC (cm/h) is the permeability 
coefficient of DBP in water across skin; and ET (h/day) is 
the bathing time. The detailed information regarding these 
parameters is presented in Tables S3 and S4. The concentra-
tion of volatile DBPs in the bathroom air (Cair) is calculated 
using Eqs. (5) to (9) which was proposed by Little (1992).

where Ct and C0 (mg/L) are the levels of DBPs in bathroom 
air at time t and time = 0 (0 mg/L), respectively; a and b are 
dimensionless constants collected from Little (1992); QL and 
QG (L/min) are the flow rate of bathing water and ventilation 
rate of air in bathroom, respectively; Vs  (m3) is the bathroom 
volume; H (dimensionless) is the Henry’s law constant of 
DBPs; and KOLA (L/min) is the overall mass transfer coef-
ficient of DBPs. The information regarding these parameters 
is presented in Table S3.

Health Risk Assessment

Human health risk of DBPs was assessed in terms of non-
carcinogenic risk (NCR) and carcinogenic risk (CR) using 
reference dose (RfD) and slope factor (CSF) available for 
six DBPs, respectively, which were collected from the data-
base of Integrated Risk Information System (IRIS) and Risk 
Assessment Information System (RAIS) (Table S3). The 
assessment was done for six DBPs (TCM, BDCM, DBCM, 
TBM, DCAA, and TCAA) among target compounds 
detected in this study. The hazard quotient (HQ) for NCR 
assessment was computed using Eqs. (10) to (13) (Kujlu 
et al. 2020), and the hazard index is the total HQ of six DBPs 
computed for each route (Dat et al. 2021). Subsequently, 
the total HI of all the three routes was the cumulative non-
cancer risk of DBPs. Generally, HI < 1 means no consid-
erable risk, and HI ≥ 1 means potential non-carcinogenic 
risk (Dobaradaran et al. 2019), while the CR was estimated 

(5)Cair =
Ct + Co

2
,

(6)Ct =
a

b

[

1 − exp (− bt)
]

,

(7)a =
QL × Cw

[

1 − exp (−N)
]

Vs

,

(8)b =
QL

[

1 − exp (−N)
]

+
(

H × QG

)

H × Vs

,

(9)N =
KOLA

QL

,

based on Eq. (14). From its result, CR can be divided into 
four groups: negligible risk (CR <  10−6), acceptable low 
risk (1 ×  10−6 ≤ CR < 5.1 ×  10−5), acceptable high risk 
(5.1 ×  10−5 ≤ CR <  10−4), and unacceptable risk (CR ≥  10−4) 
(Legay et al. 2011).

where  HIing,  HIinh,  HId, and  HItotal (dimensionless) are the 
hazard indexes of chronic intake of DBPs via ingestion, 
inhalation, dermal absorption, and all routes, respectively; 
 RfDing,  RfDinh, and  RfDderm (mg/kg-d) are the reference 
doses of exposure to DBP from drinking water through 
ingestion, inhalation, and dermal absorption, respectively; 
CR risk total is the total CR; and  CSForal,  CSFderm, and  CSFinh 
are the carcinogenic slope factors for oral, dermal, and inha-
lation, respectively, which were taken from the standard 
value developed by RAIS and IRIS as given in Table S3.

Results and Discussion

Concentration and Seasonal Variation of DPBs

Table  S5 shows the levels of physicochemical param-
eters measured in this study. Generally, no statistical sea-
sonal variation of these parameters was found (p > 0.05) 
in each sampling zone. The results also reveal that most 
of the parameters were below the maximum contaminant 
level (MCL) regulated by the Vietnamese government for 
domestic water quality (QCVN 01-1:2018, Health Environ-
ment Management Agency of Vietnam 2018) [except for 
residual chlorine (RC) and  NO3

−]. The residual chlorine 
measured in zones A and B ranged from 0.127 to 1.24 mg/L 
and 0.243 to 3.42 mg/L, respectively. The residual chlorine 
in the water distribution network from 25 to 90th percentile 
of zone A ranged from 0.451 to 0.855 mg/L, while that of 
zone B ranged from 0.382 to 0.772 mg/L. The RC levels that 

(10)HQing =
CDIing

RfDing

,

(11)HQing =
CDIderm

RfDderm

,

(12)HQinh =
CDIinh,s,a

RfDinh

,

(13)HItotal = HQing + HQderm + HQinh,

(14)

CR risktotal =
(

CDIing × CSForal
)

+
(

CDIderm × CSFderm
)

+
(

CDIinh × CSFinh
)

,
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exceeded the MCL as regulated by the Vietnamese govern-
ment were usually measured in the samples collected at the 
beginning of the distribution network and after the surge 
tower where chlorine was added to water. This result con-
firmed the findings reported by Nguyen et al. (2016). For 
 NO3

−, up to 90% and 61% of samples collected from zones 
A and B exceeded MCL of 2 mg/L, respectively. Very high 
levels of  NO3

− (12.0–34.0 mg/L) in drinking water in Iran 
were also reported (Malakootian et al. 2020). It is noted that 
 NH4

+ was below the detection limit and  NO3
− was the most 

oxidized form of nitrogen which was an indicator of water 
pollution caused by anthropogenic sources (Han et al. 2016). 

The high level of  NO3
− implied that the raw water was influ-

enced by the treated wastewater discharge, and the Sai Gon 
River might have been more polluted than Dong Nai River 
during the dry season (Table S5). A similar conclusion was 
reached by Nguyen et al. (2019) that the raw water of the 
WTPB source should be changed or the raw water pump 
station should be moved upstream.

In this study, four THMs and six HAAs were measured in 
the samples collected; however, MBAA was not detected in 
all those samples. The levels of THMs and HAAs measured 
in two zones in dry and rainy seasons are shown in Fig. 2 
and Table 1. The level of THM4 was always significantly 

Fig. 2  Concentrations of THMs and HAAs measured in drinking water samples

Table 1  Concentrations of 
DPBs measured in the water 
distribution network of HCM 
City

a Vietnam National technical regulation on Domestic Water Quality (Health Environment Management 
Agency of Vietnam 2018)
b U.S. National Primary Drinking Water Regulations (U.S.EPA 2020)

Mean ± SD Zone A Zone B Drink-
ing water 
standardDry season Rainy season Dry season Rainy season

TCM 63.9 ± 48 29.5 ± 13 342 ± 190 176 ± 143 300a

BDCM 8.95 ± 3.8 3.20 ± 1.6 17.0 ± 7.8 8.50 ± 5.1 60a

DBCM 3.11 ± 1.0 1.85 ± 0.46 2.57 ± 0.79 1.86 ± 0.67 100a

TBM 0.446 ± 0.11 0.329 ± 0.053 0.337 ± 0.081 0.313 ± 0.06 100a

TTHMs 82.7 ± 47 37.8 ± 14 362 ± 205 186 ± 147 80b

MCAA 15.6 ± 13 9.85 ± 1.6 22.1 ± 6.6 13.4 ± 4.5 20a

DCAA 0.76 ± 1.9 0.033 ± 0.26 6.91 ± 8.6 1.66 ± 2.9 50a

TCAA 1.25 ± 2.4 0.033 ± 0.24 19.1 ± 16.8 6.44 ± 8.9 200a

BCAA 0.83 ± 0.8 0.299 ± 0.35 1.22 ± 0.87 0.408 ± 0.39 n.a
DBAA 0.96 ± 0.2 0.754 ± 0.13 0.852 ± 0.16 0.747 ± 0.078 n.a
THAAs 21.9 ± 16 11.1 ± 1.74 50.1 ± 27 22.6 ± 14 60b
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higher than that of HAA6 in all samples, which is in line 
with findings reported by Dong et al. (2022) for the level 
of THM4 (5.06–82.7 µg/L) and HAA2 (1.41–61.5 µg/L) 
measured in China. Wei et al. (2010) investigated the occur-
rence of various DBPs in WTPs in China and reported that 
THMs and HAAs were the main contributors to total DBPs. 
Nevertheless, the contribution of THMs (42.6%) was higher 
than HAAs (38.1%), and this high level of THMs com-
pared to HAAs might be attributed to the different levels 
of their precursors or the decomposition of HAAs to form 
THMs at high temperatures (> 23 °C) as indicated in pre-
vious studies (Zhang & Minear 2002; Golfinopoulos et al. 
2003). Generally, the levels of THM4 and HAA6 measured 
in zone B (290 ± 200 and 38.0 ± 25.6 µg/L, respectively) 
were notably higher than those in zone A (65.4 ± 47.4, and 
16.8 ± 12.7 µg/L, respectively). These results could stem 
from the different contaminated levels of raw water and the 
higher chlorine dose used in WTPB compared with those in 
WTPA. Further studies on the influence of factors govern-
ing the formation DBPs in two WTPs should be conducted.

Table S6 compares the levels of DBPs found in this study 
and those reported in prior studies worldwide. In general, 
the concentrations of THM4 and HAA6 found in this study 
are in the ranges of regular levels observed in water (THM4: 
0.138 to 458 μg/L and HAA6: 0.160–136 μg/L) which were 
summarized by Srivastav et al. (2020). The levels of DBPs 
measured in this study were higher than those reported in 
China by Du et al. (2021) who reported that THMs and 
HAAs found in water from many WTPs in China were in the 
range of 1.6–13.3 µg/L. Wang et al. (2019) reported that a 
low level of THM4 measured in 5 WTPs in China was found 
in a range of 18.81–38.96 µg/L. However, very high level 
of THM4 was found in Nigeria (26.9–961 µg/L) and Iran 
(24.2 ± 6.3–151.4 ± 48.1 µg/L) (Benson et al. 2017; Kujlu 
et al. 2020; Dobaradaran et al. 2020; Mosaferi et al. 2020). 
On the other hand, the level of THMs measured in zone B 
was higher than those reported in Taiwan and China (Chang 
et al. 2009; Zhou et al. 2019; Ding et al. 2013; Dong et al. 
2022). The level of HAAs measured in this study was sig-
nificantly lower than those reported worldwide (Bond et al. 
2015; Dobaradaran et al. 2020).

Figure 2 shows that the levels of THMs and HAAs meas-
ured in the dry season were significantly higher than those 
in the rainy season (p < 0.05). This finding broadly supports 
evidence from previous observations of the seasonal varia-
tion of DBPs (e.g., Charisiadis et al. 2015; Zhou et al. 2019; 
Mosaferi et al. 2020; Du et al. 2021; Dong et al. 2022). 
According to Mosaferi et al. (2020), the summer recorded 
a far higher level of TTHMs (252 ± 185.9 μg/L) than the 
winter (10.2 ± 9.3 µg/L). The similar trend was also con-
firmed in other research (Chang et al. 2009; Stanhope et al. 
2020), which attributed this phenomenon to the variation 
in raw water quality in the winter and summer. It should be 

noted that the summer reported in aforementioned studies 
(Mosaferi et al. 2020; Stanhope et al. 2020) was, by nature, 
corresponding to the rainy season, implying that the reverse 
trend was found in this study. However, no significant dif-
ference in the seasonal variation of THMs was reported 
(Charisiadis et al. 2015; Keegan et al. 2001). Several studies 
indicated that higher temperature (in the dry season) resulted 
in a higher level of DBPs in water due to the acceleration of 
high temperature on the formation of DBPs (Liu et al. 2015; 
Zhou et al. 2019; Yamamoto et al. 2007). In fact, various fac-
tors can cause the variability of DBPs, including variations 
in raw water properties, dose of chemicals used in WTP, and 
weather conditions. Hence, further studies on the seasonal 
formation of DBPs in WTP under the influence of raw water 
properties and treatment processes should be conducted to 
clarify the seasonal variation of DBPs in water.

Table 1 compares the levels of DBPs measured in the 
distribution network of HCMC with the maximal levels 
set by the Vietnam government for domestic water qual-
ity (QCVN 01-1:2018, Health Environment Management 
Agency of Vietnam 2018) and the U.S. Environmental Pro-
tection Agency (U.S. EPA 2020). The result indicated that 
the average levels of TTHMs and THAAs in zone B exceed 
the maximal values regulated by the U.S. EPA. The average 
level of TTHMs of zone A measured in the dry season was 
slightly higher than the index set by the U.S. EPA. Table S7 
presents the number of samples with concentrations exceed-
ing the standard level by Vietnam and U.S. EPA. For zone 
A, the number of samples with the levels of MCAA and 
TTHM in the dry season surpassed the national standard 
was 13 (20%) and 26 (40%), respectively; however, no sam-
ples with any target compound exceeding the regulated level 
were found in the rainy season. For zone B, many samples 
with the levels of TCM, MCAA, and TTHMs exceeded the 
regulated levels in the dry season (33, 31, and 48 samples 
per 50 samples, respectively); however, a lower frequency of 
samples collected during the rainy season was recorded with 
the levels of TCM and MCAA exceeding the maximal regu-
lated levels (13 and 3 samples per 69 samples, respectively). 
Particularly, there were 50 samples in the rainy season with 
levels of TTHMs higher than 80 µg/L, which indicated the 
high potential risk to human health caused by daily exposure 
DBPs, especially in the dry season.

Characteristics of DBPs Measured in the Drinking 
Water of HCMC

The congener distributions of THMs and HAAs in two 
zones and two seasons are depicted in Fig. 3. The results 
indicated that TCM (Chloroform) and MCAA (Monochlo-
roacetic acid) were the main contributors to THMs and 
HAA groups, respectively. The share of TCM in zone B 
(92.3 ± 6.0, and 92.1 ± 4.4% in the dry and rainy seasons, 
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respectively) was higher than that of zone A (82.8 ± 4.7% 
and 84.8 ± 4.8% in the dry and rainy seasons, respectively). 
The contribution of other THMs followed the order of 
BDCM > DBCM > TBM. A similar distribution of THMs 
was also reported in many other studies (Wei et al. 2010; 
Font-Ribera et al. 2017; Legay et al. 2019; Wang et al. 2021). 
Du et al. (2021) investigated the congener pattern of THMs 
produced by different disinfectants and found that when liq-
uid chlorine was used for the disinfection process, TCM was 
the largest contributor, followed by BDCM > DBCM. This 
finding indicated the agreement in the congener distribution 
of the THM group produced by disinfection using liquid 
 Cl2. For the HAA group, significantly different patterns were 
found between two zones and two seasons. For zone A, the 
pattern was relatively similar to the predominance of MCAA 
(Monochloroacetic) (83.2 ± 7.5% and 88.8 ± 8.4% in the dry 
and rainy seasons, respectively). For zone B, MCAA was 
also the dominant congener (51.2 ± 23% and 67.2 ± 21% in 
the dry and rainy seasons, respectively), followed by TCAA 
(33.4 ± 19% and 21.9 ± 19% in the dry and rainy seasons, 
respectively) and DCAA (10.8 ± 9.0% and 4.80 ± 6.2% in the 
dry and rainy seasons, respectively). It should be noted that 
the chlorination levels of THMs and HAAs in zone B were 
higher than those in zone A, which might be correlated with 
the higher dose of chlorine used in WTPB, compared with 
that in WTPA. Furthermore, in contrast to earlier findings in 
other research, less occurrence of bromide DBPs was found 
in this study, which was in line with the absence of  Br− in 
the water (as shown in Table S5). Previous study confirmed 
that the levels of bromide in water can modify the speciation 
of DBPs toward brominated DBPs (Zhao et al. 2010).

The Pearson correlation coefficients between pairs of 
DBPs are presented in Table S8. The results indicated that 
most pairs of DBPs analyzed in this study were statistically 
correlated (p < 0.05). Strong correlations (r > 0.7) between 
TCM and BDCM, TCM and TCAA, BDCM and TCAA, 
DBCM and TBM, DBCM and BCAA, DBAA and TBM, 
MCAA and BCAA, DCAA, and TCAA. Moderate correla-
tions (0.4 < r < 0.7) were also found in other pairs of DBPs, 
such as TCM and DCAA; BDCM and MCAA, DCAA, and 
BCAA; DBCM and BDCM, MCAA, and BCAA; TBM and 
BCAA; MCAA and DCAA and DBAA; DCAA and BCAA; 
and BCAA and TCAA and DBAA. These moderate correla-
tions between THMs, BDCM, and DBCM matched those 
observed in previous study (Mosaferi et al. 2020). Interest-
ingly, many compounds in the THM group showed a strong 
correlation with those in the HAA group, suggesting that 
these compounds might be formed in similar conditions 
and vary together in the distribution network. In accordance 
with findings reported in some prior research (e.g., Wei et al. 
2010; Chang et al. 2009; Sérodes et al. 2003), a strong cor-
relation between TTHMs and THAAs (r = 0.769) was also 
revealed in this study.

Table S8 also presents the correlated levels of DBPs 
and physicochemical parameters. Kalankesh et al. (2019) 
reported that significant correlations between DBPs and 
physicochemical parameters are not always found due to 
the interaction between them and other factors. The results 
obtained from this study indicated that most of the param-
eters showed weak or moderate correlations with at least two 
DBPs (except for pH and  NO3

−). Except for some param-
eters (TOC,  UVA254, RC,  Cl−) that should show a signifi-
cant correlation with DBPs due to their associations with 

Fig. 3  Congener patterns of 
THMs and HAAs in the water 
collected from different seasons 
and zones (The error bar pre-
sents + 1SD)
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the formation of DBPs (Hua et al. 2015; Srivastav and Kaur 
2020), the findings showed significantly statistical corre-
lations between DBPs and many anions and cations. For 
instance, most of the DBPs showed poor and moderate cor-
relations with  SO4

2−,  Na+,  K+, and  Ca2+. Limited informa-
tion regarding the influence of these ions on the formation 
or degradation of DBPs was also reported. Lee et al. (2019) 
pointed out the influence of  Na+ and claimed that  Na+ (as 
the main component of TDS) could react with functional 
groups of organic compounds (precursors of DBPs forma-
tion) which subsequently affect the formation of DBPs. In 
this case, other cations might also affect the formation of 
DBPs, but the mechanism still remains unclear. Thus, further 
studies on the influence of anions and cations on the forma-
tion of DBPs are needed.

Variations of DBPs in the Distribution Network 
and Main Pipelines

Figure S2 depicts the spatial variation of THMs and HAAs 
in two sampling zones. It is apparent that the level of DBPs 
measured in zone B was significantly higher than that in 
zone A; and an increase in the levels of DBPs with the dis-
tance from WTPs to sampling points was found, especially 
in zone B. It was found that the highest level of DBPs was 
measured in the areas located at the end of the distribution 
network in zone B. These areas were reported to have bad 
quality of water (based on responses of users in our inter-
views) and insufficient water pressure (SAWACO 2022). 
The stagnant water and growing microbials in the pipeline 
promoted the formation of DBPs in the pipelines, which was 
confirmed by many prior studies (Dion-Fortier et al. 2009; 
Chen et al. 2020; Wang et al. 2012, 2021; Delatolla et al. 
2015). In order to characterize the variations of DBPs in the 
pipelines, samples were collected from different distances to 
the WTPs. The average levels of THMs and HAAs measured 

Fig. 4  Variation of THMs and 
HAAs in the main pipelines of 
zone A (a) and zone B (b)
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in different positions along the pipelines are presented in 
Fig. 4. For zone A, the concentration of DBPs increased 
from the beginning of the pipeline to the point of 20.8 km 
and a similar trend was found in two seasons. However, the 
level of DBPs in the pipeline of zone B fluctuated and varied 
in two seasons. Figure S3 presents the variations of DBPs 
in different time frames, including the morning, noon, and 
the afternoon. A relatively similar trend could be observed 
in the main pipeline of zone A during different timeframes 
with an increase of DBPs in the pipeline, from the beginning 
to the point of about 20 km, followed by a slight fluctuation 
of DBPs in the end of pipeline. Meanwhile, a similar vari-
ation of DBPs was observed in the main pipeline of zone B 
in all time frames, but the level of DBPs decreased in the 
beginning of the pipe and then fluctuated insignificantly. The 
levels of THMs and HAAs in distribution network might be 
influenced by various factors including stagnant water in 
the pipeline (Dion-Fortier et al. 2009), pipe life expectancy, 
pipe materials with different biofilm formation levels (Chen 
et al. 2020), and addition of chlorine in the pipeline (Nguyen 
et al. 2016; Dong et al. 2022). In fact, the life time, quality, 
and materials of the pipes in two sampling zones and within 
each zone were inconsistent, which could result in spatial 
variations of DBPs. Furthermore, the stagnant water in the 
pipeline could cause the variations of DBPs in different 
timeframes. Figure S3 reveals that most of the high levels 
of DBPs were found in the morning, which was the evidence 
of increasing DBPs from stagnation at night.

The DBPFP was analyzed to further understand the 
variation trend of DBPs at different hydraulic retention 
time points, which is depicted in Fig. S4. Our investigation 
found that a significant high dose of chlorine was added in 
the samples collected upstream in each sampling zone. For 
the sample collected from zone A, THMFP (mainly TCM) 
sharply increased after 1 h of incubation. Subsequently, the 
level of THMs gradually elevated for 10 h and then reduced 
after 11 h. However, HAAFP increased during the first 3 h 
of incubation and then decreased. The level of MCAA varied 
in a narrow range, while other compounds were significantly 
formed with their levels reducing after 10 h. The increase of 
DBPFP within 10-h incubation suggested that DBPs could 
increase with the hydraulic retention time in the pipeline or 
during stagnation at night. This result followed the trend of 
increasing DBPs through the pipeline in zone A (Fig. 4a), 
in agreement with the high level of DBPs measured in the 
morning (Fig. S3). For the sample collected from zone B, the 
DBPFP also increased during 1–3-h incubation. After 4 h, 
the figure for THMFP varied in a relatively narrow range; 
however, the HAAFP gradually decreased and remained sta-
ble after 10 h. It is noted that TCAA was one of the major 
congeners among HAAs analyzed in every incubation time, 
followed by MCAA and DCAA. Different variations and 
congener distribution of DBPFP in two samples collected 

from two zones revealed that physio-chemical composi-
tions, especially the precursor of disinfection by-product 
formation, in two zones were different. Different formation 
behaviors of THMs and HAAs in different water samples 
and retention times were also reported by Padhi et al. (2015) 
who indicated that THMs increased in accordance with the 
increase of chlorine dose and retention time. Further studies 
should be conducted to gain more in-depth insights into the 
mechanism of DBP formation.

Exposure and Health Risk Assessment

Chronic Daily Exposure (CDI) Assessment

The CDI values were identified on the basis of three prin-
cipal exposure routes for men and women in two sampling 
zones which were shown in Fig. 5. Significant differences 
in CDI values between age groups were found (p < 0.05). 
The highest CDI value was recorded among the youngest 
age group [3.58 ×  10–2 and 3.55 ×  10–2 mg/kg day (zone A) 
and 1.69 ×  10–1 and 1.68 ×  10–1 mg/kg day (zone B) for men 
and women, respectively; the CDI decreased as the expo-
sure time increased with the lowest CDI of the oldest age 
group [1.02 ×  10–2 and 1.12 ×  10–2 mg/kg day (zone A) and 
4.70 ×  10–2 and 5.16 ×  10–2 mg/kg day (zone B) for men 
and women, respectively]. This trend was also reported by 
Dobaradaran et al. (2020) in their research investigating the 
CDI of THMs and HAAs in communities in Bushehr, Iran. 
However, the CDI values obtained in this study were consid-
erably higher than those reported in previous research (Cost 
et al. 2022; Kujlu et al. 2020; Dobaradaran et al. 2020), 
which may be attributed to the significantly high level of 
DBPs. TCM was the predominant compound that permeated 
into the body via three main routes, accounting for 85–88% 
(zone A) and 94–95% (zone B) or the total CDI.

As shown in Fig. 6, the difference in contribution of each 
target compound to three exposure routes was insignificant in 
two zones. The results indicated that ingestion was the major 
route for HAAs to enter the body (99.4 ± 0.25%), while 
inhalation was the dominant exposure pathway that THMs 
entered the body (Fig. 6). The contribution of four THMs 
to the inhalation pathway decreased as the following order 
of TCM (88.1–88.7%) > BDCM (82.6–83.5%) > DBCM 
(71.2–71.4%) > TBM (69.8–71.0%). HAAs are nonvolatile 
and of low permeability coefficient in water across skin com-
pared to THMs (Xu et al. 2002); therefore, ingestion could 
be seen as a unique route for people to get exposed to HAAs. 
In contrast, THMs are volatile compounds and the value 
of vapor pressure of four THMs followed the contribution 
trend of THMs to the inhalation route (Thurnau & Clark 
2020). In the same vein, Dobaradaran et al. (2019) and Kujlu 
et al. (2020) reported a similar trend of THMs and HAA’s 
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contributions to three main routes regardless of different lev-
els and distributions of DBPs to the total DBPs.

Non‑cancer and Cancer Risks Assessment

The average HIs and CRs caused by exposure to DBPs 
among different age groups and sexes in two sampling zones 

Fig. 5  Average CDIs of the 
DBPs via three exposure routes 
by sex and age groups in zone A 
(a) and zone B (b)
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Fig. 6  Average contribution of 
three exposure routes in total 
CDIs of DBPs
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are shown in Fig. S5 and Fig. 7, respectively. The HI results 
indicated that high potential non-carcinogenic risks were 
found in this study due to the notably high levels of HIs 
(much greater than 1) in both two zones. For zone A, the HIs 
ranged from about 3.5 for children and the youth to about 1 
for the 50–70 age groups. Meanwhile, these values were in 
the range of about 16.5 to 5.0 for zone B. This result was far 
higher than those reported worldwide (Wang et al. 2019; Du 
et al. 2021; Cost et al. 2022; Kujlu et al. 2020; Dobaradaran 
et al. 2019), implying unneglectable non-cancer risks posed 
by DBPs in HCMC, especially for the young and vulnerable 
groups.

Figure 7 indicates that all of the population regardless of 
age groups and sexes in HCMC were exposed to an unac-
ceptable CR level (CR >  10–4) if using the water directly. 
The variation of CRs followed the trend of HIs. Notably, the 
dominant contributor to the high CRs was TCM (86% and 
94% for zones A and B, respectively), followed by BDCM 
and DBCM in zone A and BDCM and TCAA in zone B. 
Dobaradaran et al. (2019) and Wang et al. (2019) found that 
BDCM and DBCM were the major contributors to CRs, 

and TCM was the main cause of CR in water collected in 
Iran (Kujlu et al. 2020). Fig. S6 depicts the distribution of 
CR caused by THMs and HAAs in two zones. The find-
ings indicated that a relatively higher high level of CR was 
caused by these DBPs among men compared with the figure 
for women. The cancer risk posed by HAAs in zone A was 
negligible (CR <  10–6), while the CRs caused by HAAs in 
zone B ranged from  10–6 to 0.5 ×  10–5 (acceptable low risk) 
and the CRs caused by THMs on both zones were higher 
than  10–4 (unacceptable risk). The results also showed an 
extremely high cancer risk posed by DBPs for HCMC’s 
population and post-treatment of water before using or 
daily activities is critically important to protect human 
health, especially for children. In fact, some methods, such 
as boiling water or evaporation, are very simple and effec-
tive to remove THMs (Thurnau and Clark 2020; Ebrahim 
et al. 2015), which are currently applied in the household 
of HCMC to eliminate the toxic compounds and pathogen 
in drinking water. Therefore, the health risk posed by these 
compounds to residents of HCM might be lower and further 
study on this issue is necessary.

Fig. 7  Cancer risks caused by 
exposure with DBPs by sex and 
age groups and contributions of 
each compound to CR in zone 
A (a) and zone B (b)
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Conclusion

The research findings revealed that the levels of DBPs meas-
ured in zone B were notably higher than those in zone A, 
implying that different raw water sources and chlorine doses 
were the major factors influencing the formation of DBPs. 
In both sampling zones, the levels of DBPs measured dur-
ing the dry season were significantly higher than those in 
the rainy season. The total DBPs found in zone A in the 
dry and rainy seasons were 101 ± 49.7 and 48.9 ± 15.0 µg/L, 
respectively, while those for zone B were 419 ± 223 and 
204 ± 153 µg/L, respectively. Statistically significant corre-
lations between DBPs in two groups and between DBPs and 
physicochemical parameters were found in this study, imply-
ing that these compounds might be inter-associated in terms 
of formation and variation along the distribution network. 
Generally, the dominance of chlorinated DBPs was found in 
water compared to brominated DBPs. Among four THMs, 
trichloromethane (TCM) was the predominant compound, 
accounting for 83.7 ± 4.8% (zone A) and 91.4 ± 10.0% (Zone 
B). For the HAA group, MCAA was the predominant con-
tributor (86.3 ± 8.2% and 60.5 ± 23% for zones A and B, 
respectively). The increase of DBPs in the main pipeline of 
zone A might be correlated with the water stagnation in the 
pipeline, while the variation of DBPs in zone B might be 
more complicated. This study also unveiled a significantly 
high chronic daily intake, non-cancer, and cancer risks 
caused by exposure to DBPs through direct use of water 
for daily activities in households, which suggests that water 
should be pretreated before use. Indeed, many households in 
HCM City have employed different methods to process water 
before drinking and cooking. Hence, further studies on water 
treatment methods in households and their removal efficien-
cies toward DBPs should be conducted to more accurately 
estimate the health risks of DBPs in HCM City.
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