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" Water temperature has significant impact on DBP formation.
" Both regulated and emerging DBPs are embraced by conducting UFC test.
" A kinetic model for simulating DBP formation is developed.
" Temperature effect on DBP formation and decomposition are quantified.
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The temperature of drinking water fluctuates naturally in water distribution systems as well as often
deliberately heated for household or public uses. In this study, the temperature effect on the formation
of disinfection by-products (DBPs) was investigated by monitoring the temporal variations of twenty-one
DBPs during the chlorination of a humic precursors-containing water at different temperatures. It was
found that chloroform, DCAA, TCAA, DCAN and CH were detected at the considerable level of tens of
lg L�1. The three regulated DBPs (chloroform, DCAA and TCAA) were found increasing with both contact
time and water temperature, while the five typical emerging DBPs (DCAN, CH, TCNM 1,1-DCPN and 1,1,1-
TCPN) revealed the significant auto-decomposition in addition to the initial growth in the first few hours.
Increasing water temperature could enhance the formation rates of all the eight detected DBPs and the
decomposition rates of the five emerging DBPs. Further, a kinetic model was developed for the simulation
of DBP formation. The validity and universality of the model were verified by its excellent correlation
with the detected values of each DBP species at various temperatures. The formation rates of 1,1-DCPN
and 1,1,1-TCPN, and the decomposition rate of 1,1,1-TCPN were faster as compared to the other DBPs.
And the formation reaction activation energies of CH, DCAN and 1,1-DCPN were relatively large, indicat-
ing that their occurrence levels in the finished water were more susceptible to temperature variations.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Disinfection by-products (DBPs) in drinking water have drawn
global attentions due to their considerable adverse health effects
(Xie, 2003; Liviac et al., 2010). Currently, there have been over
600 DBPs detected in the disinfected drinking water (Richardson
et al., 2007). An important and empirical factor that can signifi-
cantly affect DBP formation is water temperature, which may
change notably in the distribution system (fluctuates at 5–25 �C
mainly for seasonal transition) and sequently in household usage
(e.g. for shower or bath at 30–40 �C) or public usage (e.g. sport
activities and spa relaxing at 25–45 �C). The significance of DBP
seasonal fluctuations has caused an increased concern and aware-
ness for regulation compliance (Brett and Calverley, 1979; Arora
ll rights reserved.

.-m. Wang).
et al., 1997; Golfinopoulos and Arhonditsis, 2002), as well as the
temperature effect on DBP alternations in household and public
usage is also considerable (Wu et al., 2001; Zhang and Minear,
2002; Symanski et al., 2004). A few studies have included the
temperature effect by depicting the DBP variations at different
temperatures. For example, Wu et al. (2001) conducted a compre-
hensive investigation on the temporal variation of DBPs by boiling
tap water, expanding the DBP occurrence database to high temper-
atures. Zhang and Minear (2002) studied the temperature effect at
4 and 23 �C on the trihaloacetic acids decomposition rates. And
Yang et al. (2007) compared the different formation levels of both
the currently regulated and emerging DBPs at 10–30 �C after 72-h
incubation. However, no systematic study quantitatively analyzing
the temperature effect on DBP formation has been conducted.
Besides, most previous studies of the temperature effect on DBP
temporal variations have targeted the regulated species (THMs
and HAAs) instead of the emerging ones. In actuality, some
emerging DBPs such as nitrogenous haloacetonitriles (HANs) and
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halonitromethanes (HNMs) could expose much higher potential
health risks, and have been considered as candidates for future
regulatory control (Woo et al., 2002; Krasner et al., 2009). Given
the very limited efforts invested in the emerging DBP studies, their
occurrence levels and variation patterns at different temperatures
remain little understood (Weinberg et al., 2002; Krasner et al.,
2006).

In addition to the experimental studies, much effort has been
devoted in the recent decades to modeling DBP formation regard-
ing the temporal variations or temperature effect. One large cluster
of such models was obtained by regression or statistical techniques
(Amy et al., 1987; Siddiqui et al., 1994; Rodriguez et al., 2000;
Golfinopoulos and Arhonditsis, 2002). However, it would be more
desirable and representative for the model to be derived from
the kinetic mechanics. The alternative DBP evaluation approach re-
quires massive field monitoring work calling for extraordinarily
high technical and financial support. In this regard, Clark et al.
(2001) established a kinetic model on DBP formation by assuming
the formation following the second order reaction kinetics. This
model was however relatively difficult to use in application be-
cause of its complex form and numerous variables.

Another model using a simplified format and developed by
Gang et al. (2003) assumes that DBP formation follows parallel first
order reaction mode. However, both the Clark and Gang models as-
sume a proportional association between the DBP formation and
chlorine consumption. This assumption might not be appropriate
as total chlorine consumption may largely be a result of the
auto-decomposition of hypochlorous acid as well as non-DBP-pro-
ducing reductions (such as reactions with the reductive ions and
biological uptake) (Kiene et al., 1998; Frateur et al., 1999). Further,
a few studies have shown that the organic precursor was more
influential compared with the overall chlorine consumption to
the DBP formation reaction (Morrow and Minear, 1987; Rossman
et al., 2001).

In this study, the temporal variations of both regulated and
emerging DBPs were comprehensively investigated in a proper
temperature span from 4 to 50 �C. Given the lack of the under-
standing of the DBP formation kinetics and of the kinetic modeling
endeavor for DBP occurrence, a kinetic model was developed in
which the DBP formation was associated with the consumption
of the organic precursors. A simple model equation was derived
containing only three physical variables. And the temperature ef-
fect was then quantitatively obtained by deducting the activation
energy of each DBP’s formation (decomposition for 1,1,1-TCPN).
The primary objective of this study is to provide the occurrence
information of various DBPs and facilitate the preliminary predic-
tion on DBP levels with the practical temperature effect
consideration.
2. Material and methods

2.1. Experiment procedure

The Uniform Formation Conditions (UFCs) test (Summers et al.,
1996) was employed to evaluate the DBP formation. A humic acid
stock solution of 1.0 g L�1 was prepared by dissolving the commer-
cial humic acids (SCRC, Beijing, China) into an alkaline solution
(NaOH, pH = 12), the pH of which was then adjusted to neutral
by using a 1.0 M sulfuric acid solution. The diluted humic solution
was freshly prepared by diluting the stock solution using reagent
water (Millipore Super-Q system, Millipore, USA) until the total or-
ganic carbon (TOC) content was 4.0 ± 0.1 mg L�1, which was then
added with 2 mL L�1 borate buffer (1.0 M boric acid and 0.26 M so-
dium hydroxide, pH = 8.0) and finally adjusted to pH = 8.0 ± 0.2 by
using a 1.0 M sulfuric acid solution. The buffered disinfectant (Na-
ClO) solution (2700 mg L�1 free chlorine; pH = 8.0 ± 0.2) was pre-
pared by mixing a sodium hypochlorite solution (3300 mg L�1

free chlorine) that was diluted from a commercial sodium hypo-
chlorite solution (5% mass fraction for free chlorine; XDDF, Beijing,
China) using reagent water with a borate buffer solution (1.0 M bo-
ric acid and 0.11 M sodium hydroxide, pH = 6.7) at an approximate
4:1 volume ratio.

To study the temperature effect, the UFC test was conducted
under a number of temperatures (4, 15, 25, 35 and 50 �C). During
the experiment at each temperature, 7 L of the buffered humic
solution (TOC = 4.0 ± 0.1 mg/L; pH = 8.0 ± 0.2) was first stored in a
biochemical incubator (SPX-310, Ningbo, China) for at least five
hours to reach the preset water temperature (within 0.1 �C). Then
the solution was quickly distributed into 24 brown glass bottles of
250 mL each equipped with PTFE-faced septa and screw cap. More
specifically, the bottle was firstly filled with the buffered humic
solution to about three quarters full, then dosed with the buffered
NaClO solution (capped and inverted twice) and finally filled to top
with the buffered humic solution and capped headspace-free. The
bottle was then quickly inverted for at least ten times and trans-
ferred into the incubator to start sampling procedure. During the
distribution of the buffered humic solution, the solution tempera-
ture was continuously monitored to ensure thermal consistency in
the reaction system. Duplicate samples were collected at each pre-
set sampling time until the incubation period reached 120 h.

2.2. Analytical methods

The four THMs, the nine HAAs, four species of HANs (including
dichloroacetonitrile (DCAN), trichloroacetonitrile (TCAN), bromo-
chloroacetonitrile (BCAN) and dibromoacetonitrile (DBAN)) and
four of other concerned DBPs (including chloral hydrate (CH), tri-
chloronitromethane (TCNM), 1,1-dichloropropanone (1,1-DCPN)
and 1,1,1-trichloropropanone (1,1,1-TCPN)) were analyzed by
using gas chromatography with an ECD detector (Agilent 7890A,
Santa Clara, USA) after liquid–liquid extraction according to the
standard analyzing methods of EPA 551.1 (US EPA, 1995) and
552.3 (US EPA, 2003). The detection limit of DBPs investigated
was 0.1 lg L�1. The TOC, pH and free chlorine were detected using
a total organic carbon detector (TOC-V CPH, Kyoto, Japan), a pH
meter (868, Orion, USA) and an electric chlorine analyzer (0.01 L,
Loveland, USA), respectively.

2.3. Modeling

A universal and simple kinetic model was developed to model
the formation of the concerned DBPs. It starts from mass balance,
requiring that the accumulation rate (dC/dt) of the DBP is equal
to the difference of its production rate and consumption rate, i.e.

dC
dt
¼ kMt � k2C ð1Þ

In Eq. (1), the underlying assumptions are the DBP production
rate is first order to the organic precursor concentration available
at time t (Mt) and the consumption rate is first order to its own
concentration, where k and k2 are the respective apparent reaction
rate constants of DBP formation and decomposition. Mt is the dif-
ference of its initial concentration (M0) and the amount (in concen-
tration unit) that has been consumed at time t (Mr). As such, Eq. (1)
can be transformed to

dC
dt
¼ kðM0 �MrÞ � k2C ð2Þ

One additional assumption is that the DBP formed is stoichio-
metrically proportional to the organic precursor consumed. There-
fore, Eq. (2) can be transformed to
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dC
dt
¼ k1ðCm � ðC þ

Z t

0
k2CdtÞÞ � k2C ð3Þ

where k1 is a new apparent production rate constant (which is the
product of k and the stoichiometric ratio); Cm is the maximum for-
mation for each DBP during chlorination. Cm and C þ

R t
0 k2Cdt in Eq.

(3) correspond to M0 and Mr in Eq. (2), respectively. The physical
meaning of M0 was the initial concentration of organic precursor
for individual DBPs. As will be shown later and was implicitly re-
vealed by a number of previous studies, Cm (and accordingly M0)
is dependent on the water temperature. Such dependence is likely
resulted from the changed formation rate and decomposition rate
of various intermediate DBPs at different temperatures. Such inter-
mediate DBPs could act as precursors for other DBPs, either termi-
nal or intermediate. For example, Lifongo et al. (2010) found
TCAA, which was believed stable at low temperatures, decomposed
to chloroform at high temperatures (70–80 �C).

The integration of Eq. (3) leads to the simplified equation

C ¼ Cmðe�k2t � e�k1tÞ ð4Þ

The detailed integration method can be found in Appendix A.
Eq. (4) shows that the temporal concentration profile of the DBP
can be modeled by using only three variables, i.e. Cm, k1 and k2. It
should be noted that Cm, k1 and k2 are all temperature-dependent.
To be physically meaningful, k1 and k2 must be no less than zero.
3. Results

A total of twenty-one DBP species were analyzed in this study.
Eight species (including chloroform, dichloroacetic acid (DCAA),
trichloroacetic acid (TCAA), DCAN, CH, TCNM, 1,1-DCPN and
1,1,1-TCPN) were above detection limits. Five of them formed at
considerable concentration levels. All remaining thirteen DBPs
were below the detection limit.

3.1. Regulated DBPs

The temporal concentration profiles of chloroform at the vari-
ous temperatures are shown in Fig. 1. It was observed that, regard-
less of the water temperature, all the profiles follow the Langmuir
mode, which is characterized by an initial fast growing stage and a
much slower latter stage asymptotic to a maximum value. It is
apparent that the maximum value for the chloroform formation in-
creased with the increasing water temperature. The maximum val-
ues for 4, 15, 25, 35 and 50 �C were 28, 57, 128, 171 and 304 lg L�1,
respectively. Moreover, it appears that the higher the water tem-
perature, the faster the chloroform concentration increased. The
Fig. 1. The concentration variation profiles of chloroform at various temperatures.
time required to attain 90% of the maximum concentration value
(t90) were about 49, 43, 42, 18 and 15 h for the water temperature
of 4, 15, 25, 35 and 50 �C, respectively.

Similar patterns were observed for both DCAA and TCAA (Fig. 2).
This may suggest DCAA and chloroform had similar formation rates
while TCAA formation was slower at lower temperature and faster
at higher temperature. These three species were not observed to
undergo considerable auto-decomposition at the water tempera-
ture range tested in this study.

3.2. Emerging DBPs

In contrast, the profiles of the five emerging DBPs detected in
this study (CH, 1,1-DCPN, 1,1,1-TCPN, DCAN and TCNM) did not
necessarily follow the Langmuir mode, especially when the water
temperature was relatively high (Figs. 3–6). It suggests that DBPs
undergo the significant decomposition simultaneously with the
accumulation process. Depending on the decomposition rate, the
concentration profile of the intermediate DBPs may demonstrate
three typical variation patterns. The first is similar to that of regu-
lated DBPs aforementioned, as a result of the very slow decompo-
sition rate, mostly observed at low water temperature (e.g. 4 �C or
15 �C); the second is described by a steep increase followed by a
slower decrease in concentration. This response can be attributed
to the medium decomposition rate, mainly observed at moderate
water temperature (e.g. 25 �C).The third is similar to the second,
but has apparently a faster concentration increase and concentra-
tion decrease because of both the greater formation and decompo-
sition rates. This formation pattern response mainly occurs at
higher water temperatures (e.g. 35 �C and 50 �C).

Specifically, CH was found nearly at the same level of THMs and
HAAs. Its concentration profile followed the first pattern at the
water temperature of 4, 15 and 25 �C, the second at 35 �C and
the third at 50 �C (Fig. 3). As for 1,1,1-TCPN, the second pattern
was displayed at 15 �C and the third pattern at temperature of
25 �C and above (Fig. 4a). This suggests that 1,1,1-TCPN was far
Fig. 2. The concentration profiles of (a) DCAA and (b) TCAA at various temperatures.



Fig. 3. The concentration profiles of CH at various temperatures.

Fig. 4. The concentration profiles of (a) 1,1-DCPN and (b) 1,1,1-TCPN at various
temperatures.

Fig. 5. The concentration profiles of DCAN at various temperatures.

Fig. 6. The concentration profiles of TCNM at various temperatures.
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more unstable than CH, and its formation level was one order of
magnitude lower than CH. 1,1-DCPN was formed at a concentra-
tion less than 1 lg L�1 (Fig. 4b) revealing the first pattern at 4
and 15 �C, the second at 25 �C, and the third at 35 and 50 �C. Thus
1,1-DCPN appears more stable than 1,1,1-TCPN but less stable than
CH. As for DCAN and TCNM, they were similar to 1,1-DCPN in
terms of the concentration variation pattern, and in terms of occur-
rence level, DCAN was similar with CH while TCNM was an order of
magnitude lower than CH.
3.3. Modeling of the concentration profiles

Eq. (4) was employed to model all the concentration variation
profiles at the water temperatures tested. The results, indicated
by solid lines, are displayed in the respective figures (Figs. 1–6),
indicating that the formation level of each DBP species agrees well
with the modeled values. The respective Cm, k1 and k2 values ob-
tained from the modeling process are listed in Table 1 (not applica-
ble for DCAA at 4 �C due to data loss). It is reasonable that Cm, k1

and k2 are temperature-dependent. Noteworthy is that chloroace-
tones were formed extremely fast at high temperatures, and
accordingly k1 values were quite high (k1 > 100 h�1), which became
difficult to be accurately derived because of the relatively long
sampling duration (120 h) and the absence of more concentration
data for the beginning of the incubation. However, on the other
hand, the accurate determination of k1 values for these fast-form-
ing DBPs is not necessary, because it would not affect the determi-
nation of k2 and Cm values as well as the simulated concentration
profiles.

The temperature dependence of k1 and k2 is usually depicted by
the Arrhenius equation,

k ¼ A expð�Ea=RTÞ ð5Þ

where k is the rate constant, Ea the activation energy, R the gas con-
stant, T the absolute temperature and A an constant. Only when the
k values are available can the respective Ea be calculated, which are
also listed in Table 1.

Within the water temperature range covered in this study, a lin-
ear relationship between Cm values and T (Eq. (6)) was calculated
and the correlation was found significant (P < 0.05).

Cm ¼ M0
0ðmT þ nÞ ð6Þ

In Eq. (6), M0
0 is the initial TOC concentration (4.0 mg L�1), T is

the absolute temperature, and m and n are the constants derived
from fitting process. All derived parameters were shown in Table



Table 1
Fitting characters of DBP formation simulation.

Compound Cm (lg L�1) m n k1 (h�1) Ea (kJ mol�1) k2 (h�1) Ea (kJ mol�1)

4 �C 15 �C 25 �C 35 �C 50 �C 4 �C 15 �C 25 �C 35 �C 50 �C 4 �C 15 �C 25 �C 35 �C 50 �C

Chloroform 28.0 56.0 105 174 304 1.52 �420 0.047 0.053 0.055 0.125 0.166 22.3 0 0 0 0 0
DCAA – 28.7 40.5 73.5 108 0.59 �164 – 0.051 0.070 0.097 0.161 25.5 0 0 0 0 0
TCAA 34.9 51.9 57.8 68.4 98.0 0.32 �81.1 0.030 0.061 0.118 0.257 0.324 40.8 0 0 0 0 0
DCAN 17.5 18.0 20.6 32.6 38.3 0.12 �31.2 0.034 0.076 0.209 0.346 2.03 64.7 0 0 0.006 0.031 0.206
CH 13.8 28.1 46.4 133.9 62.2 – – 0.020 0.020 0.032 0.053 0.624 53.2 0 0 0.002 0.013 0.050
1,1-DCPN 0.7 0.7 0.5 0.6 0.8 0.00 0.2 0.298 0.514 0.766 2.90 – 49.1 0 0 0.002 0.016 0.212
1,1,1-TCPN 5.1 5.4 3.7 3.8 2.3 �0.02 5.8 0.230 0.889 3.15 – – – 0 0.005 0.034 0.344 2.02 135
TCNM 0.8 0.6 1.2 2.2 6.0 0.03 �7.8 0.015 0.046 0.053 0.107 0.115 32.5 0 0 0.006 0.013 0.039
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1. The exception is CH. For CH, it was found that Cm increased in
the 4–35 �C range while dropped at 50 �C. Such temperature
dependence of Cm for CH was not further analyzed in this study.

4. Discussion

4.1. Kinetic modeling

Considering the temperature effect on DBP formation, kinetic
modeling for the preliminary prediction of DBP formation levels
became imperative in regulatory compliance (mainly for TTHM,
HAA5 and TCAA) and public health protection (mainly for emerg-
ing species). The model developed in this study simply relies on
mass balance among the DBP accumulation, formation and decom-
position. By utilizing two reasonable assumptions, a simple equa-
tion C ¼ Cmðe�k2t � e�k1tÞ was derived, and the applicability and
universality of the equation were validated by its good correlation
with the monitored values for various DBPs at different water tem-
peratures. By comparing the reaction rate constants of different
DBPs derived from the modeling process, 1,1-DCPN and 1,1,1-TCPN
(both are chlorinated acetones (CPNs)) were determined to have
the significantly higher k1 values than other DBPs, which might
be attributed to the better reactivity of the precursors for CPN for-
mation (usually of smaller molecular weight) (Xie, 2003). On the
other hand, 1,1,1-TCPN has an extremely high k2 value, revealing
strong instability in water.Normally, a higher temperature yields
a higher value for each variable in the model (Table 1). The species
that have relatively high activation energy include CH, DCAN and
1,1-DCPN, indicating their concentrations are more susceptible to
temperature change. It is interesting to note that, when the water
temperature was relatively high (e.g. 35–50 �C), the formation
rates of some intermediate DBPs became so fast (k1 > 100 h�1) that
the e�k1t term is close to zero. This suggests that the DBP was
formed instantly upon chlorination.

4.2. Temperature effect

Results of this study indicated that the maximum level of TTHM
is likely to occur at the end of water distribution system (not appli-
cable for HAA5 because of the significant biological degradation at
water pipeline) (Singer, 2001; Waller et al., 2001; Tung and Xie,
2011). When water temperature changes, the contaminant levels
of regulated DBPs could greatly fluctuate at the household tap
water, and further heating the water for bathing or spa activities
at higher temperature (35–50 �C) could lead to a large increase in
THMs and HAAs in a very short time (e.g. within 0.5 h).

The emerging DBPs, on the other hand, displayed different
behaviors with varying temperatures. Although CH is likely to con-
tinuously increase with the contact time and water temperature
(5–25 �C), chloral acetones and nitrogenous DCAN and TCNM de-
creased after achieving a maximum concentration, and water tem-
perature increasing in the distribution system did not necessarily
enhance their maximum contaminant levels in the tap water.
However, further heating of the tap water at moderate tempera-
tures (35–50 �C) could lead to the rapid overall growth of emerging
DBPs within a short time (<0.5 h) if in the presence of residual
chlorine, thus resulting in a much greater health risks mainly for
the increase of nitrogenous species (e.g. HANs and HNMs) (Bull
et al., 2006; Plewa et al., 2008b). Although continuous heating
(>8 h) could eventually decrease or eliminate some DBP species,
the largest exposure probability mostly occurs during the initial
few hours in bathing or spa activities.

It was revealed by a number of studies (Backer et al., 2000; Xu
and Weisel, 2005; Weaver et al., 2009) that evaporation could be
also very important regarding the concentrations of a number of
DBPs in both indoor air and water, which is largely determined
by the specific physicochemical properties of individual DBP such
as vapor pressure and Henry’s law constant. Considering the pur-
poses of this study, however, evaporation was not considered
and measures were taken to minimize the effect of evaporation.
Results in this study, however, paved a path for further studying
DBP distribution and exposure to human body in households and
public pools at different temperatures.
5. Conclusions

Twenty-one DBPs were analyzed during the chlorination of a
humic acid solution, among which eight species (chloroform,
DCAA, TCAA, DCAN, 1,1-DCPN, 1,1,1-TCPN, CH and TCNM) were
detectable and five were found at the considerable levels of tens
of lg L�1. The currently regulated DBPs were found to increase
with both contact time and water temperature, while the five
emerging DBPs changed faster both in formation and decomposi-
tion with greater temperatures. The monitored values of each
DBP were successfully correlated by using a kinetic model devel-
oped in this study. 1,1-DCPN and 1,1,1-TCPN formation were found
more susceptible to temperature variation. The apparent activation
energy Ea was derived from modeling process at 21.4 kJ mol�1 for
chloroform, 23.8 kJ mol�1 for DCAA, 40.8 kJ mol�1 for TCAA,
68.2 kJ mol�1 for DCAN, 53.6 kJ mol�1 for CH, 49.1 kJ mol�1 for
1,1-DCPN and 33.1 kJ mol�1 for TCNM.
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Appendix A

Detailed integration processes of Eq. (3)
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dC
dt
¼ k1ðCm � C �

Z t

0
k2CdtÞ � k2C ð3Þ

Derivation of t in Eq. (3) led to

d2C
dt2 ¼ �k1 � k2 � k1k2C ðA:1Þ

Integration of Eq. (A.1) resulted in

C ¼ Neð�k1�k2þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðk1�k2Þ2
p

Þt2 þMeð�k1�k2�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðk1�k2Þ2
p

Þt2 ðA:2Þ

Where N and M are integration constants.
Since the DBP formation rate is higher than decomposition rate

during chlorination, that is, k1 > k2, thus Eq. (A.2) could be simpli-
fied as

C ¼ Ne�k2t þMe�k1t ðA:3Þ

When t = 0 h, C = 0, thus Eq. (A.3) could be transformed as

C ¼ Nðe�k2t � e�k1tÞ ðA:4Þ

For terminal DBPs (e.g. chloroform and DCAA) with no auto-
decomposition, k2 = 0, and when t approaches infinity, C = Cm. Eq.
(A.4) could be ultimately simplified as

C ¼ Cmðe�k2t � e�k1tÞ ðA:5Þ
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