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Abstract UV/chlorine, as a novel disinfection method, has
attracted great interest due to its effective removal for patho-
genic microorganism and degradation of trace organic con-
taminants existed in water environment. This paper investigat-
ed the degradation kinetics and pathways of Bezafibrate
(BZF), a typical antilipemic drug, during UV/chlorine pro-
cess. The results showed that 92.3% of BZF was degraded
after 20 min in UV/chlorine process. This indicated HO• and
reactive chlorine species (RCSs) formed in UV/chlorine
played the dominant role in degrading BZF. Observed rate
constants of BZF degradation (kobs,BZF) in UV/chlorine pro-
cess increased linearly in a wide chlorine dosage from 0.1 to
1.0 mM,which implied that ClO• generated from the reactions
of chlorine with HO• and Cl• could react with BZF rapidly.
The steady-state kinetic modeling result proved this deduction
and the rate constant of ClO• with BZF was fitted to be
5.0 × 108 M−1 s−1. kobs,BZF was affected by Cl− and HA. The
total contribution of RCSs (including Cl•, Cl2•

−, and ClO•) to
the degradation of BZF was determined to be ~ 80%, which is
much higher than that of HO•. Thirteen degradation products
of BZF were identified by LC-MS/MS. Initial degradation
products were arisen from hydroxylation, chlorine substitu-
tion and cyclization by HO• and RCSs, and then further

oxidized to generate acylamino cleavage and demethylation
products.

Keywords UV/chlorine process . Bezafibrate . Degradation
kinetics and pathways . Reactive chlorine species

Introduction

The widespread occurrence of pharmaceutical and personal
care products (PPCPs) in aquatic environments has received
great attention in recent years (Mompelat et al. 2009). PPCPs
are frequently detected in treated sewage, surface and ground
water at concentrations of nanogram per liter tomicrogram per
liter (Cai et al. 2013; Kim et al. 2007; Kosma et al. 2010).
Traditional water treatment processes cannot effectively re-
move PPCPs which makes PPCPs widely exist in public and
threaten public health and ecological environment (Beretta
et al. 2014; Mitch and Sedlak 2004; Watkinson et al. 2009;
Zhao et al. 2014). Disinfection process, one of the essential
drinking water and wastewater treatment technologies, acts a
significant role not only in terms of inactivating pathogenic
microorganisms but also in removing trace PPCPs (Kosma
et al. 2010; Simazaki et al. 2008). Chlorination and UV irra-
diation were the most frequently used disinfection methods by
far all over the world (Gibs et al. 2007; Glassmeyer and
Shoemaker 2005; Kim and Tanaka 2009; Lee and von
Gunten 2010). Although chlorine can degrade some PPCPs
containing electron-donating moieties efficiently such as phe-
nol and aniline groups (Lee et al. 2007), they cannot degrade
some refractory PPCPs successfully such as phenytoin and
atenolol (Huerta-Fontela et al. 2011). Besides, indomethacin
and metoprolol are poorly degraded by UV irradiation at con-
ventional disinfection dose rates (up to 5.0 × 102 mJ cm−2)
(Kim et al. 2009). Therefore, combining UV irradiation and
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chlorine (UV/chlorine) has attracted great interest in recent
years (Yang et al. 2016).

It has been reported that UV/chlorine process can degrade
many PPCPs effectively containing trichloroethylene,
chlortoluron, ibuprofen, carbamazepine, and diclofenac (Guo
et al. 2016). It is known that hydroxyl radical (HO•) and re-
active chlorine radicals such as Cl• can be produced in UV/
chlorine process (as shown in Eq. (1)) (Fang et al. 2014). HO•
is non-selective and could react with various contaminants at
almost diffusion-controlled rates, whereas Cl• is a selective
oxidant that is more likely to react with compounds containing
aromatic ring and electron rich moieties (Buxton et al. 1988;
Mártire et al. 2001). Moreover, Cl• reacts with chloride to
produce Cl2

•− (Eq. (6)), and both HO• and Cl• react with
HClO/ClO− to produce ClO• (Eqs. (2)~(5)). Cl2

•− and ClO•
also react selectively with contaminants (Buxton et al. 1988).
The coexisting substances including carbonate, chloride ion,
and humic acid (HA), which are normally present in water,
may consume chlorine or as radical scavenger and thereby
affect the removal of PPCPs (Yang et al. 2016). The variety
of radical species including HO• and reactive chlorine species
(RCSs, i.e., Cl•, Cl2•

−, ClO•) may make UV/chlorine process
a complex system for the degradation of PPCPs.

HOCl=OCl� þ hv→HO• þ Cl• ð1Þ

HO•þ HClO→H2Oþ ClO• k ¼ 8:46� 104M−1s−1 ð2Þ
ClO− þ HO•→OH− þ ClO• k ¼ 8:8� 109M−1s−1 ð3Þ
Cl•þ HClO→Hþ þ Cl− þ ClO•k ¼ 3:0� 109M−1s−1 ð4Þ
Cl•þ OCl−→Cl− þ ClO• k ¼ 8:2� 109M−1s−1 ð5Þ
Cl− þ Cl•↔Cl2

•−kþ ¼ 6:5� 109M−1s−1; k− ¼ 1:1� 105s−1 ð6Þ

Bezafibrate (BZF) is a typical antilipemic drug with an
estimated annual consumption of several hundreds of tons in
developed countries (Yuan et al. 2012). In Germany, BZF has
been found in the effluents of wastewater treatment plants
(WWTPs) with concentrations up to 4.6 μg L−1 and median
value of 2.2μg L−1 (Szabó 2010; Trovó et al. 2008). In surface
waters, BZF has been identified at median concentration of
3.1 μg L−1 (Gonçalves et al. 2013). BZF is refractory to bio-
logical treatment process (Razavi et al. 2009). The chronic
effects and ecological risk potential of BZF in surface water
and WWTPs make the viability of the reclamation of waste-
water disputable (Cermola et al. 2005; Dantas et al. 2007;
Trovó et al. 2008; Yuan et al. 2012). The abatement of BZF
from water has been investigated using different advanced
oxidation processes (AOPs) (Lambropoulou et al. 2008; Xu
et al. 2016; Yuan et al. 2012). However, the use of UV/
chlorine as AOP for BZF removal, and the kinetics and mech-
anisms of this process, have not been reported.

The present study primarily investigated the kinetics of
BZF degradation during UV/chlorine process, and further

examined the effects of chlorine concentration, BZF concen-
tration, pH, HCO3

−, Cl−, humic acid (HA) on the degradation
of BZF. In addition, the contributions of each reactive species
(i.e., HO• and RCSs) in UV/chlorine process to BZF degra-
dation were illuminated. Finally, the degradation intermedi-
ates and by-products were monitored to reveal BZF degrada-
tion pathway in UV/chlorine process.

Materials and methods

Chemicals and materials

BZF (purity > 98%) and sodium hypochlorite (NaClO) in-
cluding 13% available free chlorine were obtained from
Sigma-Aldrich. Other chemicals including nitrobenzene
(NB, purity > 99%), H2O2 solution (35%, w/w), potassium
peroxodisulfate (S2O8

2−), and acetic acid were obtained from
Aladdin (China). Methanol and acetonitrile (J.T. Baker Inc.,
USA) were HPLC grade. All of other reagents were purchased
as analytical grade or higher and were used without further
purification, such as NaOH (99% AR), phosphate (95% AR),
and HA (AR). All solutions were prepared with ultrapure wa-
ter (UPW) from a Water Purification System (Cascada TM
LS). HA was dissolved in NaOH solution and then filtered
by 0.45-μm glass fiber membrane.

Experimental instrument

The experimental UV device was produced by a straight beam
of 254 nm low-pressure UV mercury lamp (GPH212T5L/4,
10W, Heraeus). A reactor (height of 4 cm) containing reaction
solution of 100 mL was placed under the UV device of the
collimator tube. As shown in Fig. S1 in supporting informa-
tion, the UV lamps were set at about 30 cm above a glass
reactor with a quartz cap. The photon lux (I0, 253.7 nm) of
UV irradiation of solution was determined to be 1.291 × 10−7

Einstein L−1 s−1 by iodine iodide chemical actinometry (Rahn
et al. 2003) and light intensity at surface of solution was de-
tected by irradiatometer to be 0.16 mW cm−2. A stirring in
appropriate size was placed in reactor to ensure homogeneous
ultraviolet irradiation. All experiments were conducted at
room temperature (20 ± 1 °C).

Kinetic experiments of BZF degradation in pure water

The reactor is an amber borosilicate bottle (110 mL). All ex-
periments were carried out in pseudo-first-order conditions
([chlorine]0/[BZF]0 > 10) in homogeneous solution. The ki-
netic experiments were performed by placing specific concen-
tration of NaClO and BZF solution on the experimental UV
device (Fig. S1 in the supporting information). The reaction
volume was controlled at 100 mL. One-milliliter sample was
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taken from the reactor at a fixed time interval and immediately
quenched with 0.01 ml of ascorbic acid (0.1 M) (Lyon et al.
2014). Previous tests proved that ascorbic acid did not affect
the detection of BZF. All samples were filtrated by a 0.22-μM
glass fiber membrane and were further analyzed by high per-
formance liquid chromatography (HPLC) to obtain the resid-
ual concentration of BZF. All experiments were repeated at
least twice.

The buffer solution of 10 mM phosphate (KH2PO4) was
used for adjusting the solution pH. The effect of phosphate on
BZF degradation was confirmed to be very slight and could be
ignored (Fig. S2 in supporting information).

The experiments of BZF degradation in UV irradiation and
in chlorination alone were also followed the above procedures
while only NaClO or UV photolysis spiked into the reactor. In
addition, the degradation of BZF in UV/H2O2 and UV/S2O8

2−

systems was also carried out in the same manner using H2O2

and K2S2O8 to substitute NaClO.

Effects of different factors on BZF degradation
in UV/chlorine process

To investigate the effects of chlorine dosage, BZF concentra-
tion, and real water matrixes on BZF degradation, the follow-
ing experiments were carried out.

Real water matrixes including HCO3
−, Cl−, and HA are

normally exist in surface water and wastewater, and act dom-
inated roles in the production of radical species (Kong et al.
2016; Wang et al. 2016). Experiments under different chlo-
rine, BZF, HCO3

−, Cl−, and HA concentration were conducted
following the above manners to investigate the effect of dif-
ferent factors on BZF degradation rate.

Contributions of HO• and RCSs to BZF degradation

Experiments under different pH (5.0, 6.0, 7.0, and 8.0) were
conducted at 0.8 mM chlorine concentration and 10 μM BZF
concentration to study the impact of pH on BZF reaction rates.

The steady-state concentrations of HO• ([HO•]ss) at differ-
ent pH (5.0, 6.0, 7.0 and 8.0) in UV/chlorine process could be
obtained using nitrobenzene (NB) as the HO• probe com-
pound. NB reacts with HO• with high second-order rate con-
stant of kHO▪-NB = 3.9 × 109 M−1 s−1 and its reaction with
RCSs could be ignored (Watts and Linden 2007). The rates
of BZF degradation by RCSs (kobs,RCSs-BZF) could be calcu-
lated as Eqs. (7) and (8).

kHO•−NB HO•½ �ss ¼ kobs;NB ð7Þ
kHO•−BZF HO•½ �ss þ kobs;RCSs−BZF ¼ kobs;BZF ð8Þ

The second-order rate constants of reaction of BZF with
HO• (kHO▪-BZF) is 8.0 × 109 M−1 s−1. The observed rate con-
stant of NB (kobs,NB) and BZF (kobs,BZF) were obtained by

experiments and [HO•]ss could be calculated by Eq. (7).
Then, kobs,RCSs-BZF could be obtained by kobs,BZF deducting
the kHO▪-BZF[HO•]ss.

Experiment was conducted with coexistence of BZF
(10 μM) and NB (10 μM). The concentration of chlorine
was controlled at 0.8 mM and the solution pH was adjusted
to 5.0, 6.0, 7.0, and 8.0. Other manner was similar to BKinetic
experiments of BZF degradation in pure water^ section de-
scribed above.

Identification of BZF degradation products

In the experiment of determining BZF degradation intermedi-
ates during UV/chlorine process, the relatively high concen-
trations of 0.5 mM BZF and 1.6 mM chlorine were applied in
order to acquire more complete and accurate degradation in-
termediates. At the scheduled time (10, 25, 40, 60, 90, 130,
190, 250 min), 1 mL sample was withdrawn, quenched with
ascorbic acid which did not interfere the detection of BZF and
its intermediates.

Analytical methods

Analysis of free chlorine concentrations

The concentrations of free chlorine in the reactor were obtain-
ed by the N,N-diethyl-p-phenylenediamine (DPD) method
(Carranzo 2012). DPD with free chlorine could result to chro-
mogenic reaction and the resulting compound can absorb ul-
traviolet light at 515 nm. Concentration of free chlorine was
calculated by measured absorbance.

Analysis of BZF and NB concentration

Concentrations of BZF and NB were analyzed through HPLC
system (Agilient 1260 series, USA) by a Poroshell 120 EC-
C18 column (4.6mm× 50mm 2.7 μm,Agilent, USA) and the
UV detector was set at 227 and 262 nm, respectively. The flow
rate of the columnwas 1.0 mL/minwith the temperature main-
tained at 30 °C. The composition of the mobile phase for the
analysis of BZF and NB was 55% acetic acid (0.02 vol.%,
pH = 4), 5% methanol, 40% acetonitrile, 50% water, and 50%
methanol, respectively.

Analysis of BZF degradation products

The degradation intermediates of BZF were measured by liq-
uid chromatography-tandem mass spectrometry (LC-MS/MS,
Thermo Scient i f ic QExact ive plus) . The sample
(0.2 mL min−1) was delivered by a gradient system from a
Waters BEH C18 (1.7 μM × 100 mm) column. The consist
of mobile phase was acetonitrile solution (A) and 0.1% formic
acid (B), which was eluted according to the following gradient
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mode: (1) 90% B from 0 to 1 min; (2) from 1 to 15 min, Awas
increased in a linearly fashion from 10 to 50%; (3) from 15 to
22 min, Awas increased in a linearly fashion from 50 to 99%
and set for 3 min; and (4) the mobile phase was returned to its
initial composition from 25 to 30 min.

Kinetic modeling

To get insight into the role of the reactive radicals to BZF
degradation in UV/chlorine process, a kinetic model consid-
ering different radical species was established. The Matlab
model was established based on the observation that BZF
was mainly degraded by the reactive radicals in the UV/
chlorine process such as HO•, ClO•, Cl2

•−, and Cl•. The con-
tributions of other radicals such as ClOH•− and O•− in the
process had a negligible effect owing to their low reactivity
with organic compounds (Guo et al. 2016). Table S1 in
supporting information lists the principal reactions and their
rate constants in UV/chlorine from the literatures.

The BZF degradation followed pseudo-first-order kinetic
in the UV/chlorine process, thus can be modeled as follows:

d BZF½ �=dt ¼ k30 HO•½ �ss þ k31 Cl•½ �ss þ k32 Cl2•−½ �ss þ k33 ClO•½ �ss
� �

BZF½ �
¼ kobs;BZF BZF½ �

ð9Þ

where [HO•]ss, [Cl•]ss, [Cl2
•-]ss, and [O

•-]ss are the steady-state
concentrations of HO•, Cl•, Cl2

•−, and O•−; kobs,BZF is the
overall pseudo-first-order rate constant of BZF degradation.
Based on these principal reactions (Table S1 in supporting
information), the kinetic expressions of HO•, Cl•, Cl2

•−, O•−,
ClOH•−, and ClO• in UV/chlorine process are shown in Eqs.
(10)–(15), where rHO•, rO•−, and rCl• in Eqs. (10), (13), and
(11) are the formation rates of HO•, O•−, and Cl• from the
photolysis of chlorine (shown in Table S1 in supporting
information).

d HO•½ �=dt ¼ rHO• þ k19 ClOH•−½ � þ k17 O•−½ � H2O½ �−k30 HO•½ � BZF½ �
−k13 HO•½ � HClO½ �−k14 HO•½ � ClO−½ �−k39 HO•½ � Cl−½ �−k12 HO•½ � HO−½ �

ð10Þ

d Cl•½ �=dt ¼ rCl• þ k42 Cl2•−½ � þ k20 ClOH•−½ � þ k21 ClOH•−½ � Hþ½ �−k31 Cl•½ � BZF½ �
−k42 Cl•½ � Cl−½ �−k9 Cl•½ � HClO½ �−k10 Cl•½ � ClO−½ �−k8 Cl•½ � HO−½ �

ð11Þ

d Cl2
•− =dt ¼ k42þ� ½Cl• Cl−½ � þ k22� ½Cl−½ � ClOH •− −k42−� ½Cl2•− −k32� ½Cl2•− BZF½ �−k14� ½Cl2•−½ � HO−½ �

ð12Þ

d O•−½ �=dt ¼ rO•− þ k12 HO•½ � HO−½ �−k17 O•−½ � H2O½ � ð13Þ

d ClOH •−½ �=dt ¼ k3 HO•½ � Cl−½ � þ k8 Cl•½ � HO−½ � þ k25 Cl2•−½ � HO−½ �−k19 ClOH •½ �
−k21 ClOH •−½ � Hþ½ �−k22 ClOH •−½ � Cl−½ �

ð14Þ

d ClO• =dt ¼ k13� ½HO• ClO−½ � þ k9� ½Cl• HClO½ � þ k14� ½HO• ClO−½ � þ k10� ½HO•½ � HClO½ �
−k27 ClO•½ � ClO• −k25� ½ClO•½ � BZF½ �

ð15Þ

Under the steady-state conditions, the formation rates
of radicals are equal to their consumption rates. Therefore,
the net formation rates of HO•, Cl•, Cl2

•−, O•−, ClOH•−,
and ClO• are approximately zero. Some concerned param-
eters such as the initial concentrations of Cl−, H+, HO−,
HClO, and ClO− were input in the model (for details, see
Text S1 in supporting information), and thus the steady-
state concentrations of HO•, Cl•, Cl2

•−, O•−, ClOH•−, and
ClO• could be calculated from Matlab. Knowing the rate
constants and steady-state concentrations of HO•, Cl•,
Cl2

•−, O•−, ClOH•−, and ClO•, the kobs,BZF values of the
BZF degradation and the specific contributions of various
radicals under different chlorine dosage could be calculat-
ed according to Eq. (9).

Results and discussion

Kinetics of BZF degradation in pure water

Figure 1 shows the time-depended of BZF concentrations in
UV/chlorine process, taking UV irradiation, dark chlorina-
tion, UV/H2O2 and UV/S2O8

2− processes as comparison. It
can be seen that 92.3% of BZF was degraded after 20 min in
UV/chlorine process, while only 1.2 and 4.0% of BZF were
degraded in UV irradiation and in chlorination alone,
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Fig. 1 BZF degradation in UV/chlorine, UV irradiation, dark
chlorination, UV/H2O2, and UV/S2O8

2− processes. Experimental
conditions: I0 = 1.291 × 10−7 Einstein L−1 s−1, [NaClO] = 0.8 mM,
[BZF] = 10 μM, pH = 7.0, 10 mM phosphate buffer, T = 20 ± 1 °C
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indicating the recalcitrance of BZF to UV irradiation and
chlorination alone. The degradation of BZF in UV/chlorine,
UV/H2O2, and UV/S2O8

2− processes followed the pseudo-
first-order kinetics (as shown in Fig. 2 and Fig. S3 in
supporting information), and the rate constants were obtain-
ed to be 1.98 × 10−3, 5.87 × 10−4, and 1.03 × 10−3 s−1, re-
spectively. The rate constant of UV/chlorine is 3.4 times and
1.9 times higher than that of UV/H2O2 and UV/S2O8

2− sys-
tems which could be explained that chlorine has higher rad-
ical production than H2O2 and S2O8

2−. The rate of radical
production can be obtained by Table S1 in supporting infor-
mation, which was greatly affected by the quantum yields
and the molar absorption coefficients (λ = 254 nm) of oxi-
dants. The quantum yields of HClO, ClO−, H2O2, and S2O8

2

− in UV irradiation are 1.45, 0.7, 0.5, and 0.7, respectively,
and the molar absorption coefficients of HClO, ClO−, H2O2,
and S2O8

2− are 59, 66, 19.6, and 21.1 M−1 cm−1,

respectively (Guan et al. 2011; Hessler et al. 2010; Z et al.
2014). Obviously, HClO and ClO− have larger quantum
yield and molar absorption coefficients than H2O2 and
S2O8

2−.

Effects of different factors on BZF degradation
in UV/chlorine process

Effect of chlorine concentration on BZF degradation

Figure 2 showed that the BZF degradation rate increased with
the increase of chlorine dosage. The observed BZF degrada-
tion followed pseudo-first-order reactions, and thus the rate
can be given as Eq. (16) as follows:

ln BZF½ �= BZF½ �0
� � ¼ −kobs;BZF � t ð16Þ

where [BZF] and [BZF]0 stand for the concentrations of BZF
at time t and 0, respectively. Therefore, the observed rate con-
stant of BZF degradation, kobs,BZF, can be obtained by linear
fitting of data of natural logarithm of normalized concentra-
tion of BZF versus time (Fig. 2a).

As shown in Fig. 2a (Insert), kobs,BZF increased linearly
from 5.1 × 10−4 to 2.24 × 10−3 s−1 with the increase of initial
chlorine concentration in the wide range from 0.1 to 1.0 mM.
Previous studies have observed plateaus of kobs for benzoic
acid (BA) and atrazine (ATZ) with the increase of chlorine
(0.01 ~ 0.12 and 0.02 ~ 0.1 mM) (Fang et al. 2014; Kong
et al. 2016). However, this plateau was not observed at the
case of BZF in the present study. To get insight into the roles
of reactive radicals on BZF degradation at different chlorine
concentrations, a Matlab model was established consisting of
the principal reaction in UV/chlorine process (as described in
BKinetic modeling^section ). According to the calculation of

Fig. 2 BZF degradation in UV/chlorine process at different initial chlo-
rine concentrations. Experimental conditions: I0 = 1.291 × 10−7 Einstein
L−1 s−1, [NaClO] = 0.1 ~ 1.0 mM, [BZF] = 10 μM, pH = 7.0, 10 mM
phosphate buffer, T = 20 ± 1 °C

Table 1 The steady-state concentrations of different reactive radicals in
UV/chlorine process at different chlorine dosage

Chlorine
dosage
(mM)

HO•
concentration
(M)

Cl•
concentration
(M)

ClO•
concentration
(M)

0.01 1.32 × 10−13 1.18 × 10−13 2.71 × 10−14

0.10 2.44 × 10−13 1.38 × 10−13 5.14 × 10−13

0.20 2.45 × 10−13 1.33 × 10−13 9.79 × 10−13

0.30 2.38 × 10−13 1.28 × 10−13 1.41 × 10−12

0.40 2.31 × 10−13 1.23 × 10−13 1.80 × 10−12

0.50 2.23 × 10−13 1.18 × 10−13 2.16 × 10−12

0.60 2.15 × 10−13 1.14 × 10−13 2.49 × 10−12

0.70 2.07 × 10−13 1.10 × 10−13 2.79 × 10−12

0.80 2.00 × 10−13 1.06 × 10−13 3.07 × 10−12

0.90 1.93 × 10−13 1.02 × 10−13 3.33 × 10−12

1.0 1.90 × 10−13 1.01 × 10−13 3.70 × 10−12
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model, the steady-state concentrations of different reactive
radicals at different chlorine concentrations were obtained.
As shown in Table 1, with the increase of chlorine concentra-
tions, the steady-state concentrations of HO• and Cl• increased
from 1.32 × 10−13 and 1.18 × 10−13 M to 2.44 × 10−13 and
1.38 × 10−13 M at low chlorine dosage (0.01 ~ 0.1 mM), and
reached plateaus at high chlorine dosage (0.1 ~ 1.0 mM). The
appearance of this plateau was ascribed to the scavenging of
HO• and Cl• by excessive HClO/ClO− at high chlorine dosage
(0.1 ~ 1.0 mM), resulting in the counterbalance between the
formation and the consumption of HO• and Cl•, as shown in
Eqs. (1)~(5). The plateaus of steady-state concentrations of
HO• and Cl• could well explain the previous observed pla-
teaus of kobs for BA and ATZ (Fang et al. 2014; Kong et al.
2016), while fail to elaborate the continuously linear increase
of kobs for BZF with the increase of chlorine dosage. It should
be noted that the concentration of ClO• continually increased
with the increase of chlorine dosage, which was different from
HO• and Cl•, as shown in Table 1. This is reasonable because
HClO/ClO− did not scavenge ClO• yet. It seems likely that the
reactive radical ClO• in UV/chlorine process could also oxi-
dize BZF with a appreciate rate constant. However, the
second-order rate constant of BZF with ClO• was not avail-
able in the literature, and was fitted to be 5.0 × 108 M−1 s−1 by
the consistence of the simulated result with the experimental
data, as shown in Fig. 2b. This conclusion was consistent with
the previous speculation which explained similar linear in-
crease of kobs for trimethoprim (THM) in UV/chlorine process
with the increase of the chlorine dosage (Wu et al. 2016).

Effects of BZF concentration on BZF degradation

Figure 3 shows the degradation of BZF at different initial BZF
concentrations (5.0 ~ 25 μM). It can be found the kobs,BZF
decreased as the initial BZF concentration increased from
5.0 to 25 μM. The molar absorptivity of BZF at 254 nm is
(1.40 ± 0.24) × 104 M−1 cm−1 (Wols et al. 2015), which was
much higher than that of HClO (59 M−1 cm−1) and ClO−

(66 M−1 cm−1). With the increase of BZF concentration,
BZF might compete more photon than HClO and ClO−, and
reduce the production rates of HO• and RCSs, and then de-
creased the degradation of BZF.

Effects of HCO3
−, Cl−, and HA on BZF degradation

As shown in Fig. 4, the concentration of 0 ~ 40 mM HCO3
−

showed negligible effect on BZF degradation in UV/chlorine
process. The HCO3

− may compete BZF for HO• and Cl• con-
sumption. For example, at higher HCO3

− concentration of
40 mM in this experiment, the rate constants for the reactions
of HCO3

− with HO• and Cl• were 3.4 × 105 s−1 (i.e.,
8.5 × 106 M−1 s−1 × 40 mM = 3.4 × 105 s−1) and 8.8 × 106 s−1

(kobs = 2.2 × 108M−1 s−1 × 40mM= 8.8 × 106 s−1), respectively.
These were much higher than the rate constants for the reactions
of BZF with HO• and Cl•, which were 8.0 × 104 s−1 (i.e.,
8.0 × 109 M−1 s−1 × 10 μM = 8.0 × 104 s−1) and 5.0 × 103 s−1

(i.e., 5.0 × 108 M−1 s−1 × 10 μM = 5.0 × 103 s−1), respectively.
HCO3

− scavenges HO• and Cl• to form CO3
•− (Eqs. (17)~(19)).
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Fig. 3 BZF degradation in UV/chlorine process at different initial BZF
concentrations. Experimental conditions: I0 = 1.291 × 10−7 Einstein
L−1 s−1, [NaClO] = 0.8 mM, [BZF] = 5.0 ~ 25 μM, pH = 7.0, 10 mM
phosphate buffer, T = 20 ± 1 °C
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No inhibition effect on BZF degradation was observed experi-
mentally suggesting that CO3•

− was likely to react with BZF. It
has been reported CO3

•− could react quickly with the
uracil functional group in amine at rate constants of
1.4 × 108 ~ 9.1 × 108 M−1 s−1 (Zhang et al. 2015). Therefore,
the rate constant of BZF with CO3

•− was presumed to be in the
magnitude of 108 ~ 109 M−1 s−1, which is comparable with HO•
(8.0 × 109 M−1 s−1) and Cl• (5.0 × 108 M−1 s−1).

HCO3
− þ HO•→H2Oþ CO3

•− k ¼ 8:5� 106M−1s−1 ð17Þ

HCO3
− þ Cl•→Hþ þ Cl− þ CO3

•−k ¼ 2:2� 108M−1s−1 ð18Þ

ClO•þ CO3
2−→ClO− þ CO3

•−k ¼ 6:0� 102M−1s−1 ð19Þ

The BZF degradat ion in the presence of Cl−

(0 ~ 100 mM) was shown in Fig. 5. It can be seen that
the effect of the presence of low concentration of Cl−

(0 ~ 10 mM) on BZF degradation could be neglected,
while high concentration of Cl− (10 ~ 100 mM) slightly
improved the removal efficiency of BZF. Generally, Cl2

•−

and Cl• can be formed by Cl− reacting with Cl• and HO•
in acid solution, which are more selective than HO• (Eqs.
(20)~(22)). In neutral solution (pH = 7.0), at low concen-
tration of Cl− (0 ~ 10 mM), the rate constant of reverse
reaction of Eq. (20) (6.1 × 109 s−1) is much higher than
Eq. (21) (2.1 × 103 s−1), thereby making ClOH•− prefer-
ring to turn to HO•, rather than Cl•, which caused

neglected effect on BZF degradation. However, higher
concentration of Cl− (10 ~ 100 mM) in neutral solution
could accelerate the reaction Eq. (20) and generate more
ClOH•−, thereby promoting the production of Cl• and Cl2

•

− and then influencing the BZF degradation. The promoted
effect suggested that BZF might react with Cl2

•− with high
rate constant. Similarly, a previous study found that the
existence of Cl− enhanced 4-tert-butylphenol (4tBP) deg-
radation in Fe(III)-EDDS/S2O8

2−/UV process significant-
ly, and the high reactivity of Cl2

•− with 4tBP was
proposed(Wu et al. 2015).

HO•þ Cl−↔ClOH•− kþ ¼ 4:3� 109M−1s−1; k− ¼ 6:1� 109s−1 ð20Þ

ClOH •− þ Hþ↔Cl•þ H2Okþ ¼ 2:1� 1010M−1s−1; k− ¼ 2:5� 105M−1s−1

ð21Þ
Cl− þ Cl•↔Cl2

•−kþ ¼ 6:5� 109M−1s−1; k− ¼ 1:1� 105M−1s−1 ð22Þ

The influence of HA concentration on BZF degrada-
tion in UV/chlorine process was shown in Fig. 6 and the
results showed obvious inhibited effect on BZF degra-
dation. HA may compete with BZF for HO• and Cl•
consumption as a radical scavenger, and also absorbs
UV light at 254 nm with extinction coefficient of
3.15 L m−1 mg−1 so it is an inner filter to reduce the
efficiency of chlorine photolysis in producing radicals
(e.g., HO• and Cl•) (Wu et al. 2016).
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Contributions of radical species to BZF degradation
in UV/chlorine process

BZF was degraded rapidly during UV/chlorine process
while it was hardly degraded in UV irradiation and chlo-
rination alone (Fig. 1). This suggested that BZF was
mainly degraded by the essential radical reactions in
UV/chorine process. The HO• and RCSs (Cl•, Cl2

•−,
and ClO•) are the main radical species from Eqs.
(1)~(5) in UV/chlorine process. The contributions of
HO• and RCSs to BZF degradation in UV/chlorine pro-
cess at pH 5.0 ~ 8.0 were evaluated by addition of NB as
a HO• probe compound (as described in BContributions
of HO• and RCSs to BZF degradation^ section).

Figure 7 shows the calculated kobs,BZF by HO• and RCSs
oxidation in UV/chlorine process at pH 5 ~ 8. The kobs,BZF
decreased as pH increased from 5.0 to 8.0, and similar results
were found in previous studies in which ibuprofen and trichlo-
roethylene were taken as target compounds (Fang et al. 2014;
Wang et al. 2012). This result could be explained by that at
acidic pH, the dominant species of free chlorine is HClO,
which has higher quantum yield and smaller radical scaveng-
ing effect than ClO− shown in Table S1 in supporting infor-
mation (Fang et al. 2014).

At pH 5.0, the contributions of HO• and RCSs to BZF
degradation were about 36 and 64%, respectively. The contri-
bution of HO• to BZF degradation decreased to about 20%,
whereas the contribution of RCSs increased to about 80%
with increasing pH from 5.0 to 8.0. Similar results were ob-
served in ibuprofen degradation in UV/chlorine process,
where the RCSs contributed more in alkaline solutions than
in acidic solutions (Xiang et al. 2016).

Degradation pathways of BZF in UV/chorine process

Through LC-MS/MS analysis, 13 major intermediates were
identified and they are shown in Table S2 in supporting infor-
mation. Figure 8 showed the time-dependent evolution pro-
files of major degradation products of BZF in UV/chlorine
process at pH 7.0. The pathways of BZF degradation in UV/
chlorine process are proposed based on the identified prod-
ucts, as given in Fig. 9. As shown, four sites of BZF were
proposed to be reactive (Fig. 9), and could be attacked by the
radical (HO• and RCSs) in UV/chlorine process (Xu et al.
2016). Five newly detected chlorine-containing intermediates
were obtained (as marked with solid brackets) compared with
the traditional HO• based AOPs, such as UV/H2O2, UV/TiO2,
and catalytic ozonation process (Lambropoulou et al. 2008;
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Fig. 7 Contributions of HO• and RCSs to BZF degradation in UV/
chlorine process at different pH. Experimental conditions:
I0 = 1.291 × 10−7 Einstein L−1 s−1, [NaClO] = 0.8 mM,
[BZF] = 10 μM, [NB] = 10μM, pH = 5.0 ~ 8.0, 10mMphosphate buffer,
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Fig. 8 Changes of degradation products during the reaction time in UV/
chlorine process
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Xu et al. 2016; Yuan et al. 2012). The products with dotted
line were suspected according to degradation pathway.
Initially, the degradation products C1 and C10 increased rap-
idly during BZF degradation in UV/chlorine process, reached
their peak values within 75 min and decreased then. Other
products (C2 ~ C9, C11 ~ C13) increased continuously in
the whole reaction time. Two reaction processes (pathway A
and C) were suggested to be the main pathways based on the
peak area of the intermediates.

Chlorine substitution and hydroxylation intermediates
were observed during BZF degradation, as shown in path-
way A. The monochloro compound C1 was formed,
which could be ascribed to the oxidation of BZF by
RCSs. The reactive Cl• added into site 3 in BZF, yielding
a carbon-centered radical (as shown in Fig. S4 in
supporting information), followed by oxygen addition
and subsequently elimination of the perhydroxyl radicals
(HOO•), leading to the chlorine substitution intermediate
C1 (Wu et al. 2016). In order to enhance the formation of
BZF degradation intermediates for detection, higher con-
centration of BZF (i.e., 0.5 mM) was applied. This sug-
gested that BZF could efficiently compete with
HClO/ClO− for the Cl• radicals consumption, thus result-
ed in the increasing contribution of Cl• to BZF degrada-
tion, and the subsequent production of C1 from Cl• addi-
tional reaction. It was reported that the chlorine preferred
to substitute hydrogen in the benzene ring rather than in
the aliphatic structure (Xiang et al. 2016). Due to the
electron-withdrawing effect of chlorine, the chlorine ring
has lower reactivity than the phenoxy ring (Martino et al.

1999). Therefore, chlorine substitution occurred in
phenoxy ring which was also proved by product C1.
Subsequently, HO• is susceptible to attacking chlorine
ring (Gonçalves et al. 2012), which results in the forma-
tion of hydroxylated products (including compounds C13,
C11) via the oxidation of C1 and C12. Furthermore, C5
and C12 were formed by HO• and/or RCSs attacking sites
4 and 2, respectively. Compared with the hydroxylated
degradation route as discussed following (often happened
in the HO•-basedAOPs), this chlorine substitution route
(pathway A) is unique in UV/chlorine process (Wang
et al. 2012).

A variety of hydroxylated intermediates were detected by
LC-MS/MS, with the hydroxylation on the benzene ring oc-
curring in a stepwise manner. This was similar with that in the
typical HO•-based AOPs, such as catalytic ozonation process
(Li et al. 2014). The monohydroxylated intermediates identi-
fied during this study were characterized as C8 (attacking on
the phenoxy ring) and C9 (attacking on the chlorine-
containing ring). In this step, the hydroxylation was formed
in the ortho and meta orientation in either the chlorine or the
phenoxy ring. The further oxidation on the monohydroxylated
benzene ring could result in the formation of poly-
hydroxylated intermediates, such as C7 and C14 (Dantas
et al. 2007). The continuous oxidation of C14 could lead to
the cleavage of the aryloxy-carbon bond on the phenoxy ring
(C2), resulting in the opening of this ring (C10). This route
was denoted as pathway C. Besides, C3 and C4 were formed
via the oxidation of sites 3 and 4 in BZF, which was denoted
as pathway D.

Fig. 9 BZF degradation pathways in UV/chlorine process
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In the pathway B, the m/z of product C6 was 359 while the
parent compound m/z was 361. The appearance of this com-
pound implied that the structure has a double bond or cycli-
zation within the molecule (Razavi et al. 2009). It should be
noted that the formation of a double bond was unreasonable,
and the alternative mechanism that accounted for the com-
pound C6 was shown in Fig. S5. This possible explanation
is described briefly as that HO• attacked at the aromatic ring
(addition of -OH), followed by cyclization with loss of HOH.

Conclusion

The UV/chlorine process could effectively degrade BZF,
which followed the pseudo-first-order kinetics, and the
observed rate constant in UV/chlorine process was 3.4
times and 1.9 times higher than that in the UV/H2O2

and UV/S2O8
2− process, respectively. With the increase

of chlorine dosage from 0.1 to 1.0 mM, the continuously
increased kobs,BZF could be attributed to the increasing
contribution of ClO•, which was verified by the Matlab
modeling results. The BZF degradation was enhanced
with the increase of Cl− (0 ~ 200 mM), inhibited with
the increase of HA (0 ~ 5.0 mg L−1), and nearly not
influenced by HCO3

− (0 ~ 40 mM). kobs,BZF decreased
while the contribution of RCSs increased as pH increased
from 5.0 to 8.0. The degradation pathway of BZF includ-
ed hydroxylation and chlorine substitution, and sustained
through further oxidation to generate acylamino cleavage
and demethylation products.

The chlorine-containing intermediates were detected in
LC-MS/MS which indicated that disinfection byproducts
and more attention should be paid for the toxicity assessment
in further studies.
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