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quatic sulfadiazine by Fe0/
persulfate: kinetics, mechanisms, and degradation
pathway†

Shidong Yang * and Di Che

Effects of treatment factors on the kinetics of sulfadiazine (SDZ) removal by Fe0/persulfate (Fe0/PS) were

studied at an initial pH of 7.0. The kinetics of SDZ degradation by Fe0/PS were divided into a lag phase

and a rapid reaction. The presence of the lag phase was ascribed to the slow release of Fe(II) in the

heterogeneous Fe0/PS system. The rapid phase was simulated by pseudo first-order kinetics model. With

increasing Fe0 or PS ranging from 0.25 to 2 mM, the kobs (min�1) of SDZ degradation increased and

remained stable at a high level of 5 mM Fe0 or PS. But increasing SDZ inhibited the SDZ removal rate for

the scavenging of reactive oxygen species (ROS). SDZ degradation by Fe0/PS in neutral or weak alkaline

solutions exhibited higher removal rates than in weak acid solutions. Common aquatic materials

including sulfate, nitrate, chloride, perchlorate, and HA all showed negative effects on SDZ degradation

by Fe0/PS following a trend of Cl� < ClO4
� < SO4

2� < NO3
� < HCO3

� < HA. The dominating ROS in the

Fe0/PS system was identified as cSO4
� by chemical quenching experiments in the presence of methanol

or tert-butyl alcohol. And the chemical detection of dimethyl pyridine N-oxide (DMPO)-cSO4
� and

DMPO–cOH by electron paramagnetic resonance (EPR) spectrum confirmed the presence of cSO4
�.

Besides, strongly negative effects of 1,10-phenanthroline, ethylenediaminetetraacetic acid (EDTA), and

dissolving oxygen (DO) on SDZ degradation in the Fe0/PS process proved that cSO4
� was not generated

by an one-step reaction between Fe0 and PS but via the indirect oxidation of Fe(II) by PS. Finally,

degradation pathways of SDZ by Fe0/PS were proposed based on theoretical reactive sites attacked by

radicals and intermediate products.
Introduction

Sulfonamide drugs have been synthesized and commercially
used since 1930s.1 This important category of antibiotics has
been extensively used to treat and prevent various infectious
diseases of humans and animals due to its broad antimicrobial
spectrum.2 According to the reports of Zhang et al.,1 7136 tons of
9 typical sulphonamides were consumed in China in 2013,
about 94.3% of which were used as veterinary antibiotics for
pigs, chicken, and other animals. The over-use of sulfonamides,
especially in the industry of livestock feeding,3 has increased the
potential contamination of sulfonamides in water and soil
environments. Most sulfonamides are excreted from the human
body and animal organisms partially in unmetabolised form.4

Many studies have revealed that the expired and unused
sulfonamides exposed to humans have shown various adverse
effects towards human health.5 Although sulfonamides in
, Northeast Electric Power University, Jilin

.com; Fax: +86-432-64806481; Tel: +86-
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hemistry 2017
ground and surface water are detected at low levels,6 residual
sulfonamides can be accumulated in various organisms of
a food chain, increasing antibiotic resistance of pathogenic
bacteria in aquatic environments.7

Traditional wastewater treatment plants (WWTPs) using
biological technologies as themain processes may be ineffective
to sulphonamides for the aquatic sulphonamides exhibit high
resistance to biological degradation as antibiotics.8 Many
researchers2,9,10 have reported that the removal rates of various
sulfonamides by traditional WWTPs are limited, thus adopting
effective treatment alternatives is essential to eliminate the
contamination of sulfonamides.

Of various chemical techniques, such as advance oxidation
process (AOPs),11 ozonation,12 and permanganate,13 AOPs have
been frequently employed to remove many antibiotics in water
and wastewater treatment processes since hydroxyl radical
(cOH) produced by AOPs possesses stronger redox potential
(E0 ¼ 1.9–2.7 V),14 higher performance, and superior minerali-
zation rate than traditional chemical oxidants.15 In recent years,
new AOPs based on sulfate radical (cSO4

�) have been developed
to destroy organic pollutants include antibiotics16 and dyes17 in
surface water,18,19 hospital effluents,20 and waste water.21 Sulfate
radical has been known as a strong oxidant for its higher redox
RSC Adv., 2017, 7, 42233–42241 | 42233
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potential (E0 ¼ 2.5–3.1 V)14 than hydroxyl radical. Moreover,
Neta et al.22 has reported that sulfate radical is a more effective
oxidant than hydroxyl radical to eliminate many organic
compounds by hydrogen abstraction and addition in a wide pH
range. Thus, the AOP based on sulfate radical was an effective
strategy to degradative aquatic sulfonamides.

The activation of persulfate (PS) and peroxymonosulfate
(PMS) have been considered as the most portable methods to
generate sulfate radical in aquatic environment. PS occupying
higher redox potential (E0 ¼ 2.01 V)23 have been widely used to
generate cSO4

� when it is activated by transition metals and
heterogeneous catalysts. Among various transition metal ions,
Fe(II) is advantageous since it is cheap, non-toxic, naturally
abundant and environmental friendly.19 Classical Fe(II) acti-
vating PS process has present potential efficiencies on rapidly
reducing and even mineralizing organics for the generation of
sulfate radical via eqn (1), but a higher removal rate of the target
compound requires the continuous addition of dissolved Fe(II)
in a homogeneous system.19 Meanwhile, excessive Fe(II) can
quickly consume PS or sulfate radical in solution, which can
seriously inhibit removal efficiency of target organics (Eq. (2)).
Recently, zero valent iron (ZVI, Fe0), as a green reductive
reagent,24–28 in lieu of Fe(II) can also induce heterogeneous
activated PS, and some studies of sulfamethoxazole degradation
by Fe0/PS have been reported by Ghauch's group.29,30 The
application of Fe0 not only overcome the disadvantages of
sulfate radical and PS consumption by excessive Fe(II) but also
avoid the addition of other anions (Cl� or SO4

2�) to the solution
(Eq. (1) and (3)). Meanwhile, the recycle of Fe(II) by the reaction
between Fe(II) and Fe0 at the Fe0 surface has been provided
(Eq. (4)). According to Oh et al.,31 Fe0 not only is the source of
dissolved Fe(II), but also directly activates PS to produce sulfate
radical which did not transform to Fe(II) (Eq. (5)). Besides, Guo
et al.12,32 rstly reported that common oxidants could enhance
the reactivity of Fe0 by cleaning the precipitation of ferric
hydroxides at the Fe0 surface. Lai et al.33,34 also reported that the
PS could accelerate the reductive rate of 4-nitrophenol by Fe0.
Thus Fe0 exhibiting more reactivity in the presence of PS also
can generate cOH rather than cSO4

� with dissolved oxygen in
aquatic chemistry. Thus, the dominating ROS in the Fe0/PS
process should be identied, and the reactive mechanisms
between Fe0 and PS need to be reinvestigated.

S2O8
2� + Fe2+ / cSO4

� + Fe3+ + SO4
2� (1)

cSO4
� + Fe2+ / Fe3+ + SO4

2� (2)

Fe0 � 2e� / Fe2+ (3)

Fe0 + 2Fe3+ / 3Fe2+ (4)

2S2O8
2� + Fe0 / 2cSO4

� + Fe2+ + 2SO4
2� (5)

Hence, sulfadiazine (SDZ) as a typical sulfonamide was
selected as the target containment, and kinetics, mechanisms,
and degradation pathway of SDZ degradation in the Fe0/PS
process were investigated. The aims of this study are to (1)
assess the effects of initial Fe0, PS, and SDZ concentration on
42234 | RSC Adv., 2017, 7, 42233–42241
SDZ degradation by the Fe0/PS process, (2) determine the effects
of several backgroundmaterials in water on SDZ degradation by
the Fe0/PS process, (3) identify the dominating ROS in the
Fe0/PS process, and (4) clarify SDZ degradation pathways in the
Fe0/PS process.

Experimental
Materials

Sulfadiazine of 99% purity was supplied by TCI Co. LLC. (Tokyo,
Japan). Fe0 powder of 97% purity, dimethyl pyridine N-oxide
(DMPO) of 97% purity, and humic acid (HA) were purchased
from Sigma-Aldrich Co. LLC. (St. Louis, MO, USA). Potassium
persulfate were supplied by Sinopharm Chemicals Reagent Co.,
Ltd. (Shanghai, China). Other chemicals of analytical grade
were provided by Sinopharm Chemicals Reagent Co., Ltd. All
chemicals were not further puried and solutions were
prepared with deionized (DI) water.

Batch experiments

Kinetic experiments were carried out in an organic glass reactor
open to the air at 20� 1.0 �C, and 0.5 L solution containing SDZ
was completely mixed by digital display electric blender at 600
rotation rate (rpm). For experiments carried out under anoxic
and oxygen conditions, solutions were purged for 30 min
including 20 min of preparation time and 10 min of reaction
time with pure nitrogen and oxygen at a ow rate of 1 L min�1

controlled by VAT-315 rotary owmeter (Dwyer Instruments
Inc., US), respectively. The initial pH of solution was adjusted by
H2SO4 and NaOH, and then experiments were initiated aer
addition of Fe0 and PS into the reactor. For the kinetic study, at
xed time intervals, 2 mL sample was rapidly transferred into
the sample beaker that was immediately quenched with 20 mL of
sodium hyposulte, ltered with 0.22 mm membrane and
collected into sample vials quickly.

Chemical analysis

A Mettler-Toledo high-performance FE20-FiveEasy pH meter
with a saturated KCl solution as electrolyte produced (Switzer-
land) was employed to measure solution pH and daily calibra-
tion with standard buffers (pH 4.00, 6.86 and 9.18) was done to
ensure its accuracy. Electron paramagnetic resonance (EPR)
spectrometry (Bruker, Germany) with the magnetic eld of
3400–3500 G was employed.

A Merlin Compact scanning electron microscopy (SEM) (Carl
Zeiss, Germany) coupled with an X-Max energy dispersive X-ray
spectrum (Oxford Instrument, UK) was employed to charac-
terize iron particles and analysis the elemental composition
which were depicted in Fig. S1 (see ESI†). The concentrations of
Fe(II) and total ions (aer reduction to Fe(II) with hydroxylamine
hydrochloride) were determined at 510 nm aer complexing
with 1,10-phenanthroline by an UV-2600 UV-Vis spectropho-
tometer (Shimadzu, Japan).

SDZ was determined by a Waters ACQUITY ultra-
performance liquid chromatography (UPLC) system including
a binary solvent manager and a sample manager with a TUV
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Effect of initial Fe0 loading (a), PS concentration (b), and SDZ
concentration (c) on SDZ degradative kinetics by Fe0/PS. Experimental
conditions: initial pH ¼ 7.0, rpm ¼ 600, and T ¼ 20 � 1 �C.
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detector (Milford MA, United States). The water samples were
extracted by an off line solid-phase extraction (SPE) with Oasis
HLB (200 mg) cartridges which was used to enrich and to clean
up the aqueous sample. Separation was accomplished with an
Agilent SB-C18 column (2.1 � 50 mm, 1.8 mm; Agilent, United
States) at 30 � 1.0 �C with a mobile phase of two effluents
(effluent A: 30% acetonitrile; effluent B: 70% H2O with 0.1%
formic acid) at a ow rate of 0.1 mL min�1. Concentrations of
SDZ were determined by comparing the peak area at 265 nm
with that of standards. The intermediate products of SDZ
degradation were separated by the Agilent 1290 Innity but
interfaced with a triple quadrupole mass detector (6400)
(UHPLC-MS) (Santa Clara CA, United States). The separated
sample analysis by mass spectra was conducted in positive and
negative mode electrospray ionization ((+)ESI and (�)ESI) over
a mass range of 50–500 m/z. Separation was accomplished with
an Agilent Proshell-C18 column (2.1� 100 mm, 1.8 mm; Agilent,
United States). The fragment used was 90 V conducted in auto
full scan mode (MS). The fragment and collision energy used in
product ion mode were 90 V and 15 eV, respectively.

Results and discussion
Effects of treatment factors on kinetics of SDZ removal in the
Fe0/PS process

The effect of initial Fe0 loading ranged from 0.25 to 5 mM on
kinetics of SDZ degradation in the Fe0/PS process is shown in
Fig. 1(a). SDZ degradative curve by Fe0/PS exhibited an auto-
catalytic shape, which was divided into a lag phase and a rapid
degradation phase in the Fe0/PS process similar to the Fe0/H2O2

process.35 The lag phase was explained by heterogeneous reac-
tions between Fe0 and PS, and was shortened with increasing
Fe0 loading. Then rapid reactions between Fe(II) and PS was
initialled by the releasing of Fe(II) aer the lag phase. The
degradative rate constant of SDZ by Fe0/PS in the rapid phase is
calculated by a pseudo-rst-order kinetic model (Eq. (6)),8 and
tting results are shown as solid lines in Fig. 1.

�d½SDZ�
dt

¼ kobs

�
SDZ

�
(6)

where kobs is the pseudo-rst-order rate constant (min�1) of SDZ
removal by Fe0/PS, and [SDZ] represents the concentration of
SDZ.

The rate constant of SDZ removal linearly increases with Fe0

loading ranged from 0.25 mM to 2 mM (see Fig. S2(a)†) for more
Fe0 could release more Fe(II). The nal removal rate of SDZ at
10 min also increased with initial Fe0 loading. When the
concentration of Fe0 reached 5 mM, the rate constant of SDZ
removal did not increase but even slightly decreased from 0.63
to 0.58 min�1 that was ascribed to the consumption of ROS by
excess Fe0. Similarly, the nal removal rate of SDZ at 10 min
merely rose about 2% from with increasing Fe0 loading from 2
to 5 mM. As shown in Fig. 1(b), the inuence of initial PS
concentration ranged from 0.25 to 5 mM in SDZ removal
kinetics by Fe0/PS was investigated. The lag phase was seriously
shortened to 1 min with PS of high concentration above 1 mM.
Increasing PS could rapidly eliminate the passivating lm on
This journal is © The Royal Society of Chemistry 2017
the surface of Fe0 and improved the reactivity of Fe0. According
to eqn (1), more PS could accelerate reactions between Fe(II) and
PS by generating more ROS. Thus, the rate constant of SDZ
removal linearly increase with increasing PS concentration from
0.25 mM to 2 mM (see Fig. S2(a)†). In addition, the degradative
rate constant of SDZ in rapid phase and the removal rate of SDZ
was not increased with increasing PS from 2 to 5 mM for the
limitation of Fe0 loading.

Inuence of SDZ concentration on SDZ removal by Fe0/PS
also are studied in Fig. 1(c). At low SDZ concentration, the rate
constant of SDZ removal was not changed. With increasing SDZ
concentration above 10 mM, the rate constant and removal rate
RSC Adv., 2017, 7, 42233–42241 | 42235
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of SDZ degradation were seriously inhibited for the amount of
ROS was limited to concentrations of Fe0 and PS. Thereby,
removal of aquatic SDZ of high concentrations might require
more Fe0 and PS.

Meanwhile, a comparison of SDZ removal kinetics in the
Fe0/PS system and the Fe(II)/PS system has been conducted in
Fig. S3† at the optimal experimental conditions. Fe(II) showed
the high activity towards PS in the rst 1 min, which was
different from the lag phase in the Fe0/PS system. But the nal
removal rate of SDZ by Fe(II)/PS was lower than Fe0/PS for the
consumption of ROS by excess dissolving Fe(II), which was in
agreement with other reports.29
Effect of initial pH

Generally, pH value plays a key role in the application of
traditional AOPs.19 Hence, the effect of initial pH on SDZ
degradation in the Fe0/PS process should be claried. As illus-
trated in Fig. 2, SDZ degradative kinetics by Fe0/PS in a wide
range of initial pH value from 5.0 to 9.0 are investigated.
Meanwhile, the variation of pH values in the reaction has been
monitored in Fig. S4†(a). The acid solution could shorten the
lag phase and accelerate the rate constant of SDZ degradation
since Fe0 showed more activity in weak acid conditions.
Nevertheless, the nal removal rate of SDZ were only 70.4% at
pH 5.0 and 69.4% at pH 6.0, which weremuch lower than that of
83.5% at neutral pH. Quick release of Fe(II) in acid solutions
might enhance reactions between Fe(II) and PS but excess Fe(II)
seriously compete for ROS or PS with SDZ. On the contrary,
alkaline solutions at pH 8.0 and 9.0 can restrain the passivation
of Fe0 surface and extend the lag phase of SDZ. The degradative
kinetics and the rate constant of SDZ removal in the rapid phase
at pH 8.0–9.0 still reach 0.28 min�1 which is lower than
0.40 min�1 at pH 7.0 (see Fig. S4†(b)). Nevertheless, the pres-
ence of PS could accelerate the passivation of Fe0 as reported by
Lai,33,34 and the Fe0/PS system in alkaline solutions still devel-
oped reactive ability to degrade SDZ. Therefore, the removal rate
Fig. 2 Effect of initial pH on SDZ degradative kinetics by Fe0/PS.
Experimental conditions: [Fe0]0 ¼ 1 mM, [PS]0 ¼ 1 mM, [SDZ] ¼
20 mM, rpm ¼ 600, and T ¼ 20 � 1 �C.

42236 | RSC Adv., 2017, 7, 42233–42241
at 10 min did not decrease with increasing pH. Removal rates of
SDZ by Fe0/PS in alkaline and neutral solutions were even
higher than that at acid pH, which indicated that alkaline
solutions did not decrease the total concentration of ROS
employed to destroy SDZ. So slow release of Fe(II) rather than
rapid dissolving Fe(II) from Fe0 enhanced the degradative
reactions between ROS and SDZ in the Fe0/PS process. Neutral
and weak alkaline pH are more suitable to SDZ degradation by
Fe0/PS, which increase the potential for engineering applica-
tions in organics removal in the Fe0/PS process. Furthermore,
sludge generation by the end of the reaction was well controlled
in neutral and weak alkaline pH by comparing with the
concentration of dissolved iron species in solution at each pH
(see Fig. S4(b)†).
Effects of background materials in water on SDZ removal by
Fe0/PS

Batch experiments were carried out to investigate SDZ degra-
dative kinetics by Fe0/PS in the presence of aquatic background
materials including Cl�, SO4

2�, NO3
�, ClO4

�, HCO3
�, and HA.

The raw time courses of SDZ removal by Fe0/PS are shown and
modelled by eqn (1) in Fig. S5.† The summary of rate constants
are exhibited in Fig. 3. With increasing sulfate, the inhibition on
SDZ degradation increased for the reactivity of ZVI for the
precipitation of acicular a-FeOOH and precipitation of basic
ferric sulfate on iron surface.36 Meanwhile, the presence of
SO4

2� might also decrease the redox potential of cSO4
�/SO4

2�,
and weaken the oxidative activity of PS.37 Nitrate anion always
exhibited serious inhibiting effects on SDZ removal by Fe0/PS
with increasing nitrate.24 Nitrate was easily reduced by Fe0 and
the reactivity between Fe0 and PS was decreased for the
competition of nitrate.38 Besides, more nitrate radical (NO3c,
E0 ¼ 2–2.2 V) showing less reactivity towards SDZ than cSO4

�

could be generated by NO3
� and cSO4

� in the presence of
nitrate.39 The effect of chloride on SDZ degradation in the
Fig. 3 Summary of kobs for SDZ degradation by Fe0/PS with back-
ground materials (dissolved anions and HA). The circle size represents
the concentration of each background material. Values of kobs for all
these data and different levels of concentrations are given in Table S1.†
Reaction conditions: [Fe0]0¼ 1mM, [PS]0¼ 1mM, [SDZ]¼ 20 mM, initial
pH ¼ 7.0, rpm ¼ 600, and T ¼ 20 � 1 �C.

This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra07920f


Fig. 4 Inhibition effect of radical quenchers on SDZ degradation in the
Fe0/PS process (a) and ESR spectra obtained from Fe0, PS, and the
Fe0/PS process with the existence of DMPO (: represents the DMPO–
cOH adduct, C represents the DMPO–cSO4

� adducts, and A repre-
sents the HDMPO–OH adduct) (b). Reaction conditions: [Fe0]0 ¼
1 mM, [PS]0 ¼ 1 mM, [SDZ] ¼ 20 mM, [TBA]0 or [METH]0 ¼ 500 mM,
initial pH ¼ 7.0, rpm ¼ 600, and T ¼ 20 � 1 �C. EPR experimental
conditions: [DMPO]0 z 0.1 M, [Fe0]0 ¼ 10 mM, [PS]0 ¼ 10 mM, initial

�
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Fe0/PS process was more complicated than other water
matrixes. Generally, chlorate exhibited the reaction with cSO4

�

at the rate constant of (1.3–3.1) � 108 M�1 s�1 which could
compete for cSO4

� with SDZ,8 and SDZ degradative rate was
decreased in the presence of chloride. However, chloride could
be oxidized to halogenated reactive species such as Clc and
Cl2c

� which still exhibited strong degradative ability to SDZ.40,41

Thus, the presence of chloride did not seriously inhibit SDZ
removal by Fe0/PS, and a higher concentration of chloride
decreased the inhibiting effect of chloride on SDZ degradation.
The perchlorate anions inhibited SDZ removal by Fe0/PS since
the perchlorate could occupy some reactivity sites of Fe0 react-
ing with PS, which decreased SDZ removal rate.24 However, the
degradative rate of SDZ was not affected as the perchlorate
increased to 5 mM. The presence of bicarbonate ranged from
0 to 5 mM signicantly inhibited the degradation of SDZ by
Fe0/PS. With increasing HCO3

�, the nal removal rate and kobs
both sharply decreased. The negative effect of HCO3

� on SDZ
degradation was most serious among other tested anions. This
achieved result was accompany with other reports using acti-
vated persulfate process to degrade organic pollutants.22,30 As
Ghauch et al.30 reported, HCO3

� delayed iron corrosion and
limit Fe(II) release into the solution, which could inhibit the
generation of ROS in the Fe0/PS system.

On the other side, HCO3
� was considered as an active

quencher for cSO4
� and cOH which could compete ROS with

SDZ. HA as the most important natural organic matters in
surface water and ground water played a critical role on SDZ
degradative kinetics by Fe0/PS. HA was consider as a competi-
tive organic to SDZ in the Fe0/PS process, and extensively
decreased the removal rate of SDZ. Meanwhile, HA also was
a strong ligand13 which could quickly complex dissolving Fe(II)
in the Fe0/PS process and inhibited the reaction between Fe(II)
and PS. Overall, all the chosen background materials including
Cl�, SO4

2�, NO3
�, ClO4

�, HCO3
�, and HA inhibited SDZ

removal by Fe0/PS following a trend of Cl� < ClO4
� < SO4

2� <
NO3

� < HCO3
� < HA.
pH ¼ 7.0, T ¼ 20 � 1 C.
Identication of the ROS in the Fe0/PS process

Quenching experiments were carried out to identify ROS gener-
ated in the Fe0/PS process. Generally, cSO4

� is considered as the
main ROS in the reactions between PS and Fe(II). Meanwhile, cOH
may also be generated by cSO4

� described in eqn (7) and (8) with
the second order rate constant of 103–104 M�1 s�1 and 4.6–
9.1 M�1 s�1, respectively. Besides, the second order constants for
methanol (METH) towards cOH and cSO4

� are 9.7 � 108 M�1 s�1

and 2.5 � 107 M�1 s�1, and for tert-butyl alcohol (TBA) are
(3.8–7.6) � 108 M�1 s�1 and (4.0–9.1) � 105 M�1 s�1, respec-
tively.42 So METH and TBA were applied to identify the contri-
bution of cOH or cSO4

� to SDZ degradation by Fe0/PS.
Degradative kinetics of SDZ by Fe0/PS in the presence of

500mMMETH and TBA were shown in Fig. 4(a). In the presence
of 500 mM METH, the degradation of SDZ was entirely inhibi-
ted, and the nal removal rate only reached 10.9%. Contrarily,
the degradative rate of SDZ by Fe0/PS decreased to 67.4% with
500 mM TBA. Although TBA exhibited much lower rate constant
This journal is © The Royal Society of Chemistry 2017
to cSO4
�, high concentration of TBA could also scavenge partial

cSO4
� in solution. In addition, the difference of inhibiting

effects between TBA and METH was considered as the contri-
bution of cSO4

�. Thus, cSO4
� was considered as the dominated

ROS in the Fe0/PS process.
To further conrm the presence of cSO4

�, EPR spectroscopy
was used to verify the specic adduct between DMPO and ROS
generated in the Fe0/PS process. As shown in Fig. 4(b), three
apparent signals of DMPO–cOH, DMPO–cSO4

�, and HDMPO–
OH (the oxidative products of HDMPO by cOH) adducts at
different time interval in the Fe0/PS process were detected by
EPR. However, no signals of DMPO–cOH, DMPO–cSO4

�,
HDMPO–OH, and DMPOX (the oxidative products of DMPO by
cOH) were determined by EPR in Fe0 or PS solution, which
indicated that no ROS could be generated by Fe0 or PS in
experimental conditions. The special hyperne coupling
constants (a(N) 1.49 mT, a(H) 1.49 mT, all �0.05 mT, 1 : 2 : 2 : 1
RSC Adv., 2017, 7, 42233–42241 | 42237
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Fig. 5 Effects of 1,10-phenanthroline (a), EDTA (b), and DO (c) on SDZ
degradation in the Fe0/PS process. Reaction conditions: [Fe0]0¼ 1mM,
[PS]0 ¼ 1 mM, [SDZ]¼ 20 mM, initial pH¼ 7.0, rpm¼ 600, and T¼ 20�
1 �C.
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quartet) were consistent with that of the DMPO–cOH adduct,
while the special hyperne coupling constants (a(N) 1.38 mT,
a(H) 1.02 mT, a(H) 0.14 mT, a(H) 0.08 mT, all�0.05 mT) were in
accordance with that of the DMPO–cSO4

� adduct.14 HDMPOwas
generated by the reaction of Fe(III) and DMPO which was always
observed in Fenton reactions.43 According to literatures,23,42 the
signal of DMPO–cSO4

� adducts usually accompanied with the
signal of DMPO–cOH but hardly to be detected alone in aquatic
solution. Besides, the intensity of DMPO–cSO4

� was much lower
than that of DMPO–cOH. This behaviour was ascribed to the fast
transformation from DMPO–cSO4

� adducts to DMPO–cOH
adducts via nucleophilic substitution.35

cSO4
� + H2O / cOH + SO4

2� + H+ (7)

cSO4
� + OH� / cOH + SO4

2� (8)

Discussion on the role of Fe0 in the Fe0/PS process

As mentioned above, cSO4
� might be produced via two

different reactions of eqn (1) and eqn (5). Hereon, the key role
of Fe0 in the Fe0/PS process should be claried to understand
mechanisms of SDZ removal by Fe0/PS. As shown in Fig. 5(a),
1,10-phenanthroline as an excellent complex with Fe(II) has
been added to study SDZ degradative kinetics by Fe0/PS.44 A
very critical inhibition of SDZ removal was observed in the
presence of 1 mM 1,10-phenanthroline, and as 1,10-phenan-
throline increased to 5 mM, the degradation of SDZ almost
was completely stopped by blocking the reaction of eqn (1)
since the complex of Fe(II) with 1,10-phenanthroline exten-
sively decreased the concentration of dissolved Fe(II). Mean-
while, the presence of 1,10-phenanthroline did not inhibit the
reaction between Fe0 and PS (Eq. (5)) which indicated that
cSO4

� might not be produced via the direct oxidation of Fe0 by
PS. Although EDTA was a good ligand for Fe(II) and Fe(III),
EDTA was considered as a common promoter in reactions
based on cOH especially in Fe0/O2 reactions.27,45 As illustrated
in Fig. 5(b), various level of EDTA concentrations ranged from
0.05 to 5 mM all inhibited SDZ degradation by Fe0/PS. EDTA
was the complex of Fe(II) which exhibited the similar effects on
SDZ degradation to 1,10-phenanthroline. EDTA was an
organics which could compete cSO4

� with SDZ. Therefore, the
negative effect of EDTA in the Fe0/PS process is different from
that in Fe0/O2 reactions.

Dissolving oxygen (DO) in solution also played a signicant
role in the Fe0/PS system29 by changing the corrosion of Fe0.
Kinetics experiments of SDZ removal by Fe0/PS conducted in the
presence of N2, air, and O2 are shown in Fig. 5(c). Anoxic
conditions could enhanced SDZ removal by Fe0/PS; neverthe-
less, the presence of excess oxygen could depress the SDZ
degradation. According to the mechanisms of Fe0/PS via the
indirect reaction between Fe(II)/PS, the release of Fe(II) was the
rate-limiting step. By comparing to the experiments with air or
oxygen, dissolving Fe(II) was more stable without the generation
of iron oxides on Fe0 surface in the presence of N2, which could
promote generation of ROS via eqn (1). Meanwhile, the lower
SDZ removal rate in the presence of air and oxygen indicated
42238 | RSC Adv., 2017, 7, 42233–42241
that the generation of cOH by Fe0 and O2 might be ignored in
the Fe0/PS process. Besides, the lag phase with purging oxygen
increased to 3 min. Although the inhibition of DO on SDZ
removal might be assumed to the lack of Fe0 which decreased
the generation of ROS via eqn (5), the consumption of Fe0 could
not extend the lag phase of reactions. Thus, the extending lag
phase increasing with the concentration of DO was ascribed to
the generation of iron oxides by the oxidation of Fe(II) by oxygen
on the iron surface, which blocked the reactions between Fe(II)
and PS.
This journal is © The Royal Society of Chemistry 2017
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Table 1 Charges (qi) and fi
0 of atoms in SDZmolecule (N+ 1 andN� 1)

Atom,
i qN�1 qN+1 fi

0

C1 0.069 �0.007 0.038
C2 �0.087 0.036 �0.062
C3 0.170 0.201 �0.016
N4 �0.278 �0.212 �0.033
C5 0.342 0.390 �0.024
N6 �0.272 �0.320 0.024
N7 �0.210 �0.251 0.020
S8 1.304 0.527 0.388
O9 �0.752 �0.867 0.058
O10 �0.740 �0.851 0.055
C11 0.350 0.007 0.171
C12 �0.010 0.031 �0.021
C13 �0.040 �0.389 0.174
C14 0.169 0.400 �0.115
C15 �0.030 �0.047 0.008
C16 0.034 0.004 0.015
N17 �0.076 �0.297 0.111
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Possible degradation pathways of SDZ by Fe0/PS

Many studies have identied the degradation intermediates of
SDZ by various processes including ozonation,5 Fenton,46 and
Fig. 6 Possible degradation pathways of SDZ by Fe0/PS.

This journal is © The Royal Society of Chemistry 2017
US/Fe0/PS systems.2 The species of reaction intermediates and
degradation pathways of SDZ in different AOPs identied by
GC-MS, LC-MS, and HPLC were different. In this paper, off line
SPE-UHPLC-MS was utilized to detect the reaction intermedi-
ates of SDZ by Fe0/PS at pH 7.0, based on which the SDZ
degradation pathways were proposed.

As literatures reported, N7, N11, N13 and N17 in SDZ might
be reactive sites for oxidation. To conrm the theoretical reac-
tive sites in SDZ molecule, Fukui function calculations of fi

0 was
employed to assign the most vulnerable sites of SDZ by the
attack of cSO4

� radical. fi
0 was calculated by eqn (9)47 which

obtained by Multiwfn soware based on Hirshfeld charges.48

Thus, Hirshfeld charges and calculated values of condensed
Fukui function (fi

0) of the optimized SDZ molecule (N + 1 and
N� 1) are listed in Table 1. According to the value of condensed
Fukui function (fi

0), atoms of S8, O8, O9, C13, C11, N17, C1, N6,
and N7 were the most reactive sites for cSO4

� radical attack.

fi
0 ¼

�
qi

N�1 � qi
Nþ1

�
2

(9)

where i, q, f, and N represent the atom in SDZ molecule, the
charge of the atom (i), the value of condensed Fukui function,
and the number of electrons of SDZ, respectively.
RSC Adv., 2017, 7, 42233–42241 | 42239
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By combination of full scan and product ion mode, 20
reaction intermediates and SDZ were detected in the process of
SDZ removal by Fe0/PS, which were all illustrated from Fig. S6 to
Fig. S26.† Based on the detected intermediates specied in this
study, four proposed transformation pathways (A, B, C, and D)
of SDZ degradation in the Fe0/PS process were presented in
Fig. 6. Pathway A was formed via the break of S8–N7 bond by
cSO4

� radical, and 4-aminobenzenesulfonic acid (Int 1) and
pyrimidin-2-amine (Int 2) were generated. By the continuous
attacking of cSO4

� to Int 1, 4-amino-2,3,5-
trihydroxybenzenesulfonic acid (P4, m/z+ 222) was produced.
Meanwhile, 2-nitropyrimidine (P6, m/z+ 126) was formed by the
oxidation of Int 2 by cSO4

�, and hydroxy(nitro(nitroso)methyl)
carbamic acid (P7, m/z+ 166) and N-((E)-2-hydroxyprop-1-en-1-yl)
formimidic acid (P8, m/z+ 102) also were detected as the
oxidative products of P6. Besides, the formation of 4-(2-imino-
pyrimidin-1(2H)-yl) aniline or N-(pyrimidin-2-yl) benzene-1,4-
diamine (P1, m/z+ 187) between Int 1 and Int 2 was also
a common reaction in SDZ degradation by cSO4

�.49 In addition,
the oxidative pathway of P1 by cSO4

� was also established based
on the detection of P2 (m/z+ 226) and P3 (m/z+ 242).

In pathway B and C, direct attacking of cSO4
� on N6 and N17

produced 4-amino-N-carbamimidoyl benzenesulfonamide
(P9, m/z+ 215) and 4-nitro-N-(pyrimidin-2-yl)benzenesulfonamide
(P11, m/z+ 281),2 respectively. And P9 was oxidized to 4-amino-N-
(hydroxy(hydroxyamino)methyl)benzenesulfonamide (P10, m/z+

234) by cSO4
�. P11 was the most frequently oxidative product of

SDZ by cSO4
�.2 Besides, abundant oxidative products of P11 by

cSO4
� are also detected and illustrated in Fig. 6.

Among three pathways of SDZ degradation via cSO4
�, the

products generated by pathway A was more abundant than
pathway B and C. As shown in Fig. S27,† four initial products of
P1, P4, P5, and P6 in pathway A were detected in the rst 2 min.
All four products increased with reaction time, and then
decreased, which revealed that pathway A could continuously
consume cSO4

�. Besides, the area of P11 in pathway B increased
with reaction time, which proved that pathway B, was also
important to the removal of SDZ. However, P9 of pathway C was
rstly detected at 5 min, which indicated the contribution of
attacking on N6 by cSO4

� was ignored in the rst 5 min.
Pathway D was a classical oxidative pathway of SDZ by cOH

but was hardly to be formed in oxidative systems based on
cSO4

�. The generation of OH-SDZ (P19, m/z+ 267)2 by
substituting H at C13 with hydroxyl indicated that cOH also
joined the degradation of SDZ in the Fe0/PS process. In addi-
tion, the contribution of pathway D to SDZ removal was
consistent with the experiments of identifying ROS, which was
about 16.1%.

Conclusions

Batch experiments were carried out to investigate effects of
some key factors on SDZ removal by Fe0/PS. Initial concentra-
tions of Fe0 and PS increased from 0.25 to 5 mM both increased
the removal rate of SDZ. But increasing SDZ inhibited the SDZ
removal rate for the limitation of ROS. Neutral or weak alkaline
solutions exhibited higher removal rate of SDZ than weak acid
42240 | RSC Adv., 2017, 7, 42233–42241
pH, which indicated that the Fe0/PS process was a potential
technology for engineering applications in organics removal.
Common aquatic matrixes including sulfate, nitrate, chloride,
perchlorate, bicarbonate, and HA all showed negative effects on
SDZ degradation in the Fe0/PS process following a trend of Cl� <
ClO4

� < SO4
2� < NO3

� < HCO3
� < HA. To verify the dominating

ROS in the Fe0/PS system, chemical quenching experiments in
the presence of METH and TBA were conducted. Results of
quenching experiments implied that cSO4

� was the dominating
ROS in the Fe0/PS system. The chemical detection of DMPO–
cSO4

� and DMPO–cOH by EPR spectra also conrmed the
presence of cSO4

�. Besides, strongly negative effects of 1,10-
phenanthroline and EDTA on SDZ degradation in the Fe0/PS
process proved that cSO4

� was not generated by an one-step
reaction between Fe0 and PS but via the indirect oxidation of
Fe(II) by PS. Meanwhile, the negative effect of DO on SDZ
removal also proved that the generation of cSO4

� was domi-
nated by reactions between Fe(II) and PS. Finally, three pathways
via cSO4

� attack and one pathway via cOH substitute of SDZ
degradation by Fe0/PS were proposed based on the reactive sites
attacking by radicals and intermediate products.
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