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a b s t r a c t

Conventional coagulation process is not effective to eliminate trace organic compounds (TrOCs). This
study proposed a novel peroxomonosulfate (PMS) amended iron coagulation process and found its
effectiveness in eliminating TrOCs in synthetic and natural waters. In synthetic waters containing hy-
droquinone (HQ) or benzoquinone (BQ), Fe(III)/PMS effectively degraded carbamazepine (CBZ), a
representative of resistant TrOCs. The step of reduction of Fe(III) to form Fe(II) governed the degradation
rate of CBZ as PMS activation by Fe(II) was the dominant reaction to generate SO4

�-, which was the major
reactive oxidant in the system. Meanwhile, HQ was quickly transformed to BQ in the Fe(III)/PMS system
and BQ acted as an electron shuttle to induce Fe(III)/Fe(II) redox cycle and accelerate PMS activation.
Natural organic matter (NOM) bearing phenolic and quinone moieties played similar roles as HQ and BQ
and fast CBZ degradation was also observed. Finally, two surface waters spiked CBZ were subjected to
bench-scale experimentation to simulate coagulation/flocculation/sedimentation processes in water
treatment plants. Compared to the conventional iron coagulation process, the PMS-amended iron
coagulation process increased the removal percentage of CBZ by 50%e80%. Overall, this study demon-
strates that PMS enhanced iron coagulation is a promising process for the abatement of TrOCs in water
treatment.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Trace organic compounds (TrOCs), such as pharsmaceutical and
personal care products (PPCPs) and endocrine disrupting chemicals
(EDCs), have been frequently detected in surface waters at ng/-mg/L
levels (Padhye et al., 2014; Zhang et al., 2015). The conventional
water treatment processes, such as coagulation, sedimentation and
filtration units, were not very effective in removing TrOCs (Huerta-
Fontela et al., 2011; Westerhoff et al., 2005). Chlorination can
remove some TrOCs bearing phenolic, amine and aniline groups
(Huerta-Fontela et al., 2011; Westerhoff et al., 2005). A variety
group of TrOCs were thus still detected in the finished drinking
water (Gaffney et al., 2015; Loraine and Pettigrove, 2006). Consid-
ering that some of TrOCs have been linked to adverse health and
ecological effects (Bruce et al., 2010; Liu et al., 2020), improving the
degradation efficiency of TrOCs in drinking water treatment pro-
cesses is still urgently needed.
g).
Activated persulfate, including peroxomonosulfate (PMS) and
peroxydisulfate (PDS), has been widely used to eliminate various
TrOCs, taking advantage of sulfate (SO4

�-) or hydroxyl (HO�) radicals
(Ghanbari and Moradi, 2017; Lee et al., 2020; Cheng et al., 2020).
Among the activators used, ferrous iron (Fe(II)) was commonly
adopted. Parallel to the Fenton reaction, this process proceeds
through one-electron reduction of the -O-O- bond to produce sul-
fate radical (SO4

�-) (Eqs. (1) and (2)) (Kim et al., 2018; Zou et al.,
2013). However, due to the limitation of slow transformation rate
from the formed Fe(III) back to Fe(II), the degradation of contami-
nants was quickly inhibited and resulted in incomplete degrada-
tion. To alleviate the drawbacks, multiple antioxidants such as
hydroxylamine and natural polyphenols have been proposed to
assist the redox cycling of Fe(III)/Fe(II) (Pan et al., 2020; Zou et al.,
2013). In addition to Fe(II), recent studies indicated that naturally
occurring quinones can also activate persulfate. For example, 1,4-
benzoquinone (BQ) can effectively decompose PDS to SO4

�- for
2,4,40-trichlorobiphenyl (PCB 28) degradation (Fang et al., 2013).
The activation of PMS by BQ, however, produced singlet oxygen
(1O2), not SO4

�- (Ahmad et al., 2013). Despite of many researches on
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PMS/PDS activation by Fe(II) or phenols/quinones, the application
of these processes in drinking water treatment is still questionable,
partially because the addition of Fe(II) or other activators may lead
to secondary pollution or bring problems for the subsequent
treatment steps, e.g. disinfection.

FeðIIÞþH�O�O� SO�
3 / FeðIIIÞþ SO,�

4 k ¼ 3:0

� 104 M�1 s�1 (1)

FeðIIÞþ�
3 O S�O�O� SO�

3 / FeðIIIÞþ SO2�
4 þ SO,�

4 k ¼ 2:0

� 101 M�1 s�1

(2)

In water treatment, ferric (Fe(III)) salts including ferric chloride
and ferric sulfate are commonly used as coagulants to remove
suspended solids (SS) and some natural organic matter (NOM)
(Matilainen et al., 2010; Vik and Eikebrokk, 1988). NOM is ubiqui-
tous in natural waters and contains numerous phenolic and
quinone moieties (Aeschbacher et al., 2012; Cory and McKnight,
2005). Previous results show that the phenolic and quinone moi-
eties are involved in the redox transformation of iron. For example,
Garg and coworkers found that hydroquinone and/or semiquinone-
type species present in NOM can reduce Fe(III) to Fe(II) in natural
waters (Garg et al., 2015). For benzoquinone, although it cannot
directly reduce Fe(III), it can undergo self-redox cycling to produce
semiquinone or hydroquinone to interact with Fe(III) (Song and
Buettner, 2010). Therefore, we suspect that if PMS is added to the
coagulation process, these redox active moieties (phenols and
quinones) present in NOM might assist in PMS activation. Possible
reactions include (i) activation of PMS by benzoquinone or semi-
quinone moieties (Ahmad et al., 2013; Fang et al., 2013; Zhou et al.,
2015); (2) activation of PMS by Fe(II) formed from reduction of
Fe(III) (Anipsitakis and Dionysiou, 2004); (3) regeneration of Fe(II)
via hydroquinone/quinone redox reactions (Jiang et al., 2015). An
understanding of these reactions is thus important for the potential
application of PMS-amended iron coagulation for TrOCs
degradation.

As such, the aim of this study is to verify whether Fe(III)/quinone
and Fe(III)/hydroquinone interactions can be used to activate PMS
for TrOC degradation and whether the PMS amended iron coagu-
lation is feasible for TrOCs degradation for natural waters. Carba-
mazepine (CBZ) was chosen as the target compound, due to its
prevalence in surface waters and resistance to common oxidants
(e.g., chlorine, chlorine dioxide, hydrogen peroxide and PMS/PDS).
In some tests, caffeine, ibuprofen, atrazine are also included as they
are also known to be resistant by conventional water treatment
processes. Benzoquinone (BQ) and hydroquinone (HQ) were used
as representatives of oxidized and reduced quinones, respectively
because of their simple structures and well-studied reactions with
Fe(III). Surface water samples were used for coagulation/floccula-
tion/sedimentation treatment processes. The results from this
study are inspiring and provide a potential application of upgrading
the traditional coagulation process to bear advanced oxidation
functions for TrOCs removal.
2. Materials and methods

2.1. Chemicals

1,4-Benzoquinone (BQ, � 98%), 2-methylhydroquinone (MHQ,
99%), 2-chlorohydroquinone (CHQ, 85%), 2-chloro-1,4-benzoquinone
(CBQ, 95%), 2-methyl-1,4-benzoquinone (MBQ, 98%), Rose Bengal
(RB, 95%), methyl phenyl sulfoxide (PMSO, � 97%), methyl phenyl
sulfone (PMSO2,�98%), 5,5-dimethyl-1-pyrroline N-oxide (DMPO,�
98%), 2,2,6,6-tetramethyl-4-piperidinol (TEMP, 98%), carbamazepine
(CBZ, � 98%), nitrobenzene (NB, � 99%), benzoic acid (BA, � 99.5%),
caffeine (�98%), ibuprofen (�98%) and atrazine (�98%) were pur-
chased from Sigma-Aldrich (USA). Fe2(SO4)3�xH2O, FeCl3�6H2O
(�99%), and FeSO4 (�98%) were obtained from Sinopharm Chemical
Reagent Co., Ltd (Shanghai, China). Peroxymonosulfate (KHSO5$0.5
KHSO4$0.5K2SO4, 4.5% active oxygen), 1,4-hydroquinone (HQ, 99%),
3-(2-Pyridyl)-5,6-diphenyl-1,2,4-triazine-40,400-disulfonic acid so-
dium salt (abbreviated as ferrozine, 97%) and superoxide dismutase
(SOD, 2 � 104 units/mg) were purchased from Macklin Biochemical
Co., Ltd (Shanghai, China). Methanol (MeOH), tert-butyl alcohol
(TBA) were supplied by ANPLE Laboratory Technologies (China).
Suwannee River Fulvic acid (SRFA, 2S101F) was obtained from In-
ternational Humic Substances Society (IHSS). Two surface water
samples were collected from Beijiang River and Pearl River in
Guangdong, China, and stored at 4 �C in dark until use. The char-
acteristics of the water samples are summarized in Table S1.

2.2. Experimental procedures

Degradation experiments involving quinone/Fe(III)/PMS and
SRFA/Fe(III)/PMS processes were conducted in 100 mL Erlenmeyer
flasks under magnetic stirring at 25 (±1) �C. A baseline condition
was that the concentrations of CBZ, Fe(III), PMS and HQ (or BQ)
were fixed at 2 mM, 0.05 mM, 0.5 mM and 0.1 mM, respectively. In a
typical run, BQ (or HQ), Fe(III), and CBZ solutions were mixed first,
then PMS was quickly added to initiate the reaction. No pH
adjustment was conducted before and during the reaction. After
reaction for 1, 3, 5, 8, 10, 15, 30, and 60 min, 1.0 mL of the sample
was sampled and mixed with 100 mL of 100 mM Na2S2O3 to
terminate the reaction. Then, the samples were filtered with
0.45 mm glass fiber membrane (Jinteng, China) before analysis.
Control experiments were conducted to evaluate the degradation
of CBZ by PMS alone, Fe(III)/PMS, BQ/PMS and HQ/PMS processes.
To evaluate the performance of BQ/Fe(III)/PMS process in the
degradation of other TrOCs, BA, NB, caffeine, ibuprofen, and atra-
zine were added separately at 2 mM as the target compound. To
investigate the role of dissolved oxygen (DO) in the experimental
system, the solutions used were sparged with argon for 4 h prior to
experiments. Sparging was continued during the reaction period to
keep the concentration of DO less than 0.1 mg/L. In certain tests, NB
and BA were added as probe compounds to determine the steady-
state concentrations of HO� and SO4

�-, respectively (see details in
Text S1). In some tests, NOM was used to replace HQ or BQ. Varied
concentrations of SRFA (1 mgC/L, 2.5 mgC/L, and 5 mgC/L) were
added to the Fe(III)/PMS process to mediate CBZ degradation. To
further confirm the contribution of HO� and SO4

�- in CBZ degrada-
tion in SRFA/Fe(III)/PMS process, scavenging experiments were
conducted by adding 10 mM MeOH or TBA (the molar alcohol/CBZ
ratio was 1000:1) to the reaction system. All the degradation ex-
periments were conducted in duplicate.

Two surface water samples from Beijiang River and Pearl River
were used for ferric coagulation experiments, which were con-
ducted as jar tests using a 6-place programmable multiple stirrer
(ZR4-6, Zhongrun Water Industry Technology Development Co.,
Ltd.) with 1-L square plastic floc jars. The two water samples were
both treated by PMS, Fe(III) and Fe(III)þPMS coagulation processes.
Specifically, 0.4 mmol of CBZ was spiked to 0.8 L source water. Then,
6 mL of Fe(III) solution (26.7 mM) and 2 mL of PMS solution
(0.4 mM) were added simultaneously to the water samples and the
rapid mixing step immediately started. The final concentrations of
CBZ, Fe(III) and PMS in this process were 0.5 mM, 0.2 mM, and
1 mM, respectively. The mixing procedures were conducted as
follows: 1 min of rapid mixing at 200 rpm, 30 min of flocculation at
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30 rpm, and 90 min of settling time. Control experiments with
Fe(III) or PMS alonewere also conducted. After reaction for 5,15, 30,
60, 90, and 120min,1mL of supernatant waswithdrawn andmixed
with 100 mL of 100 mM Na2S2O3 to stop the reaction. The filtrates
were subjected to analysis on high performance liquid chroma-
tography (HPLC) after filtration with 0.45 mm filters. To investigate
the effect of [PMS]0 on CBZ degradation, different dosages of PMS
(0.2, 0.5, and 1 mM) were added during ferric coagulation of Bei-
jiang River water. All the coagulation treatments were performed in
duplicate.
2.3. Analytical methods

The concentrations of BQ, HQ and the other organic compounds
were analyzed using a UltiMate™ 3000 HPLC system (Thermo
Fisher Scientific Inc., USA) equippedwith a diode array detector and
a Syncronis C18 column (4.6 � 250 mm, 5 mm, Thermo Fisher).
Details of the mobile phases and detected wavelengths were
summarized in Table S2. PMS was determined using the iodometric
titration method on a UV-1800 spectrophotometer (Shimadzu,
Japan) at awavelength of 352 nm (Wacławek et al., 2015). Fe(II) was
measured by the ferrozine colorimetric method (lmax ¼ 562 nm)
which is shown in previous study (Stookey, 1970).

An electron paramagnetic resonance (EPR) spectrometer (Bruker
A300-10/12, Germany) was employed to detect the ROS by reacting
with 100 mM DMPO or TEMP. The samples were transferred into a
capillary tube and analyzed under the following conditions: micro-
wave power ¼ 20 mW, microwave frequency ¼ 9.829 GHz, center
field ¼ 3507 G, sweep width ¼ 100 G, and modulation
frequency ¼ 100 kHz.
3. Results and discussion

3.1. Degradation of CBZ in BQ/Fe(III)/PMS and HQ/Fe(III)/PMS
processes

The degradation kinetics of CBZ in different PMS-based oxida-
tion processes are shown in Fig. 1. CBZ can’t be degraded by PMS
alone. Less than 8% CBZ was degraded in HQ/PMS and Fe(III)/PMS
Fig. 1. Degradation kinetics of CBZ in different reaction systems. (CBZ ¼ 2 mM,
Fe(III) ¼ 0.05 mM, HQ ¼ BQ ¼ 0.1 mM, PMS ¼ 0.5 mM).
processes within 60 min. About 20% CBZ was degraded in BQ/Fe(III)
process after 60 min. However, when BQ was added to Fe(III)/PMS
system, the degradation of CBZ was significantly accelerated and
showed a two-stage decay kinetics. About 20% CBZwas degraded in
the initial 1 min (the first sampling point), after which the degra-
dation proceeded moderately, reaching 99% after 60 min. In com-
parison, the degradation of CBZ was much faster in HQ/Fe(III)/PMS
process, i.e., almost all CBZ was degraded within 8 min. Such faster
degradation rate can be attributed to the high reactivity of HQ to-
ward Fe(III) (2.4 � 106 M�1 s�1) (Jiang et al., 2015), which generates
Fe(II). As shown in Fig. S1, PMS activation by Fe(II) (50 mM)was very
effective to eliminate CBZ and about 90% of CBZ was degraded in
1 min. Afterwards, the degradation of CBZ almost stopped, due to
the limitation of Fe(III) transformation back to Fe(II), which is
similar to the case in Fenton reaction. Except BQ and HQ, the effects
of other substituted quinones were also examined. The addition of
CHQ, CBQ or MHQ in Fe(III)/PMS system resulted in complete
degradation of CBZ after 8 min and 89% CBZ was degraded in MBQ
amended Fe(III)/PMS system in the same period (Fig. S2). The re-
sults suggest that quinone and/or hydroquinone moieties can
effectively mediate Fe(III) for PMS activation and thus promote CBZ
degradation.

3.2. Identification the roles of reactive oxidants

A series of experiments were conducted to further explore the
roles of reactive species in BQ/Fe(III)/PMS systems by the use of
probe compounds, quenchers and EPR spectroscopy methods. Self-
decomposition of PMS or BQ-catalyzed PMS activation was re-
ported to generate 1O2 (Li et al., 2018; Zhou et al., 2015). To verify
the generation of 1O2 in BQ/Fe(III)/PMS process, TEMP was used as
the trapping agent in EPR spectroscopy. As shown in Fig. S3, a
typical 3-fold characteristic peak of the TEMP-1O2 adduct
(a ¼ 16.9 G) with an intensity ratio of 1:1:1 (Sun et al., 2019) was
observed in solution containing PMS alone, primarily due to its self-
decomposition. Although higher TEPM-1O2 signal was observed in
BQ/Fe(III)/PMS process, it should be noted that its intensity was
similar as that in BQ/PMS, whereas the latter showed negligible CBZ
degradation (Fig. 1). Moreover, the reactivity of 1O2 with CBZ was
low, which was determined to be 2.57 � 105 M�1 s�1 in this study
(details in Text S2). The results indicated that 1O2 played a negli-
gible role in CBZ degradation.

The EPR results showed a typical DMPO-SO4 signal (aN ¼ 13.2 G,
aH ¼ 9.6 G, aH ¼ 1.48 G and aH ¼ 0.78 G) (Fang et al., 2013) in
quinone/Fe(III)/PMS process (Fig. 2a), indicating the generation of
SO4

�- in this process. The peak intensity of DMPO-SO4 in BQ/Fe(III)/
PMS process was slightly lower than that in HQ/Fe(III)/PMS, which
was consistent with the difference in CBZ degradation observed in
Fig. 1. The signal of DMPO-OH (aN ¼ aH ¼ 14.9 G) was too small to
observe in BQ/Fe(III)/PMS and HQ/Fe(III)/PMS processes. To further
explore the role of SO4

�- and HO� in CBZ degradation, BA and NBwere
added as probe compounds. As shown in Table S3, BA reacted both
with SO4

�- (k ¼ 1.2 � 109 M�1 s�1) and HO� (k ¼ 4.2 � 109 M�1 s�1)
(Neta et al., 1977), and NB mainly reacted with HO�

(k ¼ 3.9 � 109 M�1 s�1), but barely with SO4
�- (k < 1 � 106 M�1 s�1)

(Buxton et al., 1988). As shown in Fig. 2b, insignificant amount of NB
was degraded after 60-min reaction in the BQ/Fe(III)/PMS system,
whereas BA was degraded by 96% in the same period. Clearly, SO4

�-,
but not HO� was the dominant specie in the BQ/Fe(III)/PMS system.
Quenching experiments were also conducted by using BA, NB and
MeOH. In this study, the addition of 0.4 mM BA would completely
quench almost all the generated SO4

�- ((kSO4�-, BA � [BA])/(kSO4�-,
BA � [BA] þ kSO4�-, CBZ � [CBZ]) ¼ 99.2%) and HO� ((kHO�, BA � [BA])/
(kHO�, BA � [BA] þ kHO�, CBZ � [CBZ]) ¼ 99%), while 0.5 mM NB will
only quench all the HO� ((kHO�, NB � [NB])/(kHO�, NB � [NB]þ kHO�,



Fig. 2. (a) EPR spectra for different reaction processes (& DMPO-SO4, ADMPO-OH). (DMPO ¼ 100 mM, PMS ¼ 11.25 mM, BQ ¼ HQ ¼ 2.25 mM, Fe(III) ¼ 1.125 mM); (b) Selective
degradation of different TrOCs by BQ/Fe(III)/PMS process. (TrOCs ¼ 2 mM); (c) The relationship between TrOC degradation rates and their reaction rate constants with SO4

�-.
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CBZ � [CBZ]) ¼ 99.1%). As shown in Fig. S4, the degradation of CBZ
after 60 minwas reduced by only 13% in the presence of 0.5 mM NB,
while it was markedly retarded and almost terminated when
0.4 mM BA was added. Meanwhile, the addition of 250 mM MeOH
((kSO4�-, MeOH � [MeOH])/(kSO4�-, MeOH � [MeOH] þ kSO4�-,
CBZ� [CBZ])> 99.9%) also greatly inhibited CBZ degradation (Fig. S4).
Besides CBZ, atrazine, caffeine, and ibuprofen were also selected as
the target compounds to evaluate the BQ/Fe(III)/PMS process. These
compounds are refractory to 1O2 oxidation (Zhu et al., 2019), but can
be degraded by SO4

�- (~109 M�1 s�1) (Table S3). As shown in Fig. 2b,
atrazine, caffeine, and ibuprofen were completed degraded within
60 min. However, in the presence of 0.4 mM BA, no significant
degradation was observed for these TrOCs (Fig. S5). Further, TrOC
decay within the first 30 min was fitted with pseudo-first-order ki-
netic model (ln([TrOC]t/[TrOC]0)¼ -kobst), then the correlation of kobs
and the rate constant of TrOC with SO4

�- (kSO4�-) was plotted. A good
linear relationship (R2 ¼ 0.93) was observed between kobs and kSO4�-
(Fig. 2c), again suggesting that SO4

�- was mainly responsible for TrOC
degradation. Additionally, the formation of high-valent iron species
(e.g. (Fe(IV) and Fe(V)) was not observed from the experimental
results of the distinct transformation of methyl phenyl sulfoxide
(PMSO) to methyl phenyl sulfone (PMSO2) (details in Text S3 and
Fig. S6). Thus, the above results provide solid evidence that BQ/
Fe(III)/PMS process is a SO4

�--dominated process. It should be noted
that HQ/Fe(III)/PMS process is also dominated by SO4

�- because HQ is
quickly converted to BQ in the system (<1 min) with details dis-
cussed below.
3.3. The redox reactions of BQ/HQ, Fe(II)/Fe(III) and the formation of
SO4

�-

The concentrations of BQ and HQ were also tracked in the re-
action system (Figs. 3a-1). Approximately 4.7 mM of HQ existed in
the BQ solution (100 mM) before the initiation of reactions. In BQ/
Fe(III)/PMS process, BQ concentration quickly decreased to 93 mM
and HQ concentration was not detectable after 1-min reaction (the
first sampling point). With reaction time prolonging from 1 min to
60 min, BQ concentration slightly decreased to 87 mM. This
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phenomenonwas consistent with the CBZ degradation in the initial
1 min and the following reaction period (1e60 min). We also
tracked the changes of HQ/BQ concentrations as functions of re-
action time in HQ/Fe(III)/PMS system. The original 100 mM of HQ
(20 mM was oxidized to BQ before PMS added) was barely detect-
able (<1.5 mM) after 1-min reaction (the first sampling point) and
BQ concentration simultaneously increased to 88 mM (Fig. S7). Note
that in the HQ/Fe(III) process without the presence of PMS, the
reduction of Fe(III) by HQ proceeds through two one-electron-
transfer steps via a semiquinone radical (SQ�-) as intermediate
(Eqs. 3-4) (Duesteberg and Waite, 2007). BQ was generated slowly
to reach the peak concentration and the conversion percentagewas
low (<10%) (Jiang et al., 2015). Whereas in the presence of PMS, the
depletion of HQ and the formation of BQweremuch faster (<1min)
(Figs. 3a-1). This is due to the faster transformation of HQ by SO4

�-

(Eq. 5), as the second-order reaction rate constant for HQ with SO4
�-

(k > 1� 109 M�1s�1) (Anipsitakis et al., 2006) was much faster than
that with Fe(III) (k ¼ 1 � 103 M�1s�1) (Eq. 3) (Jiang et al., 2015). On
the other hand, it is interesting to observe that only 13% of BQ was
degraded in BQ/Fe(III)/PMS process after 60-min reaction, but
theoretically, BQ should have a degradation percentage around 26%
based on the second-order rate constant of BQ with SO4

�-

(3.5 � 108 M�1s�1) (Al-Suhybani and Hughes, 1986) and the SO4
�-

level (~2.03 � 10�13 M, obtained from Text S1). As such, some re-
action pathways to convert the BQ oxidation products back to BQ
may be involved, suggesting BQ as an electron shuttle in the sys-
tem. More details were discussed in the next section.

The generation of Fe(II) was confirmed in the BQ/Fe(III)/PMS
process (Figs. 3a-2). Fe(II) concentration rapidly increased to
0.29 mM in 1 min and then maintained at this level during 15 min
and then decreased gradually to 0.09 mM. The Fe(II) concentration
was lower than that in BQ/Fe(III) system with the absence of PMS,
which was around 0.8 mM during the reaction period of 1e30 min.
Fe(II) is known to react with PMS to generate SO4

�- (Eq. (1))
(Anipsitakis and Dionysiou, 2004), which can lead to the CBZ
degradation. When ferrozine was added to the solution as a
quencher for Fe(II), the CBZ degradation was greatly inhibited but
still around 27% CBZ was degraded after 60-min reaction. This was
mainly due to the BQ activation of PMS, which also led to CBZ
degradation, though in a less extent (Fig. 1). When both ferrozine
and BA were added as quenchers for Fe(II) and SO4

�-/HO� respec-
tively, negligible degradation of CBZ was observed. The results
indicated the important role of Fe(II) formation in generating SO4

�-

and accelerating CBZ degradation.
Oxygen was involved in both the Fe(III)/Fe(II) and HQ/BQ redox

reaction cycles and its role in CBZ degradation was thus evaluated.
CBZ degradation in the solution purging with argonwas faster than
that in air-saturated condition (Fig. 3b-3). After 15-min reaction,
80% CBZ was degraded in argon-purged solution, higher than 44%
degradation with oxygen present. BQ also had a faster degradation
at the initial first min and gradually decreased to 75 mM over time.
Regarding to Fe(II) concentration in argon-purged system, it rapidly
increased to 0.32 mM in 1 min and then gradually decreased to
0.16 mM after 60 min, which was slightly higher than that with
oxygen present. Thus, it seemed that more Fe(II) could react with
PMS to generate SO4

�- in argon-purged solution, which thus accel-
erated CBZ degradation. The inhibition of O2 can also be attributed
to the formation of superoxide anion radicals (HO2

�-), which can
quench SO4

�- quickly (Eqs. 6-7). In fact, the role of HO2
�- in CBZ

degradation was examined by adding SOD in the system with O2
present. As shown in Fig. 3a-3, the degradation of CBZ increased
from 20% to 32% in the first 1 min, which can be ascribed to SOD
catalyzes the disproportion of HO2

�- to H2O2 (Jiang et al., 2015).

HO,�
2 þ SO,�

4 /SO2�
4 þ H2O (7)
3.4. Reaction mechanisms

As mentioned above, three reactive species - 1O2, HO� and SO4
�-,

were observed in the BQ/Fe(III)/PMS system, among which SO4
�-

was the dominant specie contributing to CBZ degradation. SO4
�- was

mainly generated from Fe(II) activation of PMS (Eq. (1)) and the
formation of Fe(II) was the rate-limiting step. Fe(II) was formed
from the reduction of Fe(III) by multiple reductants (e.g., HQ and
SQ�- (Eqs. 3-4)). The concentration of SO4

�- was much higher in the
beginning stage of the reaction (<1 min) in BQ/Fe(III)/PMS system
than the later stage (1e60 min), due to the presence of trace
amount HQ, which can rapidly reduce Fe(III) to Fe(II).

BQ is proposed to act as electron shuttle in the BQ/Fe(III)/PMS
system. Along with CBZ, the residual BQ can be oxidized by SO4

�-.
The initial product of BQ oxidation by SO4

�- is benzoquinone-
eOHeadduct radical, which then undergoes a very rapid, possibly
water-assisted keto-enol tautomerization to give a 2,4-
dihydroxyphenoxyl radical (DHPO�) (Eq. 8) (Al-Suhybani and
Hughes, 1986; Nien Schuchmann et al., 1998). Subsequently, the
2,4-dihydroxyphenoxyl radical can be oxidized by another BQ to
produce 2-hydroxy-1,4-benzoquinone (2-OH-BQ) and semiquinone
radial (SQ�-) (Eq. 9) (Al-Suhybani and Hughes, 1986). SQ�- can
reduce Fe(III) to regenerate BQ again (Eq. 4). These reactions ac-
count for the lower rate of BQ decay observed in Section 3.3.



Fig. 3. BQ transformation, Fe(II) generation, and the effect of different quenchers on CBZ degradation in BQ/Fe(III)/PMS process: (a) in the presence of O2 and (b) in the absence of
O2. (CBZ ¼ 2 mM, Fe(III) ¼ 0.05 mM, BQ ¼ 0.1 mM, PMS ¼ 0.5 mM, ferrozine ¼ 0.15 mM).
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Scheme 1. Proposed mechanism of SO4
�- generation in quinone/Fe(III)/PMS process.
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Therefore, in BQ/Fe(III)/PMS system, BQ acts as an electron
shuttle in transferring Fe(III) back to Fe(II) and Fe(II) activates PMS
to produce SO4

�- in promoting the degradation of micropollutants
(e.g. CBZ). A reaction scheme is drawn and presented in Scheme 1.
3.5. PMS enhanced coagulation process for CBZ degradation in
natural waters

NOM, bearing phenolic and quinone moieties, is ubiquitous in
natural waters (Linkhorst et al., 2017). In order to verify if NOM can
play a similar role as phenol/quinone, the degradation of CBZ was
tracked following a coagulation/sedimentation process with FeCl3
as the coagulant and with PMS amended in natural waters. Fig. 4a
displays the CBZ abatement in PMS oxidation alone, Fe(III) coagu-
lation alone, and PMS amended Fe(III) coagulation (abbreviated as
Fe(III)/PMS coagulation) in Beijiang (SW1) and Pearl river samples
(SW2). CBZ can be barely removed by either Fe(III) coagulation or
PMS oxidation alone (<10%) in 120 min. However, when PMS was
concomitantly added with Fe(III), the degradation percentages of
CBZ reached 80% for Beijiang water and 50% for Pearl river water
after coagulation/sedimentation in 120 min. Moreover, increasing
PMS concentration enhanced CBZ degradation percentage in Bei-
jiang water (Fig. 4b). When PMS increased from 0.2 to 1 mM, the
corresponding CBZ degradation percentage increased from 15% to
81% after coagulation/sedimentation. In order to further highlight
the important role of NOM in iron redox transformation and in PMS
activation, CBZ was spiked to a solution containing SRFA (1e5 mg/
L), an allochthonous aquatic NOM representative, to perform the
Fe(III)/PMS coagulation process. As shown in Fig. 4c, the CBZ
degradation increased rapidly in the solutions containing SRFA,
Fe(III) and PMS. The degradation percentage of CBZ was 94% within
120min in 1mgC/L of SRFA-containingwater, and rapidly increased
to 100% after 60 min as SRFA increased to 2.5 mgC/L. Further
increasing SRFA concentration from 2.5 mgC/L to 5 mgC/L could not
lead to greater promotion on CBZ degradation, which might be due
to the quenching effect of reactive species (HO� and SO4

�-) by SRFA
(Lutze et al., 2015; Xie et al., 2015). Again, TBA and methanol were
respectively added to explore the role of SO4

�- and HO�. Results
showed that 30% of CBZ degradation was inhibited by TBA, while
60% was inhibited by methanol, suggesting that both SO4

�- and HO�

contributed to CBZ degradation. The more pronounced HO�
contribution in SRFA solution than those of BQ and HQ systemsmay
be due to the higher efficiency of HO� formation from oxygenation
of reduced SRFA and subsequently mediated Fenton reaction (Eqs.
(10)e(12)) (Chen and Pignatello, 1997; Jiang et al., 2015; Page et al.,
2012).

SRFAred þO2/SRFAox þ HO,
2 (10)

HO,
2 þHO,

2/H2O2 þ O2 k ¼ 8:5 � 105 M�1 s�1 (11)

H2O2 þ FeðIIÞ/OH� þHO,þ FeðIIIÞ k ¼ 76 M�1 s�1 (12)

It should be noted that pH was not adjusted during the PMS
enhanced coagulation/sedimentation process. In fact, the pH values
deceased from 7.49 (the original pH of Beijiang water) to 6.82 in
Fe(III) coagulation process and to 6.02 in PMS/Fe(III) coagulation
processes (Table S4). The decreases in pH were due to the acidity of
PMS (Wacławek et al., 2017). The results indicated that the efficient
PMS activation can also be achieved in near-neutral natural water.
On the one hand, NOM contains a wide range of redox active
groups, such as quinone-hydroquinone moieties, which can
generate Fe(II) via redox reactions for PMS activation (Daugherty
et al., 2017). Thus, the reactions to degrade CBZ shared similar-
ities as those in HQ/Fe(III)/PMS and BQ/Fe(III)/PMS systems. On the
other hand, NOM consists of an extended network, in which some
moieties (e.g. carboxyl and hydroxyl groups) can effectively com-
plex with ferric irons to prevent their precipitation (Fujii et al.,
2014), which is one of the prerequisites for Fe-mediated PMS
activation. These aspects are beneficial for PMS activation. Un-
doubtedly, NOM also quenched SO4

�- to reduce its levels (Lutze et al.,
2015). Meanwhile, the reactions produced awide range of products,
which may also possibly activate PMS to generate SO4

�-. It should be
noted that the enhanced coagulation process had little impact on
the turbidity removal. After settling for 90 min, the residual
turbidity and dissolved Fe in two surface water samples were both
below the detection limits (<1 NTU for turbidity and 0.03 mg/L for
dissolved Fe). Also, the concentrations of SO4

2� were 216 mg/L for
Beijiang water and 230 mg/L for Pearl River water, which were
lower than the standard for drinking water quality (250 mg/L, GB
5749e2006). Note that the concentrations of TrOCs in source water
are normallymuch lower than that used in this study (0.5 mM), thus



Fig. 4. (a) CBZ degradation by PMS-enhanced iron coagulation in different natural waters (SW1 and SW2 refer to Beijiang River and Pearl River waters, respectively). (CBZ ¼ 0.5 mM,
Fe(III) ¼ 0.2 mM, PMS ¼ 0e1 mM); (b) Effect of PMS dosage on CBZ degradation in SW1 water; (c) The degradation of CBZ by Fe(III)/PMS process in the presence or absence of SRFA.
(CBZ ¼ 1 mM, Fe(III) ¼ 20 mM, PMS ¼ 0.2 mM); (d) Effect of 10 mM methanol or TBA on CBZ degradation by Fe(III)/PMS process in SRFA-containing water.
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a smaller quantity of PMS would be used to effectively degrade
TrOCs. The PMS enhanced Fe(III) coagulation seems to be a prom-
ising process for TrOCs removal in water treatment. Especially for
urgent water deterioration, upgrading the conventional coagula-
tion process to an AOP mediated coagulation process can be
effective to reduce the risks of TrOCs.

4. Conclusions

This study demonstrated that peroxomonosulfate (PMS)
amended iron coagulation process can effectively degrade TrOCs
including CBZ due to SO4

�- generation in the system. The generation
of Fe(II) was the rate limiting step for CBZ degradation and Fe(II)
activation of PMS to generate SO4

�- was the major mechanism
leading to CBZ degradation. The Fe(III)/Fe(II) redox cycle was driven
by HQ and BQ transformation and BQ served as the electron shuttle
in the reaction system to accelerate the generation of Fe(II) and
SO4
�-. NOM in natural waters containing quinone-hydroquinone

moieties can also generate Fe(II) via redox reactions for PMS acti-
vation. The significant removal of CBZ in natural waters following
the full treatment chain of PMS amended coagulation/flocculation/
sedimentation proved the effectiveness of the proposed treatment
method. Overall, this study provides new insights into the pathway
of PMS activation and provides an efficient way to improve the
common drinkingwater treatment process for TrOCs abatement. As
NOM is a heterogeneous mixture and contains a wide range of
redox-active functional groups, future studies should consider the
impact of the nature of NOMs on the performance of the oxidation
treatment system.
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