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Abstract

Effects of distribution of natural organic matter (NOM) on formation and distribution of trihalomethanes (THMs) in 
municipal water were investigated. Water samples were fractionated using serial ultrafiltration with membranes of molecu-
lar weight cut-off (MWCO) values of 500, 1 000 and 3 000 Da. The resulting 4 fractions of water with NOM of (i) < 500 Da; 
(ii) 500 Da – 1 kDa; (iii) 1 kDa – 3 kDa; and (iv) > 3 kDa were separated. Variable amounts of bromide ion (0, 40, 80, 120 
and 200 µg/ℓ were added to these samples. The samples were chlorinated at pH of 6 and 8.5 and held at 20°C for various 
reaction periods (3, 8, 28, 48 and 96 h). The results demonstrate that the higher molecular weight NOM is strongly corre-
lated with UV254 and specific ultraviolet absorbance (SUVA), while the lower molecular weight NOM is weakly correlated 
with UV254 and SUVA. Increase in bromide ion concentration increases total THM formation. Fractions of brominated 
THMs decrease with increasing NOM molecular size. Lower molecular weight NOM forms more brominated THMs than 
the corresponding higher molecular weight NOM. Increase of bromide to chlorine ratio decreases chloroform and increases 
brominated THMs. Increase in pH increases chloroform and decreases brominated THMs. This study demonstrates that the 
distribution of NOM and bromide ion can have important role on the distribution of THMs in drinking water.
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Introduction

The natural organic matter (NOM) and/or other inorganic 
substances in water react with chlorine and other disinfectants 
to produce disinfection byproducts (DBPs) in drinking water. 
Since their discovery in 1974, a number of DBPs, including 
trihalomethanes (THMs), haloacetic acids (HAAs), halo
acetonitriles (HANs), haloketones (HKs), nitrosamines and 
iodo-THMs have been investigated. DBPs are of potential 
concern as some have been noted to have associated cancer 
risks, as well as other acute and chronic effects on human 
health (Richardson et al., 2007, 2008; King et al., 2004; Health 
Canada, 2008; USEPA, 2006, 2009; Krasner et al., 2006). The 
regulated THMs consist of 4 compounds: chloroform (CHCl3), 
bromodichloromethane (BDCM), dibromochloromethane 
(DBCM) and bromoform (CHBr3), some of which might 
be possible/probable human carcinogens (USEPA, 2009). 
However, in recent years, non-regulated THMs (e.g., iodo-
THMs) have been reported in drinking water. Epidemiological 
studies have reported that brominated THMs in drinking water 
have a stronger association with stillbirths, low birth weights 
and neural tube defects than the chlorinated THMs (King et 
al., 2000, Dodds and King, 2001). Toxicological studies have 
characterised brominated THMs as more toxic than their chlo-
rinated counterparts (USEPA, 2009). The brominated THMs, 
specifically, BDCM, target human placental trophoblasts that 
produce a hormone, which is required during pregnancy. A 
decrease in bioactive levels of this hormone can lead to adverse 

effects during pregnancy (Health Canada, 2007). THMs are 
regulated in many countries around the world (USEPA, 2006; 
Health Canada, 2008; WHO, 2008).

NOM is considered to be the main precursor for THM 
formation, with the molecular weight of NOM in source water 
typically varying between 500 Da and 5.5 kDa (MWH, 2005). 
Past studies have reported that differences in molecular weight 
of NOM can affect the type and distribution of THMs (Liang 
and singer, 2003; Chowdhury et al., 2010). NOM particles with 
higher molecular weight are hydrophobic and composed of acti-
vated aromatic rings, phenolic hydroxyl groups and conjugated 
double bonds, while lower molecular weight NOM particles 
are hydrophilic and composed of aliphatic ketones and alcohols 
(Liang and Singer, 2003; Hellur-Grossman et al., 2001). The 
hydrophobic fractions of NOM exhibit higher specific ultravio-
let absorbance (SUVA, defined as: 100×UV254/DOC); while the 
hydrophilic fractions of NOM exhibit lower SUVA (Liang and 
Singer, 2003; Hellur-Grossman et al., 2001; Chowdhury et al., 
2010). The nature and molecular weight distributions of NOM 
largely depend on the sources and biogeochemical processes 
associated with carbon recycling in terrestrial and aquatic 
systems (Uyak and Toroz, 2007). Past studies have reported 
that NOM with higher molecular weight might be more reactive 
with chlorine, while NOM with lower molecular weight may be 
more reactive with bromide (Liang and Singer, 2003).

Natural water often contains bromide ions, while chlorina-
tion of bromide-containing waters can alter the reaction pro-
cess and increases the fractions of brominated THMs in drink-
ing water (Liang and Singer, 2003; Hellur-Grossman et al., 
2001). An increase in brominated THMs can be attributed to 
the reactions of HOBr with lower molecular weight NOM and/
or a shift of chlorinated THMs to brominated THMs (Uyak and 
Toroz, 2007; Chowdhury et al., 2010). Several factors, includ-
ing bromide to chlorine ratio, pH, temperature and relative 

http://dx.doi.org/10.4314/wsa.v37i4.18
mailto:SChowdhury@kfupm.edu.sa


http://dx.doi.org/10.4314/wsa.v39i1.1 
Available on website http://www.wrc.org.za

ISSN 0378-4738 (Print) = Water SA Vol. 39 No. 1 January 2013
ISSN 1816-7950 (On-line) = Water SA Vol. 39 No. 1 January 20132

distribution of lower and higher molecular weight NOM, can 
influence THM formation (Sohn et al., 2006). However, a small 
fraction of bromide ions (typically 18–28%) are converted to 
brominated THMs during water treatment and disinfection pro-
cess (Sohn et al., 2006). This partial conversion of bromide into 
brominated THMs adds further difficulties to assessing THM 
distribution in bromide-rich source water. Further to this, it has 
been reported that complete removal of low molecular weight 
NOM through available treatment processes is rarely possible 
(Liang and singer, 2003). Consequently, low molecular weight 
NOM tends to remain in finished water. As such, it is likely 
that brominated THMs will be present in the bromide-rich 
water. In this study, effects of different fractions of NOM on 
THM distributions were investigated. Implications of bromide 
ions and different fractions of NOM on THM distributions 
were explained. Relationships between DOC, UV254 and SUVA 
were investigated for various fractions of NOM. Conversion of 
bromide to brominated THMs was investigated. 
 
Experimental methods

Experiments were conducted on synthetic water prepared in 
the laboratory using the Suwannee River humic acid (HA). 
Concentrated stock solution was prepared by dissolving HA 
into 0.1 N NaOH solutions. The stock solution was used in 
deionised water to generate water samples with dissolved 
organic carbon (DOC) concentrations of 2.0, 4.0 and 6.0 mg/ℓ. 
Samples were filtered using 0.45 µm filter paper (Aldrich 
Z277347) to remove suspended particulates. This water was 
subjected to serial ultrafiltration using membranes of molecular 
weight cut-off (MWCO) values of 3 kDa, 1 kDa and 500 Da. 
(Sigma-Aldrich Cellulosic disk: MWCO: 500 Da, 1 kDa and 
3 kDa; parts number Z368024, Z355119, Z355143). The sche-
matic of NOM separation is presented in Fig. 1. The resulting 3 
retentates (molecular weight > 3 kDa, 1 kDa – 3 kDa, and 500 
Da – 1 kDa) were isolated and dissolved separately in the same 
amount of deionised water that was used for the ultrafiltra-
tion experiments (Fig. 1). Including the 4th fraction (molecular 
weight < 500 Da in Fig. 1), a total of 4 types of water samples 
were generated (molecular weight < 500 Da, 500 Da – 1 kDa, 
1 kDa – 3 kDa, and molecular weight > 3 kDa). The DOC and 
ultraviolet absorbance (UV254) were measured using Standard 

Method 5310B (APHA, 1995) and a Biochrom Ultrospec 1000 
UV/Visible Spectrophotometer, respectively. The specific 
ultraviolet absorbance (SUVA) was calculated as: 100·UV254/
DOC. The pH of the water samples were adjusted to 6 and 8.5. 
Variable amounts of bromide ions (0, 40, 80, 120 and 200 µg/ℓ) 
were added to these samples. Bromide ion stock solution of  
100 µg/mℓ was prepared by diluting Sigma-Aldrich bromide 
standard (Catalog no. 17355) with deionised water. A fixed dose 
of chlorine (2.0 mg/ℓ) was applied to each of the fractionated 
and pH-adjusted samples. Chlorine stock solution of 5 mg  
Cl2/mℓ was prepared using a 5% aqueous sodium hypochlorite 
solution following Standard Method 5710B (APHA, 1995). All 
stock solutions were stored in a refrigerator at 2 ± 0.1°C and 
discarded after 7 days. Reactions were performed in a water 
bath at 20°C, for various reaction times (3, 8, 28, 48 and 96 
h). Free residual chlorine (FRC) and total chlorine (TC) were 
measured for these samples after their corresponding reaction 
periods. The FRC were obtained in the range of 0.15–1.6 mg/ℓ 
for these samples, indicating that all samples had adequate 
FRC to form THMs till the end of their reaction periods. THMs 
were measured using GC/MS (Varian chromatograph, model 
3900 equipped with quadrupole mass spectrometer) follow-
ing USEPA 524.2 method (USEPA, 1992). The calibration 
standards and quality control samples were used in each group 
of samples to confirm the analytical results. Samples were 
analysed in duplicate and results within 10% variability were 
accepted. The detection limit of the GC/MS was 2 µg/ℓ at 95% 
probability of detection. 

Results and discussion

Distribution of DOC, UV254 and SUVA

To assess the relative distributions of molecular weight of 
NOM, 3 types of samples were prepared, with DOC of 2.0, 4.0 
and 6.0 mg/ℓ, replicating the typical ranges of DOC found in 
the source water (MOE, 2007; WHO, 2004; USEPA, 2006). 
Relative distributions of DOC corresponding to the fractions of 
NOM are shown in Table 1. 

Approximately 10.7–17.9% of DOC is attributed to NOM 
with molecular weight of > 3 kDa. The largest fraction of DOC 
was associated with 1 kDa – 3 kDa molecular weight NOM 

Table 1
DOC contributions by different fractions of NOM

Total measured DOC: 
2.06 mg/ℓ

Total measured DOC: 
3.92 mg/ℓ

Total measured DOC: 
5.88 mg/ℓ

NOM Fractions DOC (%) DOC (%) DOC (%)
< 500 Da 0.45 21.4 0.79 19.3 1.2 20.1
500 Da – 1kDa 0.57 27.1 1.05 25.6 1.1 18.5
1 kDa – 3kDa 0.85 40.3 1.73 42.2 2.61 43.8
>3kDa 0.23 10.7 0.52 12.7 1.07 17.9
Sum of 4 fractions 2.11 4.09 5.97

S1: Sample type 1 with DOC = 2.0 mg/ℓ; S2: Sample type 2 with DOC = 4.0 mg/ℓ
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Figure 1
Fractionation of natural 

organic matter (MW: 
molecular weight)
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(40.3–43.8%) followed by 500 Da – 1 kDa molecular 
weight (18.5–27.1%). NOM with a molecular weight 
of less than 500 Da contributed 19.3–21.4% of the 
total DOC. Based on the experiments, 38.6–48.5% 
of the DOC was contributed by the NOM having 
molecular weight ≤ 1 kDa (Table 1). The correla-
tions between DOC, UV254 and SUVA for different 
fractions of NOM are presented in Fig. 2. Strong 
correlations between DOC and UV254 were observed 
for molecular weight > 1 kDa (R2 = 0.88 and 0.996), 
while weak correlations (R2 = 0.21 and 0.46) were 
observed for molecular weight < 1 kDa (Fig. 2). The 
weakest correlation was observed for molecular 
weight < 500 Da (R2 = 0.21), while the best correla-
tion was found for molecular weight > 3 kDa (R2 = 
0.996). Similar correlations (strong correlation for 
molecular weight > 1 kDa and weak correlation for 
molecular weight < 1 kDa) between DOC and SUVA 
were observed. For example, the weakest correla-
tion between DOC and SUVA was observed for 
molecular weight < 500 Da (R2 = 0.001), while the 
strongest correlation was found for molecular weight 
> 3 kDa (R2 = 0.88). In both UV254 and SUVA, R2 
values increased with the increase in the molecular 
weight of NOM (Fig. 2). The findings demonstrate 
that UV254 or SUVA may not effectively characterise 
DOC associated with low molecular weight NOM, 
while a significant fraction of DOC (38.6–48.5%) 
can be contributed by the low molecular weight 
NOM (molecular weight ≤ 1kDa) in these samples.

Effects of molecular weight distribution on 
brominated THM formation

The rate of THM formation (CHCl3, BDCM, DBCM 
and CHBr3) was investigated for S1 (samples with 
total DOC of 2.0 mg/ℓ) and S2 (samples with total 
DOC of 4.0 mg/ℓ) with varying concentrations of 
bromide ion (0, 40, 80, 120 and 200 µg/ℓ) for differ-
ent reaction periods (3, 8, 28, 48 and 96 h). Figure 3 
shows the formation rates of CHCl3, BDCM, DBCM 
and CHBr3 per unit of DOC for S1 and S2 samples 
with 120 µg/ℓ bromide ion for a reaction period of  
48 h. Formation of CHCl3 increases with the increase 
in molecular weight of NOM. The higher molecular 
weight NOM (molecular weight > 3 kDa) formed 
approximately 67–75% more CHCl3 than the lower 
molecular weight NOM (molecular weight < 500 Da) (Fig. 3). 
For example, in the case of S1, 0.153 µmol/ℓ CHCl3 was formed 
per unit of DOC for molecular weight < 500 Da, while 0.178, 
0.195 and 0.267 µmol/ℓ CHCl3 was formed per unit of DOC 
for molecular weights of 500 Da – 1 kDa, 1 kDa – 3 kDa and 
> 3 kDa, respectively (Fig. 3a). However, a different pattern 
was observed in the formation of brominated THMs, more 
specifically, in BDCM and DBCM formation. Formation rates 
of BDCM decreased with the increase in molecular weight 
of NOM. The NOM with molecular weight > 3 kDa formed 
approximately 35–42% and 40–43% less BDCM and DBCM, 
respectively, than the NOM with molecular weight < 500 Da in 
S1 and S2 samples (Fig. 3). For example, in S2, 0.094 µmol/ℓ 
BDCM was formed per unit of DOC at molecular weight < 500 
Da, while 0.077, 0.063 and 0.061 µmol/ℓ BDCM was formed 
per unit of DOC at molecular weight of 500 Da – 1 kDa, 1 
kDa – 3 kDa and > 3 kDa, respectively (Fig. 3b). In the case of 

DBCM, 0.048 µmol/ℓ was formed per unit of DOC for molecu-
lar weight < 500 Da, while 0.031, 0.023 and 0.027 µmol/ℓ was 
formed per unit of DOC for molecular weight of 500 Da – 1 
kDa, 1 kDa – 3 kDa and > 3 kDa, respectively (Fig. 3b). This 
phenomenon might be explained by the higher reactivity of 
lower molecular weight NOM with bromide ions than the cor-
responding chloride ions. Overall, the sum of CHCl3, BDCM, 
DBCM and CHBr3 was higher for the higher molecular weight 
NOM than the lower molecular weight NOM. For example, 
0.305 and 0.310 µmol/ℓ THMs were formed in the S1 and S2 
samples with molecular weight < 500 Da. For the S1 and S2 
samples with molecular weight > 3 kDa, the total concentration 
of THMs formed was 0.357 and 0.362 µmol/ℓ, respectively. 
The increase in total THMs was mainly due to higher rates of 
CHCl3 formation with the increase in molecular weight com-
pared to the corresponding decrease in the formation of bromi-
nated THMs.

 
(2a): Molecular weight < 500Da 

 
(2b) Molecular weight < 500Da 

 
(2c): Molecular weight: 500 Da – 1 

kDa 

 
(2d): Molecular Weight: 500 Da 

– 1 kDa 

 
(2e): Molecular weight: 1kDa – 3 

kDa 

 
(2f): Molecular weight: 1 kDa – 

3 kDa 

 
(2g) Molecular weight > 3 kDa 

 
(2h) Molecular weight > 3 kDa 

 
Figure 2

Correlations of DOC with UV254 and SUVA for different molecular 
weight natural organic matter
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Effects of pH on THM formation for different  
fractions of NOM

The effects of pH on CHCl3, BDCM, DBCM and CHBr3 forma-
tion were investigated for S1 and S2 using 2 pH values (6.0 and 
8.5) for various reaction periods and bromide ion concentra-
tions. Formation of CHCl3 was increased with the increase 
in pH for different molecular weights of NOM. For S1 with 
molecular weight < 500 Da, CHCl3 formation increased from 
0.153 µmol/ℓ to 0.172 µmol/ℓ when pH was increased from 6 to 
8.5 (Fig. 4). Similar trends were observed for the higher molec-
ular weight NOM (e.g., in S1 with molecular weight > 3 kDa, 
CHCl3 formation increased from 0.267 µmol/ℓ to 0.304 µmol/ℓ 
when pH was increased from 6 to 8.5). Rate of CHCl3 forma-
tion was higher for higher molecular weight NOM than the 
lower molecular weight NOM (e.g., in S2 at pH 6, rate of CHCl3 
formation per unit DOC was increased from 0.161 µmol/ℓ to 
0.267 µmol/ℓ, due to the change in molecular weight from  
< 500 Da to molecular weight > 3 kDa (Fig. 4). However, 
formation of brominated THMs (BDCM, DBCM and CHBr3) 
showed a different pattern with the increase in pH. BDCM, 
DBCM and CHBr3 were found to decrease with an increase in 
pH value from 6.0 to 8.5. For S2 with molecular weight < 500 
Da, BDCM formation decreased from 0.094 µmol/ℓ to 0.084 
µmol/ℓ when pH was increased from 6 to 8.5 (Fig. 4). Similar 
trends were observed for the higher molecular weight NOM as 

well (e.g., in S2 with molecular weight > 3 kDa, BDCM forma-
tion decreased from 0.061 µmol/ℓ to 0.057 µmol/ℓ when pH was 
increased from 6 to 8.5). At the same pH, decreased formation 
of BDCM was observed for the higher molecular weight NOM 
(e.g., in S2 at pH 6, rate of BDCM formation per unit DOC 
was decreased from 0.094 µmol/ℓ to 0.061 µmol/ℓ due to the 
change in molecular weight from < 500 Da to molecular weight 
> 3 kDa) (Fig. 4). Rate of formation of DBCM was also found 
to decrease when pH was increased from 6.0 to 8.5. For S2 
with molecular weight < 500 Da, DBCM formation decreased 
from 0.048 µmol/ℓ to 0.041 µmol/ℓ when pH was increased 
from 6 to 8.5 (Fig. 4). Similar results were observed for the 
other molecular weight fractions of of NOM (Fig. 4). Further to 
this, increase in molecular weight resulted in a reduced rate of 
DBCM formation in most of the samples (Fig. 4). A consistent 
trend was observed for CHBr3 formation (Fig. 4). Past studies 
have reported variability in brominated THM formation with 
increase in pH (Chowdhury et al., 2010). Overall, rate of forma-
tion of CHCl3 increased with an increase in pH and molecular 
weight of NOM, while the rates of formation of brominated 

 
(a) 

 

 
(b) 

 

 

 

 

 
 

Figure 4
Variability of THM formation with change in pH and molecular 

weight distribution in source water; horizontal axes show 
molecular weight distributions; bromide ion = 120 µg/ℓ; 
reaction period = 48 h; reaction temperature = 20°C.

Figure 3
Variability of THM formation with molecular weight distributions 

in source water: (a) source water with DOC = 2.0 mg/ℓ (S1); 
(b) source water with DOC = 4 mg/ℓ (S2), pH = 6.0, temperature 

= 20°C, bromide ion = 120 µg/ℓ, reaction period = 48 h.
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THMs (BDCM, DBCM and CHBr3) decreased with an increase 
in pH and molecular weight of NOM.

Effects of bromide ion to chlorine ratio (r) on THM 
formation

Effects of bromide ion to chlorine ratio were investigated for 
the reaction periods of 3, 8, 28, 48 and 96 h, for all molecular 
weight fractions of NOM. Various concentrations of bromide 
ion (0, 40, 80, 120 and 200 µg/ℓ) were used, while a fixed 
amount of chlorine (2.0 mg/ℓ) was applied to each sample. 
Figure 5 shows the effects for the reaction periods of 28 and 
96 h (Figs. 5a and 5b, respectively) for NOM with molecular 
weight 1–3 kDa. Formation of THMs (sum of CHCl3, BDCM, 
DBCM and CHBr3) increases with the increase in bromide ion 
to chlorine ratio (r). In the 28-h reaction period, the sum of the 
molar concentration of THMs increased from 0.194 µmol/ℓ to 
0.236 µmol/ℓ when r was increased from 0 to 100. Under the 
same conditions, the 96-h reaction period gave similar results 
(the sum of the molar concentration of THMs increased from 
0.218 µmol/ℓ to 0.271 µmol/ℓ). The increase in the sum of the 
molar concentration of THMs due to the increase in bromide 
ion to chlorine ratio indicates that there might be additional 
reactions in addition to the substitution of chloride (lighter 
atom) by the bromide ion (heavier atom). Chowdhury et al. 
(2010) reported that reaction of bromide ions with the lower 

molecular weight NOM might be a potential pathway for pro-
ducing such additional molar concentration of THMs. However, 
further study is warranted to enable better understanding of the 
combined effects of molecular fractions of NOM and bromide 
to chlorine ratio.

Formation of CHCl3 decreases with the increase in r. In the 
28-h reaction period, CHCl3 formation decreased from 0.194 
µmol/ℓ to 0.172 µmol/ℓ (11.2%) while r was increased from 0 
to 100. In the case of the 96-h reaction period, CHCl3 forma-
tion was decreased from 0.218 µmol/ℓ to 0.191 µmol/ℓ (12.1%) 
under similar conditions. For 3, 8 and 48 h reaction periods, 
the rates of decrease of CHCl3 formation were 9.4%, 8.0% and 
12.4%, respectively, under similar conditions. Formation of 
BDCM increases with an increase in r.  For the 28-h reaction 
period, BDCM formation was increased from 0.015 µmol/ℓ 
to 0.047 µmol/ℓ when r was increased from 20 to 100. For the 
96-h reaction period, BDCM formation was increased from 
0.024 µmol/ℓ to 0.058 µmol/ℓ. In the 3-, 8- and 48-h reaction 
periods, formation of BDCM was also increased (not shown), 
under similar conditions. Formation of DBCM increases with 
an increase in r.  For the 28-h reaction period, DBCM forma-
tion was increased from 0.0054 µmol/ℓ to 0.012 µmol/ℓ when 
r was increased from 20 to 100. For the 96-h reaction period, 
DBCM formation was increased from 0.008 µmol/ℓ to 0.0153 
µmol/ℓ. For the 3-, 8- and 48-h reaction periods, formation of 
DBCM was also increased (not shown) under similar condi-
tions. A similar trend was observed in the formation of CHBr3 
(Fig. 5). Overall, an increase in the ratio of bromide ion to 
chlorine decreases CHCl3 and increases BDCM, DBCM and 
CHBr3. Total THMs was also increased, possibly due to higher 
rates of reactions with the lower molecular weight NOM.

Conversion of bromide ion to brominated THMs

Conversion of bromide ion to brominated THMs (BDCM, 
DBCM and CHBr3) was investigated for different fractions 
of NOM. Figure 6 shows the average percentage of bromide 
ions converted to brominated THMs. For the samples with 
low molecular weight (molecular weight < 500 Da) and pH of 
6, 13.6% (range: 6.7–19.8%) of bromide ions were converted 
to brominated THMs, while decreased rates of conversion 
were observed with an increase in the molecular weight of 
NOM (Fig. 6). For NOM with high molecular weight (molecu-
lar weight > 3 kDa) at pH 6, 8.1% of the bromide ions were 
converted to brominated THMs. Increase in pH reduced 
the conversion of bromide ions. For the samples with low 

 
(a) 

 

 
(b) 

 

 
 

Figure 6
Conversion of bromide ion into brominated THMs (error bars 

represent standard deviations)

Figure 5
Effects of bromide ion (µg/ℓ) to chlorine (mg/ℓ) ratio on 

THM formation (molecular weight: 1 kDa – 3 kDa; pH = 6; 
temperature 20°C; sample type = S2): (a) reaction period 

= 28 h; (b) reaction period = 96 h
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molecular weight (molecular weight < 500 Da) and pH of 8.5, 
11.4% (range: 5.4–15.6%) of the bromide ion was converted into 
brominated THMs. On average, increasing pH from 6.0 to 8.5 
reduced the conversion of bromide ion by 11.1–17.8% (Fig. 6). 
It should be noted that the rate of conversion of bromide ions to 
brominated THMs were not significantly different between the 
consecutive groups (Mann-Whitney test; p > 0.10). However, 
when the first group (molecular weight < 500 Da) was com-
pared to the last group (molecular weight > 3 kDa), the differ-
ences were found to be significant (Mann-Whitney test; p < 
0.05) for both pH values (Fig. 6). Past studies have reported that 
the conversion of bromide ion to brominated THMs depends on 
pH and temperature (Sohn et al., 2006; Liang and Singer, 2003). 
Sohn et al. (2006) reported 18%–28% conversion of bromide 
ion to brominated THMs, which is higher than that observed 
in this study. This may be due to differences in the distribution 
of NOM in the source water. Further to this, the water samples 
used by Sohn et al. (2006) had very high DOC values in com-
parison to the current study, which may also have affected the 
conversion of bromide ions. Based on the findings of this study, 
it can be argued that only a small fraction of the available 
bromide ions will be converted into brominated THMs during 
the treatment and disinfection process. The role of the remain-
ing fraction of bromide ions needs to be investigated further in 
future research.

This study demonstrates that low molecular weight NOM 
(molecular weight < 500 Da) may contribute significant frac-
tions of DOC, but may not be adequately represented by UV254 
or SUVA values. Hellur-Grossman et al. (2001) reported 
similar findings from the Sea of Galilee in Israel, where UV254 
and SUVA values could not effectively be employed to char-
acterise the hydrophilic fractions of NOM. The reactivity of 
low molecular weight NOM with bromide was found to be 
relatively higher than for high molecular weight NOM. Some 
previous studies have demonstrated similar findings (Hellur-
Grossman et al., 2001; Uyak and Toroz, 2007). Employment of 
UV254 or SUVA for predicting the occurrence of brominated 
THMs in water with hydrophilic NOM may require further 
attention. Increase in bromide ion to chlorine ratio increases 
brominated and total THMs and decreases CHCl3, on both a 
molecular and mass basis. The increase in molecular terms 
might be due to higher reactivity of bromide ion with the lower 
molecular weight NOM (Chowdhury et al., 2010). In addition, 
an increased bromide to chlorine ratio increases hypobromous 
acid (HOBr) formation, which is more reactive with NOM than 
the hypochlorous acid (HOCl) in chlorinated water. Increase in 
bromide ion causes a gradual shift from chlorinated THMs to 
mixed bromochloro THMs (Uyak and Toroz, 2007). Regulatory 
agencies around the world limit the sum of 4 THMs (CHCl3, 
BDCM, DBCM and CHBr3) in drinking water (e.g., USEPA: 
80 µg/ℓ; Health Canada: 100 µg/ℓ). Managers of water sup-
ply systems might consider reducing pH to reduce CHCl3. 
However, this must be carefully attended for water with high 
levels of bromide ion. Further investigation may be required to 
understand the implications of altering pH on different species 
of THMs, HAAs and other DBPs, for source water containing 
bromide ions. Alternatively, additional regulation on specific 
DBPs might provide better protection of human health. This 
study also demonstrated that only a fraction of available bro-
mide ion is converted into brominated THMs. The highest frac-
tions (13.6%) of bromide ions was converted into brominated 
THMs in the low molecular weight NOM (molecular weight  
< 500 Da) samples. In case of higher molecular weight 
NOM, this conversion was much lower (8.0%). Increasing 

pH decreased the conversion of bromide ion into brominated 
THMs significantly (11%–18%), resulting in lower formation of 
brominated THMs.

Conclusions

This study investigated the effects of molecular weight distri-
butions of NOM in source water, bromide ion, pH, bromide to 
chlorine ratio and conversion of bromide ion into brominated 
THMs on the formation and distribution of THMs in munici-
pal supply water. The findings provide an understanding of 
the complexity of the formation and distribution of THMs in 
source waters containing bromide ions. As such, effects of 
some factors were explained without the influence of exter-
nal factors. However, the findings of this study are limited, 
as this was not a field study, where different factors (e.g., pH, 
temperature, DOC, etc.) can vary simultaneously resulting in 
interaction effects. Future studies should look at the interaction 
effects of these factors. The effects of pH on the formation and 
distribution of different species of DBPs requires further inves-
tigation. Despite the limitations, this study provides insights 
into the formation and distribution of brominated THMs in 
bromide-rich source water, which can be beneficial in control-
ling the formation of brominated DBPs in drinking water.
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