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a b s t r a c t

Iron oxide magnetic nanoparticles (Fe3O4 MNPs) can effectively activate persulfate anions (S2O8
2−) to pro-

duce sulfate free radicals (SO4
•−), which are a powerful oxidant with promising applications to degrade

organic contaminants. The kinetics of sulfamonomethoxine (SMM) degradation was studied in the sys-
tem of Fe3O4 MNPs and S2O8

2−. A complete removal of the added SMM (0.06 mmol L−1) was achieved
within 15 min with the addition of 1.20 mmol L−1 S2O8

2− and 2.40 mmol L−1 Fe3O4 MNPs. There is an
vailable online 13 December 2010

eywords:
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ulfate free radical

optimum concentration of Fe3O4 MNPs because Fe3O4 MNPs may also act as a SO4
•− scavenger at higher

concentrations. It was further observed that the addition of Fe3O4 MNPs in several batches for a given
total amount of the activator is favorable to enhancing the degradation of SMM. A degradation mecha-
nism was proposed on the basis of identification of the degradation intermediates of SMM with liquid
chromatography combined with mass spectroscopy.
ulfamonomethoxine
egradation

. Introduction

The pollution of PPCPs (Pharmaceuticals and Personal Care
roducts) in surface and ground water has been an environmen-
al concern in recent years [1–6]. PPCPs are generally resistant
o biodegradation. Although their levels in waters may be low,
heir continuous discharge and low doze exposure in the environ-

ent will cause terrible effects in terrestrial and aquatic organisms
n long term. Sulfamonomethoxine (SMM, N1-(6-methoxyl-4-
yrimidinyl) sulfanilamide) is one of the most popular PPCPs
ormally administered via food, and is widely used for therapeu-
ic or prophylactic proposes for food-producing animal diseases
ue to its wide spectrum of antibacterial activity and economical
dvantage [7]. However, its residues generated by unmetabolized
xcretion or active metabolites being discharged from municipal
astewater treatment plants and agricultural runoff can lead to

ntibiotic resistant genes, which may be built up and widely trans-
erred among microorganisms. It proves that SMM has a potential

mpact on environment such as the effects on fertility and thyroid
ormone homeostasis in organisms [8]. Therefore, it is important
o develop new efficient ways of treating SMM-containing wastew-
ters.
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E-mail addresses: lhzhu63@yahoo.com.cn (L. Zhu), hqtang62@yahoo.com.cn
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Advanced oxidation processes (AOPs) have received much
attention in recent years due to their potential effectiveness in
the degradation and mineralization of organic pollutants [9]. Fen-
ton and Fenton-like processes are one group of the AOPs [10,11].
The Fenton reagent (H2O2/Fe2+) has to be used at low pH values
(pH < ∼3.0) to avoid hydrolysis and precipitation of Fe3+, which
is one of the demerits of the Fenton process for the treatment of
wastewater. Persulfate (S2O8

2−) is an alternative oxidant, because
its activation results in generation of strongly oxidizing sulfate free
radicals (SO4

•−, E0 = 2.6 V). With the advantages of high solubil-
ity, longer residence time in subsurface than peroxide and wide
operative pH range [12], persulfate has been successfully used
for environmental applications of remediation of trichloroethy-
lene, benzene, toluene, ethylbenzene, xylene, and polychlorinated
biphenyls in aqueous and sediment systems [13–16].

S2O8
2− has to be effectively activated to generate SO4

•− when
it is activated by ultraviolet light, heat or transition metal (such as
Fe2+ and Co2+) [13,14]. Zero-valent iron, supported cobalt catalysts
and iron–cobalt mixed oxide were introduced for heterogeneous
activation [17–19]. Some of reactions during the activation of
S2O8

2− may be expressed as follows:

S O 2− + 2e− → 2SO 2− E0 = 2.01 V (1)
2 8 4

S2O2−
8

heat or UV−→ 2SO•−
4 (2)

S2O8
2− + Men+ → Me(n+1)+ + SO4

•− + SO4
2− (3)

dx.doi.org/10.1016/j.jhazmat.2010.12.017
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http://www.elsevier.com/locate/jhazmat
mailto:lhzhu63@yahoo.com.cn
mailto:hqtang62@yahoo.com.cn
dx.doi.org/10.1016/j.jhazmat.2010.12.017


us Ma

S

H
i
a
a
T
r
t
f
r
b
S

p
o
i
a
a
e
p
t
a

2

2

A
(
S
r
t
a

2

p
o
w
a
i
1
t
M
t
c
t

2

r
a
p
m
a
u

2

u
e

J. Yan et al. / Journal of Hazardo

O4
•− + e− → SO4

2− E0 = 2.6 V (4)

ere, Me represents Fe2+ or Co2+. It should be noted that the
nitiation by UV irradiation is unfavorable to the treatment of UV-
bsorbing contaminants due to the light filtering effect [20,21]. The
ctivation way of heating consumes a great amount of heat energy.
he use of Fe2+ for activating persulfate is limited in a narrow pH
ange. Excess Fe2+ ions can also react with SO4

•−, independent of
he presence of organic substrates, which results in a low efficiency
or the utilization of persulfate. The above problems may be partly
esolved by using chelating agent such as citric acid and EDTA
ecause the use of chelating agent controls the formation rate of
O4

•− [14].
Fe3O4 magnetic nanoparticles (Fe3O4 MNPs) have been used as

eroxidase mimetic instead of Fe2+ to activate H2O2 for the removal
f organic pollutants [22–24]. Because H2O2 and S2O8

2− are similar
n structure of having O–O bond, we anticipate that Fe3O4 MNPs are
good candidate for activation of S2O8

2−. The present work aimed
t providing insight into the activating ability of Fe3O4 MNPs to
nhance the decomposition of S2O8

2− and then degrade organic
ollutants: not only an efficient oxidation process was developed
o degrade SMM, but also the activation mechanism of persulfate
nd the degradation mechanism of SMM were clarified.

. Experimental

.1. Materials

SMM with a purity of higher than 99% was purchased from
cros (Geel, Belgium). Ferrous sulfate (FeSO4·7H2O), ferric chloride

FeCl3·6H2O), persulfates and ammonia water were obtained from
inopharm Chemical Reagents (Shanghai, China). All the chemical
eagents were of analytical grade and used as received. All solu-
ions were prepared with deionized water. The pH of solution was
djusted with 0.1 mol L−1 H2SO4 or NaOH.

.2. Preparation of Fe3O4 MNPs

Fe3O4 MNPs were synthesized by a modified reverse co-
recipitation process without using any dispersant [25]. Solutions
f FeCl3 (1 mol L−1, 10 mL) and FeSO4 (1 mol L−1, 10 mL) were mixed
ell and then heated to 60 ◦C. The warm Fe2+/Fe3+ solution was

dded dropwise into 45 mL of 3.0 mol L−1 ammonia solution located
n a ultrasound clean bath operating at 25 kHz with a power of
40 W (KQ-200KDE, China) at 60 ◦C. After 30 min for the reaction,
he solution cooled to room temperature, and the generated Fe3O4

NPs were collected by magnetic separation, washed with water
o neutral pH, re-dispersed into 50 mL water and stored for use. The
oncentration of the Fe3O4 MNPs dispersion was determined prior
o the experiment.

.3. Characterization of Fe3O4 MNPs

X-ray diffraction (XRD) patterns of dried Fe3O4 MNPs were
ecorded on an X’Pert PRO X-ray diffractometer (PANalytical) with
Cu K� radiation source generated at 40 kV and 30 mA. The mor-
hology of Fe3O4 MNPs was observed with transmission electron
icroscope (TEM, Tecnai G2 20, Holland) operated at an acceler-

tion voltage of 15 kV. The magnetic properties were performed
sing ADE 4HF vibrating sample magnetometer at 300 K.
.4. Degradation experiments

The SMM degradation was carried out in 100 mL conical flask
nder mechanical stirring at room temperature (25 ± 1 ◦C) at inher-
nt pH of 6.4 unless specified elsewhere. Typically, Fe3O4 MNPs
terials 186 (2011) 1398–1404 1399

were added into 50 mL of SMM solution (0.06 mmol L−1) and stirred
for 20 min to achieve adsorption–desorption equilibrium. Then the
concentration of SMM was measured as the initial concentration
(c0). The reaction was initiated immediately by adding persulfate.
At regular time intervals, a small volume of the solution (2.0 mL)
was sampled and then analyzed after Fe3O4 MNPs were removed
away by filtering through 0.22 �m membrane. The concentrations
of SMM and intermediates were measured with high-performance
liquid chromatography (HPLC) and liquid chromatography–mass
spectroscopy (LC–MS). Each degradation test was run in triplicate,
and the averaged experimental values were then used.

2.5. Analytical methods

The HPLC system consisted of Jasco PU-2089 quaternary gra-
dient pumps with Jasco UV-2075 Intelligent and UV/vis detector
(Jasco, Japan). The column was a reversed-phase Spherisorb C8 col-
umn (250 mm × 4.6 mm i.d., 5 �m, Waters). The mobile phase was
methanol–water (35:65, v/v) with a flow-rate of 1.00 mL min−1 and
the effluent was monitored at 265 nm. The mass spectrometer (Agi-
lent 1100 LC/MSD Trap, USA) was operated in electrospray positive
ion (ESI+) mode. The amount of total iron (Fe2+ + Fe3+) leached from
the Fe3O4 MNPs into reaction solutions was monitored by atomic
absorption spectroscopy (AAS, Analyst 300, P.E. Inc.), and persulfate
was determined with an iodometric method on a Cary 50 UV–vis
spectrophotometer (Varian, USA) [26].

3. Results and discussion

3.1. Characterizations of Fe3O4 MNPs

XRD patterns of as-prepared Fe3O4 MNPs are shown in Fig. 1a.
The peaks at 2� values of 30.1, 35.4, 43.1, 53.6, 57.1 and 62.7◦

can be indexed as the diffractions of (2 2 0), (3 1 1), (4 0 0), (4 2 2),
(5 1 1) and (4 4 0), respectively, which are almost the same as the
previously reported data for Fe3O4 nanoparticles (JCPDS 79-0419)
[27]. On the basis of XRD patterns, the average size of the particles
can be evaluated with the Debye–Sherrer formula D = K�/(ˇ cos �),
where K is the Sherrer constant (0.89), � is the X-ray wavelength
(0.15418 nm), ˇ is the peak full width at half maximum and � is
the Bragg diffraction angle. From the most intense peak (3 1 1), the
average size of the particles was calculated to be 17.1 nm.

Fig. 1b gives the TEM image of the Fe3O4 MNPs. It indicates
that the nanoparticles are spherical with diameters of about 15 nm,
which is well in agreement with the value obtained from the XRD
results. The saturation moment per unit mass (Ms) for the Fe3O4
MNPs was measured to be 68.8 emu g−1. After the activation of
S2O8

2− in the presence and absence of SMM, the Ms value of the
used Fe3O4 MNPs was 52.9 and 56.1 emu g−1, respectively (SI Fig.
S1).

3.2. Establishment of a new activation system for SMM
degradation

The influence of different persulfates such as (NH4)2S2O8,
K2S2O8 and Na2S2O8 was checked at first on the degradation of
SMM and no noticeable differences were observed between these
persulfate, we selected K2S2O8 for further researches.

Before extensive studies on the degradation of SMM with
persulfate activated by Fe3O4 MNPs, we investigated the SMM

degradation by using persulfate, Fe3O4 MNPs, or leaching solu-
tion of Fe3O4 MNPs alone in control experiments. When only
S2O8

2− or Fe3O4 MNPs were added, the SMM removal was 2.3%
and 0.7%, respectively, both of which were ignorable in compar-
ison with almost complete removal of SMM in the presence of
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Fig. 1. XRD patterns (a) and TEM image (b) of Fe3O4 MNPs prepared by modified reverse co-precipitation method.
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and finally decreased (curve 2 in Fig. 3). This observation is closely
related to the role of Fe3O4 MNPs, which activate the formation of
SO4

•− from the decomposition of S2O8
2−, but not for the degrada-

tion of SMM. When only a small amount of Fe3O4 MNPs is added, a
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ig. 2. Kinetic data of the degradation of SMM (c0 = 0.06 mmol L−1) in the system o
he presence of Fe3O4 MNPs (2.40 mmol L−1), and (b) the initial concentration of Fe

oth S2O8
2− and Fe3O4 MNPs. The significant degradation of SMM

n the system of Fe3O4/S2O8
2− may arise from the activation of

2O8
2− by Fe2+ dissolved from Fe3O4 MNPs, and we had found

.03 mmol L−1 of total iron (Fe2+ + Fe3+) in solution after the Fe3O4
NPs (2.40 mmol L−1) were immersed in the test solution in the

bsence of S2O8
2− for 3 days. Thus, we also used the leaching

olution to activate S2O8
2−. However, the leached Fe2+ ions were

oo little to activate considerable S2O8
2−, corresponding to SMM

emoval of only 5.9%.
Fig. 2 shows the effects of the concentrations of S2O8

2− and
e3O4 MNPs on the degradation of SMM at pH 6.4 at 25 ◦C. The
egradation of SMM under all the tested conditions goes very fast
t the early stage (t < 1 min) and then very slow at the second stage
t > 1 min). Because all the possible degradation of SMM is almost
ompleted within 1 min, we may use the average rate of SMM
egradation over the period from 0 to 1 min, being equivalent to the
egradation removal of SMM (1 − c/c0), to evaluate the dependence
f SMM degradation on any parameters.

As shown in Fig. 3 (curve 1), the SMM removal within 1 min is
ncreased from 0.7% to 44.5% and then to 96.0% as the concentration
f S2O8

2− is increased from 0 to 0.6 and to 1.8 mmol L−1 with the
ddition of 2.40 mmol L−1 Fe3O4 MNPs. S2O8

2− is the origin of driv-
ng force for the degradation of SMM. It is reasonable that higher
2O8

2− concentrations lead to more degradation of SMM. How-
ver, S2O8

2− is activated by Fe3O4 MNPs, and hence the influence

f S2O8

2− concentration will become less when the S2O8
2− con-

entration is high enough for a given concentration of Fe3O4 MNPs.
herefore, it is observed that the increasing of SMM removal is lit-
le when S2O8

2− concentration is higher than 1.2 mmol L−1, which
orresponds to S2O8

2−:Fe3O4 molar ratio of 1:2.
 Time / min

O8 and Fe3O4 MNPs at pH 6.4: (a) the initial concentration of K2S2O8 was varied in
NPs was varied in the presence of K2S2O8 (1.20 mmol L−1).

As an activator, Fe3O4 MNPs activate persulfate, yield SO4
•−

species, and then accelerate the decomposition of SMM. There-
fore, increasing the dose of Fe3O4 MNPs is favorable to promoting
the degradation of SMM. However, it is found that as the concen-
tration of Fe3O4 MNPs is increased from 0 to 2.40 mmol L−1, the
SMM removal is increased very fast initially, then increased slowly,
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
 Concentration / mmol L-1

Fig. 3. Effects of the concentrations of (1) K2S2O8 and (2) Fe3O4 MNPs on the early-
stage removal of SMM. The detailed experimental conditions were given in Fig. 2.
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Fig. 4. Influence of the way of adding Fe3O4 MNPs on the degradation of SMM: (1)
all the Fe3O4 MNPs were added in one time, and (2) the Fe3O4 MNPs were added
in three times after the nanoparticles were divided into three equal portions. Other

MNPs at pH values from 3.0 to 7.0. At pH values of 8.5 and 10.0, the
addition of TBA decreased the SMM removal by 35.9% and that of
ethanol decreased by about 58%. Greater decrease was observed at
pH 8.5 and 10.0 than that at pH values from 3.0 to 6.8 with the

Table 1
Effect of initial pH on the degradation of SMM (c0 = 0.06 mmol L−1) in the presence
of Fe3O4 MNPs (2.40 mmol L−1) and K2S2O8 (1.20 mmol L−1) at 25 ◦C within 15 min.

Initial pH Final pH SMM removal Consumption of S2O8
2−
J. Yan et al. / Journal of Hazardo

onsiderable amount of SO4
•− is produced, which reacts immedi-

tely with SMM, leading to a fast increase of the SMM removal.
his is corresponding to the first stage when the concentration
f Fe3O4 MNPs is less than 1.20 mmol L−1. When Fe3O4 MNPs are
dded in excess, an excess of SO4

•− species are generated, result-
ng in considerable disappearance of SO4

•− species without the
ecomposition of SMM due to the combination between SO4

•−

pecies themselves. Moreover, the interaction between excess Fe2+

n the surface of Fe3O4 MNPs and SO4
•− may directly quench SO4

•−

hrough Eq. (5) [28]:

O4
•− + Fe2+ → Fe3+ + SO4

2− k = 4.6 × 109 mol L−1 s−1 (5)

Hence, the SMM removal is decreased when the Fe3O4 MNPs
re added further beyond about 2.40 mmol L−1. When a moderate
mount of Fe3O4 MNPs is added, there is a competition between
he above-mentioned two effects (SO4

•− quenching and reacting
ith SMM), which cause slower increasing of the SMM removal
ith the increase of Fe3O4 MNPs addition. This is reflected by the

econd stage in curve 2 of Fig. 3 (from 1.20 to 2.40 mmol L−1).
The degradation of SMM does not proceed further apparently

hen the contact time is longer than 1 min, which indicates the
ecomposition of S2O8

2− by Fe3O4 MNPs is a fast reaction, and
n enough amount of SO4

•− is generated transiently once the
anoparticles are attached with S2O8

2−. The apparently quenched
egradation of SMM is related to multiple reasons. Firstly, we may
onsider that all the added persulfate ions have been decomposed
ompletely within 1 min after the nanoparticles are added. How-
ver, a residual of about 62.0% of the added S2O8

2− was found in the
ystem of S2O8

2−/Fe3O4/SMM with molar ratio of 20/40/1, suggest-
ng that the complete consumption of the oxidant is not the reason
or the much slow degradation of SMM beyond 1 min. Secondly,
t is considered that the surface of the nanoparticles is passivated.
n order to check it, all the nanoparticles were separated from the
bove-mentioned solution after a contact time of 15 min and then
dded into a fresh solution of SMM in the presence of S2O8

2−. We
ound that the SMM removal was decreased from 100% for the first
ycle to 36.9% for the second cycle of using the activator. It is certain
hat the inactivation of Fe3O4 MNPs after contacting the oxidant
an partly account for the little degradation of SMM beyond 1 min.
hirdly, we should further consider that the quenching of SO4

•−

ecomes marked when both the concentrations of the oxidant and
MM are reduced after 1 min for the reaction. Besides, the interac-
ion between Fe2+ and SO4

•− may directly quench SO4
•− radicals

ccording to Eq. (5).
Fe3O4 MNPs were divided into three equal parts, and added one

art into the SMM solution in the presence of persulfate at time
ntervals longer than 1 min. In this way, both the inactivation of
he activator and the quenching of SO4

•− are controlled, and the
emoval of SMM (46.9%) is considerably higher than that (36.5%) by
dding all the catalyst in one time, as shown in Fig. 4. Therefore, the
ddition of Fe3O4 MNPs in several times is favorable to enhancing
he degradation efficiency of SMM.

The effect of initial solution pH is investigated on the SMM
egradation in the system of 0.06 mmol L−1 SMM + 1.20 mmol L−1

2O8
2− + 2.40 mmol L−1 Fe3O4 MNPs. It is noted from Table 1 that

he SMM degradation is highly efficient in all the tested pH range:
he SMM removal achieves 100% at pH < 7.0, and is as high as 78.3%
ven at pH 10.0. This is a great advantage of the system for wastew-
ter treatment, because it is unnecessary to pre-adjust solution
H.
.3. Activation mechanism of persulfate on Fe3O4 MNPs

Both SO4
•− and •OH were reported to be possibly respon-

ible for the destruction of organic contaminants depending on
H value when S2O8

2− is activated thermally at ambient tem-
experimental conditions: c0 of SMM 0.16 mmol L−1, total amount of Fe3O4 MNPs
2.40 mmol L−1, initial concentration of K2S2O8 1.20 mmol L−1, pH 6.4.

peratures [12]. Recently, we used Fe3O4 MNPs to activate H2O2
and found that both •OH and O2

•− free radicals are possibly
produced from the decomposition of H2O2 [23,24]. In order to
check the generation of free radicals from the decomposition of
S2O8

2−, we used alcohols as the probe. Alcohols with and with-
out R-hydrogen have different reactivity and rate constants in
their reactions with radical species. Ethanol (EtOH, containing R-
hydrogen) reacts with •OH or SO4

•− at high and comparable rates,
and the rate constants for the reaction with •OH and SO4

•− are
(1.2–2.8) × 109 mol L−1 s−1 and (1.6–7.7) × 107 mol L−1 s−1, respec-
tively. However, tert-butyl alcohol (TBA, without R-hydrogen)
has much different reaction rate constants, and the rate con-
stant for •OH ((3.8–7.6) × 108 mol L−1 s−1) is 418–1900 times
greater than that for SO4

•− ((4–9.1) × 105 mol L−1 s−1) [29]. There-
fore, the addition of the two alcohols into the oxidation system
will change the degradation rate of SMM, and we can clarify
what is the dominant free radical generated from the decom-
position of S2O8

2−. The test was carried out in the system of
0.06 mmol L−1 SMM + 1.80 mmol L−1 S2O8

2− + 3.60 mmol L−1 Fe3O4
MNPs to ensure all the SMM was completely removed after 15 min
without any alcohols addition. It is seen from Table 2 that the addi-
tion of 3 mmol L−1 TBA (molar ratio TBA/SMM = 50) decreases the
SMM removal by about 20% and the addition of 3 mmol L−1 ethanol
(molar ratio EtOH/SMM = 50) decreases it by about 58% at pH values
from 3.0 to 7.0. In presence of the same amount of TBA, a relatively
small drop was observed in the degradation removal in comparison
with ethanol, indicating that SO4

•− was predominantly produced
over •OH during the activated decomposition of K2S2O8 by Fe3O4
3.0 2.6 100% 58.2%
5.5 2.9 100% 56.0%
7.0 3.1 100% 53.2%
8.5 4.3 83.2% 48.7%

10.0 6.9 78.3% 44.3%
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Table 2
Effect of ethanol and TBA on the degradation of SMM (c0 = 0.06 mmol L−1) in the presence of Fe3O4 MNPs (3.60 mmol L−1) and K2S2O8 (1.80 mmol L−1) at different initial pH
values at 25 ◦C within 15 min.

Initial pH SMM removal (%) Major radical species

Blanka 3 mmol L−1 EtOH 3 mmol L−1 TBA 30 mmol L−1 EtOH

3.0 100 43.1 80.2 11.7 SO4
•−

5.5 100 42.0 78.5 11.3 SO4
•−

9.7
3.8
4.1

a

a
d
(

S

r
a
w
e
a

3
a

l
w
d
w
o
t
t
s
m
S
c

S

S

S

F
t
F
F

6.8 100 41.6 7
8.5 100 42.8 6

10.0 100 41.9 6

Means no addition of any alcohols.

ddition of 3 mmol L−1 TBA. This suggested that more •OH pro-
uced when pH increased to alkaline range in accordance with Eq.
6) [12]:

O4
•− + OH− → SO4

2− + •OH k = (6.5 ± 1.0) × 107 mol L−1 (6)

The generated •OH reacts with TBA, leading to much decreased
emoval of SMM. This demonstrates the presence of both SO4

•−

nd •OH at pH 8.5 and pH 10.0. Both SO4
•− and •OH can react

ith ethanol with great and similar rate constants, and hence the
thanol-induced decrease in the SMM removal is almost the same
t all the tested pH values.

.4. Mechanism of SMM degradation in the system of persulfate
nd Fe3O4 MNPs

When SO4
•− and •OH attack organic compounds, •OH is more

ikely to do through hydrogen abstraction or addition reactions,
hile SO4

•− participates in electron transfer reaction [30]. Thus,
ifferent intermediates may be obtained when SO4

•− and •OH react
ith SMM. In order to check it, SMM was degraded in the systems

f Fe3O4/S2O8
2− and Fe3O4/H2O2 at pH 3.0, respectively, and then

he intermediates were analyzed with HPLC. As shown in Fig. 5, the
wo chromatograms from the two oxidation systems are almost the
ame as each other in the retention time of the degradation inter-
ediates. This, along with LC–MS identification, suggests that both

O4
•− and •OH result in same degradation intermediates, which

an be explained by the following reactions (Eqs. (7)–(10)):
MM + SO4
•− → SMM•+ + SO4

2− (7)

MM•+ + H2O → (OH)SMM + H+ (8)

MM + •OH → (OH)SMM (9)
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 K2S2O8 + Fe3O4

 H2O2 + Fe3O4

ig. 5. HPLC diagrams of the solutions of SMM (c0 = 0.06 mmol L−1) after a degrada-
ion time of (1) 10 min in the presence of 0.60 mmol L−1 K2S2O8 and 1.20 mmol L−1

e3O4 MNPs and (2) 30 min in the presence of 0.60 mmol L−1 H2O2 and 0.43 mmol L−1

e3O4 MNPs at pH 3.0.
12.4 SO4
•−

11.6 SO4
•−/•OH

10.9 SO4
•−/•OH

(OH)SMM → intermediates → CO2 + H2O (10)

When SO4
•− participates the reaction, electron-transfer pro-

cess occurs to form SMM radical cation (SMM•+), which reacts
quickly with H2O by way of hydroxyl abstraction or addition
reaction to generate (hydroxyl) SMM radicals ((OH)SMM). While
•OH attacks SMM molecule, (OH)SMM is preferentially generated
through hydrogen abstraction or addition reaction. Therefore, same
major intermediates are produced in the systems of Fe3O4/S2O8

2−

and Fe3O4/H2O2 at pH 3.0.
It has been reported that sulfonamide is susceptible to be

degraded by singlet oxygen (1O2) and hydroxyl radical generated
by UV irradiation, ozone, photocatalysis using TiO2 and Fenton
reagent [31]. Boreen et al. [32,33] reported that sulfur dioxide
extrusion product was the major product during photolysis of
sulfonamides containing five- or six-membered heterocyclic sub-
stituents. Both organic micromolecules and inorganic products,
such as sulfate, nitrate and ammonium ions occurred through the
cleavage of the S–N bond and the opening of the thiazole ring dur-
ing the photocatalysis process of sulfonamides on TiO2 [34,35].
To better understand the degradation mechanism of SMM in the
Fe3O4/S2O8

2− system, the by-products of SMM were identified with
LC–MS. The intermediates detected in LC–MS according to reten-
tion times (tR) of peaks and the total ion chromatogram of identified
substances are shown in Fig. 6.

The MS spectra of SMM (SI Fig. S2) showed a protonated molec-
ular ion peak at m/z 281 with retention time of 3.6 min. It is
attributed to the parent compound of SMM in accordance with
the formula of C11H12N4O3S (M = 280.300). It decreased in peak
area in HPLC diagrams as the reaction proceeded (data not shown).
The m/z 297 (M+17)+ signal corresponds to the intermediate aris-
ing from hydroxyl addition to the phenyl ring or pyrimidine ring
of SMM, being formed through electron-transfer process by the
effect of SO4

•−. SMM•+ is formed at first, and reacts quickly with
H2O by hydroxyl addition to generate hydroxyl addition product
of (OH)SMM in an aqueous solution. The available information
is yet not enough to determine which ring of SMM attacked by
SO4

•−. The amino group activates aromatic ring toward an elec-
trophilic substitution, so that probably the SO4

•− attack occurs at
the anilinic substructure. MS revealed another fragment of m/z 191.
It is expected to be protonated hydroxyl sulfanilic acid, which orig-
inated from the cleavage of N-S bond of (OH)SMM and followed by
hydroxyl addition reaction as discussed above. Another N–S bond
cleavage induced compound was 4-methoxyl-2-aminopyrimidine.
Its amino group (–NH2) was oxidized to hydroxyl group (–OH) and
hold characteristic fragments of m/z 126 because of the comparable
oxidation potential of SO4

•− to •OH. This is in accordance with the
presence of phenol in aniline solution by the attack of •OH through
more than one step [36].
Sulfonyl group can be evacuated by the attack of SO4
•− at

bonds of C–S and N–S, and extrusion of SO2 proceeds on the basis
of the common loss of 64 mass units. 4-Amino-N-(5-methoxy-3-
pyrimidinyl)aniline, consisting of p-aminobenzene group linked to
the pyrimidine ring through an NH bridge, with its protonated
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olecular ion peak of m/z 217 occurred in the MS spectra with
etention time of 2.3 min. The phenomenon was frequently exhib-
ted by sulfonamides in previous studies [32–34]. In addition to the
O2 extrusion product, we have identified other oxidation prod-
cts where the m/z is increased by 14 with m/z of 294 (M+14),
hich was identify as nitroso derivative, probably being generated

y some redox pathways of primary amino group (–NH2) on the
romatic ring. The same product was also detected by Guerad et al.
37] during the photodegradation of sulfadimethoxine.

The presence of fragment at m/z 94 in the MS spectrum with
etention time of 1.2 min indicates the presence of phenol, which

ay originate from two pathways. In the first pathway, hydroxyl

ddition to SMM generates (OH)SMM with m/z of 297 at first,
he cleavage of S–N bond of (OH)SMM occurred to form hydroxyl
ulfanilic acid (m/z 191) and 4-methoxyl-2-aminopyrimidine sub-
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Fig. 7. Degradation pathways of SMM
ce of 0.6 mmol L−1 K2S2O8 and 1.2 mmol L−1 Fe3O4 MNPs after 10 min for reaction.

sequently. As H2SO4 extracted from the generated hydroxyl
sulfanilic acid and its amino group was oxidized to hydroxyl
group, phenol was formed in accordance with m/z 95. In the sec-
ond pathway, the reaction of SO2 extrusion happened initially to
form 4-amino-N-(5-methoxy-3-pyrimidinyl)aniline. Aniline and 2-
amino-4-methoxyl pyrimidine were generated by the cleavage of
C–N at phenyl ring. Oxidation of amino group to hydroxyl group
at aromatic ring and pyrimidine ring occurred successively to form
phenol and 2-hydroxyl-4-methoxyl pyrimidine with m/z of 95 and
m/z 126, respectively. The peak at m/z 213 in MS spectrum corre-
sponding to the cleavage of two C–N bonds at pyrimidine ring of

sulfamonomethoxine by high collision-induced dissociation. The
same peak also appeared when using SMM standard. From the
above-described results, the degradation pathway of SMM was list
in Fig. 7.

N

H

N

N

OCH3

HO

H2N

N

OCH3

N

OCH3

ring open

+

g open

m/z 191

m/z 95

S OH

H2N O

O
HO

in S2O8
2−/Fe3O4 MNPs system.



1 ous Ma

4

h
R
a
I
t
r
r
W
i
o
f
d
M
0
a
p
n
d
f
a

A

C
S
a
H
i

A

t

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

404 J. Yan et al. / Journal of Hazard

. Conclusions

An oxidative method was investigated for SMM degradation in
eterogeneous activation system of Fe3O4 MNPs and persulfate.
eactive free radicals generated through Fe3O4 MNPs mediated
ctivation of persulfate, leading to immediate degradation of SMM.
n aqueous system, the effects of oxidant and Fe3O4 MNPs concen-
rations were studied for the Fe3O4/S2O8

2− system and their molar
atio of Fe3O4 MNPs:S2O8

2− was optimized at 2:1. The degradation
emoval of SMM was slightly dependent on solution pH values.

hen the initial solution pH was 7.0 or lower, the major free rad-
cals were found to be SO4

•−, creating a very efficient degradation
f SMM. When the initial solution pH was 8.5–10.0, the dominant
ree radicals are SO4

•− and •OH, leading to a moderately effective
egradation of SMM. In selected system of 2.40 mmol L−1 Fe3O4
NPs and 1.20 mmol L−1 K2S2O8, complete removal of SMM (c0 =

.06 mmol L−1) was observed within 15 min. Based on the LC–MS
nalysis of the degradation intermediates, a full mechanism was
roposed for the SMM degradation. This mechanism indicates that
o potentially harmful intermediates generated and accumulated
uring the SMM degradation. Therefore, the activation of persul-
ate by Fe3O4 MNPs as a green oxidizing system has great potential
pplications in the degradation of organic toxic pollutants.
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