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Abstract

Toxic organic compounds detected generally in source water could combine with chlorine and contribute significantly to chlorination disinfection
by-products (CDBPs). The effects of pH on species distribution of CDBPs and the kinetics of chlorination were investigated using phenol as a
model of ionizable toxic organic compounds in the pH range of 6.0-9.0. It was found that five chlorination products including 2-monochlorophenol
(2-MCP), 4-monochlorophenol (4-MCP), 2,6-dichlorophenol (2,6-DCP), 2,4-dichlorophenol (2,4-DCP) and 2,4,6-trichlorophenol (TCP) were
produced by successive chlorination substitution. MCP (2-MCP and 4-MCP) were the dominant products and phenol partly remained in acid
media, while TCP and DCP (2,6-DCP and 2,4-DCP) were the main components in neutral and alkaline media. A steady equilibrium of phenol
and its chlorination products was reached in 20-30 min in acid-, neutral- and slightly alkaline media, and was delayed to 60—180 min in alkaline
media. The difference in properties between phenols and phenolates, and those between HOCI and CIO~ should be considered simultaneously in
explaining the effects of pH on the chlorination process with the theory of electrophilic substitution. These results show that pH plays an important

regulating role in the species distribution of CDBPs and the kinetics of chlorination for ionizable toxic organic compounds in chlorination.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Chlorination disinfection has been widely used in drinking
water treatment in developing countries. Since the pioneering
work of Rook [1], many investigations have been conducted
in the formation and the precursors of chlorination disinfec-
tion by-products (CDBPs). In a broad spectrum of compounds,
natural organic matter (NOM) is generally regarded as the
main precursor of CDBPs in source water [2—4]. Chlorine in
water would combine with NOM and, thus, yield a large range
of CDBPs, such as trihalomethanes (THMs), haloacetic acids
(HAAs), chlorophenols, phenolic acids, chlorinated quinines,
which exhibit potentially carcinogenic, teratogenic and muta-
genic activities to human health [5]. Meanwhile, except NOM,
there exist large quantities of toxic organic compounds in source
water, which is generally in the level of ng—pug/L. The concen-
tration of these toxic organics compounds is much lower than
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that of NOM, but their contribution to CDBPs is significant due
to their high activities [6-8].

Phenols, which are significant toxic organic compounds, are
broadly used as materials, such as production of pesticides,
dyes, drugs, plastics, antioxidants, pulp processes, wood, textile,
and leather preservation [9]. Phenols are frequently detected in
source water with the highest average concentration of 10 wg/L
and 11 kinds of them have been classified as priority pollutants
in USEPA [10]. Moreover, it has been proved that phenols are
the main configurations composing of humic substances, which
are regarded as the important NOM in source water [11-13].

For the ionizable toxic organic compounds, pH would be
an important factor affecting the formation of CDBPs in the
chlorination process. Early kinetic studies of the chlorination of
phenol and chlorine-substituted phenols by Lee [14] and later by
Brittain et al. [15] have shown that the overall reaction is second-
order and proportional to the concentration of aqueous chlorine
and phenol. Similar results were also obtained by Rebenne et
al. [16] in the pH range of 2—12 and by Gallard et al. [17] over
the pH range of 1-11, both investigators observed that the rate
was highly pH dependent and there was a maximum in neutral
or slightly alkaline pH range.
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Meanwhile, previous studies have shown that chlorination of
phenols was a successive progress. The first step is the chlori-
nation of aromatic ring, which led to the formation of mono-,
di- and tri-chlorophenols [18,19]. With the next steps of eno-
lization, hydrolysis and decarboxylation, phenols may gradually
produce THMs and HAAs [4,20]. Phenolic structure in humic
substances, especially, the resorcinol-type structure is confirmed
to be the main active center to produce THMs and HA As. With
the further studies, it was found that THMs precursors could be
divided into a fast and a slowly reacting fraction. Resorcinol-
type structure could possibly be responsible for the fast reacting
THMs precursors; Experiments with phenol showed that they
were slowly reacting THMs precursors, which represent 70% of
the THMs precursors of natural water [21]. From these results, it
could be supposed that some phenols would not produce THMs
as fast as resorcinol in drinking water treatment, but just convert
to other intermediate CDBPs, such as chlorophenols.

Moreover, in the successive chlorination process, pH could
affect not only the kinetics of chlorination of phenols, but also
the formation and species distribution of CDBPs. Since the tox-
icity of chlorophenols has been proved to be enhanced with the
increasing of substituted chlorine atom in phenolic ring [22],
it is essential to investigate the process and factors in chlorina-
tion of phenols. And pH is more important than other factors in
chlorination process for ionizable toxic organic compounds, so
it would be possible to decrease the producing of CDBPs and,
thus, to control the risk of them by regulating pH in drinking
water treatment. But studies on the chlorination process of phe-
nols and species distribution of intermediate CDBPs at different
pH are limited. There are still uncertainty and not well descrip-
tion of the successive progress and the intermediate CDBPs in
chlorination of phenols.

The objectives of this study are using phenol as a model
of ionizable toxic organic matter: (1) to investigate the succes-
sive chlorination process, (2) to discuss the effects of pH on the
species distribution of CDBPs and kinetics of chlorination in the
pH range of drinking water, and (3) to describe a mechanism for
the effects of pH on the chlorination process.

2. Materials and methods
2.1. Materials

Phenol, 2-monochlorophenol (2-MCP), 4-monochloroph-
enol (4-MCP), 2,4-dichlorophenol (2,4-DCP), 2,6-dichlorophe-
nol (2,6-DCP) and 2,4,6-trichlorophenol (TCP) were obtained
from Acros Organics and the purities of them are greater
than 99%. The physico—chemial properties of them were
listed in Table 1. Phenol stock solution with concentration of
10.64 mmol/L. was prepared, which was based on the mass of
raw material and diluted to target concentration with Milli-Q
pure water (Mill-Q SP VOC, Millipore Co., Bedford, MA).
Meanwhile, 7.84 mmol/L of 2-MCP and 4-MCP, 6.13 mmol/L
of 2,4-DCP and 2,6-DCP, 1.26 mmol/L of TCP standard solution
were also prepared with raw material and then diluted to target
concentration with Milli-Q pure water, and 1-5 mL methanol
in 100mL aqueous solution (reagent for HPLC) was added

due to their low aqueous solubility, respectively. A stock of
free chlorine solution was prepared from commercial sodium
hypochlorite (NaOCl, 5% active chlorine) and then diluted
with Milli-Q pure water. The acute concentration of sodium
hypochlorite solution was standardized by sodium thiosulfate
titration.

2.2. Chlorination procedure

Sodium hypochlorite was added with the concentration of
0.4233 mmol/L in 500 mL aqueous solution, and the pH of solu-
tion were adjusted to 6.0, 6.5, 7.0, 7.5, 8.0, 8.5 and 9.0 by
50 mL phosphoric acid buffer solution and measured with a pH-
meter (Mettler-Toledo, Switzerland). And, then, the standard
phenol solution was quickly added to the glass reactors with
concentration of 0.1064 mmol/L. and placed in air bath with
temperature maintained at 25 4 1 °C and reciprocating rate at
120 rpm. Samples of 10 mL were taken out at 5, 10, 20, 30, 60,
120, 180, and 240 min. The residual sodium hypochlorite in sam-
ples was decomposed by adding excess sodium thiosulfate and,
then, 2 mL samples at different reaction time were analyzed by
HPLC.

2.3. Analysis conditions

The concentration of phenol and its chlorination prod-
ucts were determined by HPLC with UV-spectrophotometer
at wavelength 272nm with flow rate of 1.0 mL/min. HPLC
analyses were performed on a Hitachi Instruments (L-7000
Series, Japan) with C18 reverse phase column (Wakosoil,
250 x ®4.6 mm, Japan). The initial mobile phase composition
was methanol/water of 70/30 (v/v), which decreased linearly to
60/40 (v/v) from 3 to 12 min, and then increased linearly to 70/30
(v/v) from 12 to 18 min.

3. Results and discussion
3.1. Chlorination process of phenol

The chromatograms of phenol and its chlorination products at
pH 7.0 were shown in Fig. 1. Five chlorophenols were formed
in the experiment, which included 2-MCP, 4-MCP, 2,6-DCP,
2,4-DCP and TCP. After contacting 5 min, these chlorination
products were detected and the chromatogram peak of each
component was separated completely with the analysis con-
ditions in the experiment. Fig. 2 showed the concentration
changes of phenol and its chlorination products with time at
pH 7.0. It was clear that the concentration of phenol decreased
from 0.1064 to 0.0118 mmol/L, while that of TCP increased
to 0.0725 mmol/L at the initial 20 min, and then the concentra-
tion of them almost maintained steady. Contrast with TCP, the
concentration of MCP (2-MCP and 4-MCP) was much lower,
which increased to 0.0169 mmol/L (2-MCP, 0.0087 mmol/L;
4-MCP, 0.0082 mmol/L) at initial 5min and then decreased
quickly to 0.0110 mmol/L (2-MCP, 0.0039 mmol/L; 4-MCP,
0.0071 mmol/L) at 20 min. The concentration of DCP (2,6-
MCP and 2,4-DCP) was as low as that of MCP, which
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Table 1
Selected physico—chemial properties of phenolic compounds
Compound Molecular formula MW (g/mol) log Kow [23] Sw [24] (g/L, H,0, 25°C) pKa [24]
OH
Phenol 94.1 1.51 80.23 9.95
OH
2-Monochlorophenol ©/ cl 128.5 2.15 21.02 8.44
OH
4-Monochlorophenol © 128.5 2.39 18.32 9.29
Cl
OH
Cl
2,4-Dichlorophenol 163.0 3.25 5.03 7.77
Cl
OH
2,6-Dichlorophenol C]\©/Cl 163.0 2.84 2.65 6.79
OH
Cl Cl
2,4,6-Trichlorophenol 197.5 3.75 0.42 6.19
Cl

increased to 0.0134 mmol/L (2,6-DCP, 0.0070 mmol/L; 2,4-
DCP, 0.0064 mmol/L) at initial 5min and then decreased
quickly to 0.0096 mmol/L (2,6-DCP, 0.0037 mmol/L; 2,4-DCP,

0.0059 mmol/L) at 20 min.
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Fig. 1. Chromatograms of phenol and its chlorination products at pH 7.0.

These observations suggested that phenol could convert to
2-MCP, 4-MCP, 2,6-DCP, 2,4-DCP and TCP by successive chlo-
rination process and the pathway of this process was described
in Fig. 3, which was similar to the results of previous stud-
ies [25]. Meanwhile, TCP was found to be the final chlorine-
substituent phenol and no tetrachlorophenol or pentachlorophe-
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Fig. 2. Concentration of phenol and its chlorination products with time products

at pH 7.0.
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Fig. 3. Pathway of successive chlorination of phenol.

nol was detected in the experimental conditions. Equilibrium of
phenol and its chlorination products was reached in 20—30 min,
then the ratio of each component kept steady till 240 min. The
findings are in accord with the reported results [ 19], which inves-
tigated the phenol—chlorine reaction in environmental water and
obtained the chlorination products of phenol were essentially a
mixture of mono-, di-, and tri-chlorophenols at ambient temper-
ature.

3.2. Effects of pH on the chlorination process of phenol

Effects of pH on species distribution and kinetics of phenol
and its chlorination products were investigated in the experi-
ment. The concentration changes of phenol, MCP (2-MCP and
4-MCP), DCP (2,6-DCP and 2,4-DCP) and TCP with time in
the pH range of 6.0-9.0 were shown in Fig. 4.

In Fig. 4(a), it was noted that phenol could partly remain
in slightly acidic and neutral media but disappeared quickly
in slightly alkaline and alkaline media. Phenol could not
be detected just after 10-20min at pH 8.0-9.0, but still
remained 0.0021 mmol/L at pH 7.5, 0.0116 mmol/L at pH 7.0,
0.0271 mmol/L at pH 6.5 and 0.0334 mmol/L at pH 6.0 after
240 min. The initial reaction rate of phenol increased with the
increase of pH from 6.0 to 9.0. Similar results were reported
by Rebenne et al. [16], who studied aqueous chlorination kinet-
ics and the mechanism of substituted dihydroxy-benzenes and
found that the apparent chlorination rate constants (kypp) were
a minimum in the pH range of 3-6 and a maximum over the
pH range of 8-11. For example, the log kapp of resorcinol was
about 2.4M~!s~! at pH 6, and then increased continuously to
4.3 M~ s~ till pH reached 11. Gallard et al. [17] also observed
that the rate constants of chlorination of phenols varied from
0.02 t0 2.71 x 10* M~ s~ ! using mono- and di-hydrobenzenes
as model compounds in aqueous media over the pH range of
1-11.

The concentration variation of MCP with time at different pH
was shown in Fig. 4(b). It was found that the concentration of
MCEP increased in the first 5-10 min and then quickly decreased
till reached steady. The maximal concentration of MCP was
0.0209 (pH 6.0), 0.0196 (pH 6.5), 0.0169 (pH 7.0), 0.0086 (pH
7.5), 0.0069 (pH 8.0), 0.0093 (pH 8.5) and 0.0185 (pH 9.0)
mmol/L, but the variation of MCP with time was much different
ateach pH. MCP could not be detected just after 30 min at pH 9.0

and after 60 min at pH 8.5, while it still remained 0.0039 mmol/L
atpH 7.0,0.0108 to 0.0118 mmol/L at pH 6.0-7.0 after 240 min.
These data indicated that MCP were the main components in
slightly acidic media, but almost converted to DCP and TCP in
slightly alkaline and alkaline media.

The variation of DCP was similar to that of MCP in Fig. 4(c)
with maximal concentration of 0.0045 (pH 6.0), 0.00121 (pH
6.5),0.0134 (pH 7.0), 0.0121 (pH 7.5), 0.0413 (pH 8.0), 0.0581
(pH 8.5) and 0.0755 (pH 9.0) mmol/L. At 240 min, the con-
centration of DCP was as high as 0.0310 mmol/L at pH 9.0,
0.0264 mmol/L at pH 8.5, 0.0125 mmol/L at pH 8.0, but was
only 0.0032 mmol/L. at pH 6.0, 0.0071 mmol/L. at pH 6.5,
0.0097 mmol/L at pH 7.0 and 0.0050 mmol/L at pH 7.5. Thus,
it was confirmed that more phenol and MCP converted to DCP
at slightly alkaline and alkaline media.

As the final chlorine-substituent phenol in the experiment,
TCP increased sequentially with time till reached steady at dif-
ferent pH in Fig. 4(d). The maximum concentration of TCP
was 0.0038 (pH 6.0), 0.0177 (pH 6.5), 0.0728 (pH 7.0), 0.0949
(pH 7.5), 0.0912 (pH 8.0), 0.0793 (pH 8.5) and 0.0746 (pH
9.0) mmol/L. Contrast to in slightly acidic media, TCP was the
dominant product in neutral and alkaline media. Furthermore,
the initial production rate of TCP increased with pH increasing
from 6.0 to 7.5, but then decreased with pH increasing from 8.0
t0 9.0.

These results suggested that pH could play an important
role in the chlorination process of phenol. Phenol was easier
to be substituted by chlorine in neutral and alkaline media at
pH values between 6.0 and 9.0, and DCP and TCP were the
main components. However, phenol could still partly remain
and MCP were the dominant products in slightly acidic media.
A steady equilibrium of phenol and its chlorination products was
reached at 20-30 min in slightly acidic and neutral media, but
it was delayed to 60—180min in slightly alkaline and alkaline
media.

3.3. The mechanism for effects of pH on phenol chlorination

Chlorination of phenols is a typical electrophilic substitu-
tion and there are generally three main steps in the reaction
process. First, electrophile (E) attacks phenolic ring to form a -
complexes and still keeps the structure of phenolic ring. Second,
the electrophile in the w-complexes attaches one of carbon atom
of phenolic ring and changes to o-complexes. Third, hydrogen
atom linked with phenolic ring leaves away and produces H*.
This process could be described as Eqgs. (1)—(3).
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From Eq. (3), it is clear that when the o-complexes convert
to substituted phenols, H is released from phenolic ring to the
solution. Thus, pH would affect the equilibrium of the reaction.
Contrast to in neutral and alkaline media, it is difficult to release
H* and the reaction would be blocked in acid media.

Meanwhile, the configurations of initial reactants were also
affected by pH. In previous studies, more emphases were put on
the effects of pH on ionizable phenol, just as Egs. (4)—(8).

HOCI = CIO~ +H* 4)
Phenol = Phenolate + H™ ®)]
Phenol + HOCI = Products (6)
Phenolate + HOCl = Products 7)
Phenol + HOCI + H" = Products 8)

The reaction of HOCI with phenolate was considered to con-
trol the overall reaction when pH > 5 (Eq. (7)). The kapp for the
reaction of HOCI with phenolate were observed 10°~103 folds
greater than that with phenol [17], which was due to the higher
activating effects of phenolate than that of phenol upon elec-
trophilic substitution. When pH changed from 6.0 to 9.0, more
phenol converted to phenolate in solution. And in the succes-
sive chlorination, the producing rate of TCP was also related to
MCP and DCP in the solution. In Table 1, the pK, of phenols
decreases from 9.99 to 6.79 with the number of chlorine atom
increasing, so the effects of pH on the distribution coefficient of
ionizable MCP and DCP was more sensitive than that of phenol
at pH 6.0-9.0. When pH increases, the electronegative nature of
phenol, MCP and DCP also increases, thus, more TCP would be
produced and the production rate of TCP would increase with
the increase of pH.

However, in the experiment, the production rate of TCP just
reached a peak value at pH 7.5 and a steady equilibrium of phe-
nol and its chlorination products was delayed to 60—180 min at
pH 8.0-9.0. These phenomena suggested that the effects of pH
on HOCI would be considered simultaneously as that on phe-
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Fig. 5. Relationship between pH and distribution coefficient of HOCI, C1O0~.

nol in the chlorination process. But in previous study, HOCI
was regarded as the only electrophile and the difference in reac-
tion activities between HOCI and C1O™ were usually neglected
[19,20].

When hypochlorite is dissolved in water, it hydrolyzes rapidly
according to Eq. (9) and combined with H* according to Eq. (10).

NaOCl = Nat +ClO~ )
ClIO™ +H' = HOCI (10)

Hypochlorous acid is a slightly acid, which means that it
tends to undergo partial dissociation and could be described in
Eq. (11):

_ [H*][CI07]

*7 [HOCI (D

where K, is the ionization constant, [H*], [CIO~] and [HOCI] is
the concentration of H*, CIO~ and HOCI in aqueous solution,
respectively. K, varies in magnitude with temperature and pK,
could be computed by the formula as Eq. (12) [26].

3000
pK, = 7 = 10.06 + 0.0253T (12)

The pK, of HOCl is 7.52 at 25 °C, thus, the distribution coef-
ficient of HOCI could be calculated from Eq. (11) and showed
in Fig. 5. It is clear that the distribution coefficient of HOCI
decreases from 0.97 to 0.03 when pH increases from 6.0 to 9.0,
while that of CIO™ increases from 0.03 to 0.97 in the same pH
range. In electrophilic substitution, reaction rate is related to
electropositive nature of the electrophile. In the experiments, it
was observed that C1O™ could attack the phenolic ring as elec-
trophile in alkaline media. And C1O™ is an electronegative active
group, while HOCl is an electron neutral molecule, so it could be
considered that C1O~ was more difficult to attack phenolic ring
than that of HOCI. With the increase of pH, the electronegative
nature of phenol, MCP and DCP increases, while electropositive
nature of HOCI decreases. Thus, the effects of pH on activities
of phenols and HOCI would be considered simultaneously in
the chlorination process.

4. Conclusions

In drinking water treatment, toxic organic compounds could
combine with chlorine and contribute significantly to CDBPs.
For ionizable toxic organic compounds, pH was an important
factor affecting the chlorination process and the species distri-
bution of CDBPs. In chlorination of phenol over the pH range
of 6.0-9.0, TCP and DCP were the main components in neu-
tral and alkaline media, but MCP were the dominant products
in acid media. A steady equilibrium of phenol and its chlorina-
tion products was obtained and the equilibrium time was highly
related with pH. The difference in properties between phenols
and phenolates, and those between HOCI and C1O™ should be
considered simultaneously in explaining the effects of pH on
chlorination process with the theory of electrophilic substitution.
These results show that pH plays a regulating role in species dis-
tribution and kinetics of chlorination of phenols and the risk of
chlorophenols is possible to be controlled under slightly acidic
media.
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