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Pharmaceuticals and personal care products (PPCPs) are emerging contaminants, which are ubiquitous and
pose the potential risk to ecosystem and human health. It is necessary to remove PPCPs from water and
wastewater. In this study, sulfamethoxazole, a widely used antibiotic, was chosen as targeted pollutant.
Fenton process and persulfate process were employed to remove sulfamethoxazole from aqueous
solution. The results showed that Fenton process required less amount of Fe() and oxidant than
persulfate process to achieve 100% removal of sulfamethoxazole in the water sample prepared with de-
ionized water. The maximal mineralization reached 83% when hydrogen peroxide concentration was
1 mM and Fe(i) was 0.05 mM for Fenton process. The maximal mineralization for persulfate process was
60% with 4 mM of persulfate and 4 mM of Fe(i). The increase of Fe(i) concentration could increase the
decomposition of hydrogen peroxide and persulfate, but did not increase the mineralization of
sulfamethoxazole, indicating that the decomposition of hydrogen peroxide and persulfate was not
positive correlation with the removal and mineralization of sulfamethoxazole. Five intermediate
compounds were detected in Fenton process while eight intermediate compounds in persulfate process,
suggesting that different degradation pathway occurred in the two processes. The wastewater
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processes. The removal efficiency of sulfamethoxazole was 52.5% and 52.3%, respectively, for Fenton
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1. Introduction

Pharmaceuticals and personal care products (PPCPs) have been
frequently detected in wastewater and surface water due to their
widespread application." Some PPCPs are resistant to biodeg-
radation, which brought the great challenge to wastewater
treatment process.> Sulfamethoxazole as one of pharmaceuti-
cals has been widely used to cure diseases and infections, and to
promote growth of animals as feed additives.®* However, the
conventional wastewater treatment processes cannot effectively
remove sulfamethoxazole.**

Advanced oxidation processes (AOPs) have been employed to
remove the toxic organic pollutants from water and wastewater.”
Ozonation® and photo oxidation® can be used to eliminate sul-
famethoxazole. Fenton oxidation has attracted increasing
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and persulfate processes. Persulfate process could be an alternative for treating the real wastewater

attention due to the easy operation and relative low treatment
cost. However, Fenton process has been reported to produce
large amounts of iron sludge, which is required to be further
treated.’ To reduce the formation of iron sludge, some iron-
based compounds, such as zero valent iron," Fe;0,," Fe;0,/
CeO, composite,” Fe;0,~Mn;O04/reduced graphene oxide
hybrid,* or the hybrid activation systems have been developed
to induce the decomposition of hydrogen peroxide to hydroxyl
radicals. The previous study has shown that the ultrasonic/Fe/
H,0, systems can effectively degrade carbamazepine.”
Although Fenton-like system using the iron-based compounds
to replace ferrous ions showed good performance in removing
sulfonamides, the recycle and stability of iron-based
compounds limited practical application. Therefore, conven-
tional Fenton process was still main treatment process in
practice.

Similar to hydrogen peroxide, persulfate can be decomposed
to generate sulfate radicals by activation, which can effectively
degrade organic pollutants.® The usually used activation
methods mainly include heat, alkalinity, transient metal and
UV."" Among them, transient metal activation, especially iron
species, has attracted much attention because iron was the

second earth-abundant metal. Bench-scale experiments
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demonstrated that ferrous-activated persulfate can effectively
remove sulfamethoxazole.” The use of iron particle for acti-
vating persulfate is gaining increasing attention. It has been
proved that iron particles are better for the activation of per-
sulfate than ferrous ions because Fe(u) is not sustainable in
aqueous solution compared to iron particles that corrode in
solution while generating iron corrosion products playing also
the role of PS activators. In addition, the trace amounts of other
metals in iron particles can sustain the corrosion of iron
particles and improve the reaction stoichiometric efficiency
(RSE).ZO’ZI

In comparison with hydrogen peroxide, persulfate can
persist longer time in groundwater and soil, which can
contribute to the removal of organic pollutants.?* Therefore,
persulfate has been used to remediate in situ contaminated
groundwater” and soil.** However, studies on the application of
persulfate for treating wastewater are relatively less.

The objective of this study was to compare the degradation of
sulfamethoxazole by Fenton oxidation and Fe(u)-activated per-
sulfate process.

2. Materials and methods
2.1 Chemicals

Hydrogen peroxide and persulfate were obtained from Tianjin
Yongda Chemical Reagent Co., LTD, China. Sulfamethoxazole
was purchased from Aladdin Company with the purity of higher
than 98% (China). Ferrous sulfate was bought from Xilong
Scientific, China. Other chemicals were reagent grade unless
specially stated.

2.2 Sulfamethoxazole degradation experiments

The stock solution of sulfamethoxazole was prepared by adding
sulfamethoxazole (200 mg) into de-ionized water (1 L) at room
temperature (25 °C), and stirred with magnetic stirrers for
overnight to make it completely dissolved. The initial concen-
tration of sulfamethoxazole used in this study was 0.05 mM.
Similarly, the stock solution of persulfate was prepared using
de-ionized water with concentration of 20 mM. Ferrous stock
solution was prepared by dissolving ferrous sulfate into de-
ionized water with addition of sulfuric acid. The concentra-
tion of ferrous stock solution was 20 mM. During the experi-
ments, quantified ferrous stock solution was added into the
glass bottles (150 mL).

The sulfamethoxazole degradation by Fenton process was
performed in a constant temperature shaker at 25 °C and
160 rpm. The initial pH was adjusted to be 3, and no adjustment
of pH was used for all the experiments. Quantified ferrous stock
solution, sulfamethoxazole stock solution and hydrogen
peroxide were added into the glass bottles to achieve the desired
values. The total volume in the glass bottles was 100 mL.
Samples were taken at certain intervals. Methanol was used to
quench the radical reaction. For the total organic carbon (TOC)
measurement, 4 mL of sample was taken, and sodium thio-
sulfate was used to quench the radical reaction because odium
thiosulfate has no effect on the measurement of TOC. All the
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samples were first passed through 0.45 pm filter membrane,
and then stored at 4 °C. The samples were stored less than 5 h
before the measurement.

For the degradation of sulfamethoxazole by persulfate,
hydrogen peroxide was replaced by persulfate. Other experi-
mental conditions and experimental procedure were the same
with the above mentioned.

For the degradation of sulfamethoxazole in the real wastewater,
sulfamethoxazole stock solution was prepared using the effluents
from the secondary sedimentation tank of a local wastewater
treatment plant. The initial pH of the wastewater was 6.8, and it
was adjusted to 3 before the experiments. Other experimental
conditions and procedure were the same as stated above.

2.3 Analytical methods

The concentration of sulfamethoxazole was determined by high
performance liquid chromatography (HPLC) (Agilent 1200
Series, Agilent, USA) with a C18 reversed-phase column (5 pm,
4.6 x 150 mm) and a diode array detector (DAD). The
measurement wavelength was set at 275 nm, and the column
temperature was 30 °C, the flow rate was maintained at 1
mL min~". The initial mobile phase consisted of 70% water
containing 0.1% formic acid (A) and 30% acetonitrile (B). The
level of solvent B increased to 80% within 5 min and maintained
for 2 min, and returned to initial settings in 4 min.

The HPLC equipped with a photo diode array (PDA) detector
coupled to a Shimadzu 2010EV mass spectrometer with ESI ion
source (LC-MS) was employed to identify the intermediate
compounds. The aforementioned conditions were adopted.

The mineralization of sulfamethoxazole was determined by
measuring TOC in aqueous phase using a TOC analyzer (Multi
N/C 2100, Jena, Germany).

The concentration of hydrogen peroxide was determined
using the spectrophotometric method with titanium oxalate at
400 nm.* Persulfate concentration was measured using the
spectrophotometric method at 352 nm.*® It is noted that the
presence of Fe(ur) can interfere the determination of persulfate.
The ferrous concentration was analyzed with the spectropho-
tometric method at 510 nm. For the measurement of Fe(ur),
hydroxylamine hydrochloride was firstly added into the solution
to test the total concentration of Fe(u). The difference between
the total concentration of Fe(u) and the concentration of Fe()
without addition of hydroxylamine hydrochloride was denoted
as the concentration of Fe(m). To eliminate the error caused by
Fe(ur), a control solution with known concentration of Fe(ur) was
prepared. And the absorbance was measured. The actual
concentration of persulfate in water was the difference between
the absorbance in the presence of Fe(mr) and persulfate and the
absorbance in the presence of only Fe(u).

3. Results and discussion

3.1 Effect of oxidant concentration on sulfamethoxazole
degradation

Fig. 1 shows the degradation of sulfamethoxazole with various
concentrations of oxidant by Fenton process and persulfate
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Fig. 1 Effect of oxidant concentration on sulfamethoxazole degradation under different processes (A) Fenton process; (B) persulfate process.
The molar ratios of oxidant to ferrous were 20 : 1 and 1: 1, respectively, for Fenton and persulfate process.

process. For Fenton process, the increase of hydrogen peroxide
concentration accelerated the degradation of sulfamethoxazole.
When the initial concentration of hydrogen peroxide was
0.5 mM, sulfamethoxazole was totally degraded within 120 min.
While the time for completely removing sulfamethoxozole
decreased to 30 min and 10 min, respectively, when initial
concentration of hydrogen peroxide was 1 mM and 4 mM. For
persulfate process, similar degradation trend was observed.
When initial concentration of persulfate was 0.5 mM, the
degradation of sulfamethoxazole mainly occurred within
20 min. Thereafter, sulfamethoxazole concentration kept
almost unchanged, and the removal efficiency of sulfamethox-
azole reached 19.4%. When the initial concentration was over
0.5 mM, sulfamethoxazole was degraded very fast within
10 min, and then followed a slow degradation. The removal
efficiency was 84.8% and 100%, respectively, for the initial
concentration of 1 mM and 4 mM. Previous study has shown
that the remove efficiency of sulfamethoxazole was about 80%
when the molar ratio of sulfamethoxazole to persulfate was
1:80,"® which was lower than our results, which could be
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attributed to different experimental conditions, including the
initial concentration of persulfate, sulfamethoxazole and pH
values.

Fig. 2 shows the removal efficiency of TOC under various
conditions. For Fenton process, 4 mM of hydrogen peroxide
accelerated the degradation of sulfamethoxazole, but decreased
the removal efficiency of TOC, which might be due to recom-
bination of hydroxyl radicals caused by excess hydrogen
peroxide. The maximal removal efficiency reached 83% when
hydrogen peroxide concentration was 1 mM. For persulfate
process, the removal efficiency of TOC increased with the
concentration of persulfate. The maximal removal efficiency of
TOC achieved 60%. In addition, the decomposition efficiency of
oxidants was investigated (Fig. 2). For Fenton process, the
decomposition efficiency varied from 94% to 82.5%, and no
obvious difference was found between 1 mM and 4 mM
hydrogen peroxide. For persulfate process, the decomposition
efficiency increased with increase of its initial concentration.
And the maximum decomposition efficiency was 62.8%.
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Fig. 2 TOC removal efficiency with various concentrations of oxidant and decomposition efficiency of oxidant.
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Based on the removal efficiency of sulfamethoxazole and
TOC, it is easy to see that Fenton process performed better in
removing sulfamethoxazole than persulfate process. The
degradation of sulfamethoxazole by Fenton process was faster
than that by persulfate process. Moreover, less amounts of
hydrogen peroxide was required to reach the complete removal
of sulfamethoxazole than persulfate, which might be due to the
higher decomposition efficiency of hydrogen peroxide than
persulfate. In addition, it is noted that much less Fe(u) was used
in Fenton process than that in persulfate process.

3.2 Effect of Fe(u) concentration on sulfamethoxazole
degradation

Fe(u) plays a key role in Fenton process and persulfate process.
It acts as catalyst for the decomposition of hydrogen peroxide
and persulfate,””** but it can also act as the scavenger of
hydroxyl radicals and sulfate radicals.”**® Thus, the concentra-
tion of Fe(n) has an important effect on the degradation of
sulfamethoxazole by Fenton process and persulfate process. To
investigate the effect of Fe(u) concentration on sulfamethox-
azole degradation, the concentration of hydrogen peroxide and
persulfate used in this study was 1 mM and 4 mM, respectively.
Fig. 3 depicts the concentration of Fe(un) on the sulfamethox-
azole degradation. For Fenton process, the increase of Fe(i)
concentration increased the degradation rate of sulfamethox-
azole, and sulfamethoxazole was completely decomposed
within 10 min when the molar ratio of hydrogen peroxide to
Fe(u) was 1:1. For persulfate process, the optimal ratio of
persulfate to Fe(r) was 1 : 1. When the molar ratio was lower or
higher, the sulfamethoxazole degradation was delayed. When
the molar ratio was 1 : 2, the removal efficiency was only 32.7%,
which was attributed to the quenching reaction caused by
excess Fe(u).*

Fig. 4 presents the TOC removal efficiency with the different
molar ratio of oxidant to Fe(u). For Fenton process, the increase
of Fe(u1) decreased TOC removal efficiency, which was different
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from sulfamethoxazole degradation. The maximal TOC removal
efficiency was 83% with the molar ratio of 20 : 1, while TOC
removal efficiency decreased to 16.9% with the molar ratio of
1:1. For persulfate process, TOC removal efficiency was
consistent with sulfamethoxazole degradation. The maximal
TOC removal efficiency (60%) was obtained with the molar ratio
of 1:1. The removal efficiency of TOC was 52.9% and 47.4%,
respectively, when the molar ratiowas 2: 1 and 1 : 2.

The reaction stoichiometric efficiency (RSE) was calculated.
For both processes, TOC increased with the increase of RSE.
Previous study has shown a clear opposite trend between TOC
and RSE.” This difference could be due to the presence of
ferrous. In Fig. 4, the concentration of oxidant was fixed and the
concentration of ferrous changed, while the concentration of
oxidant changed.

To further understand the effect of Fe(u) on sulfamethox-
azole degradation, the decomposition of hydrogen peroxide and
persulfate was analyzed (Fig. 5). For Fenton process, the
increase of Fe(u) concentration accelerated the decomposition
of hydrogen peroxide, which was consist with degradation of
sulfamethoxazole. At the end of experiments, the maximal
decomposition efficiency of hydrogen peroxide reached 99%
with the molar ratio of 1 : 1. Although the decomposition effi-
ciency of hydrogen peroxide was lower with the molar ratio of
20 : 1 than that with the molar ratio of 10:1 and 1:1, the
mineralization of sulfamethoxazole was much higher with the
molar ratio of 20 : 1 than that with the molar ratio of 10 : 1 and
1:1. This could be explained by following reasons. The first
reason was that the increase of Fe(u) concentration led to the
formation of colloidal particles of Fe(OH);, which could adsorb
sulfamethoxazole. But the colloidal complex was still in water.
The second reason was that excess Fe(u) could quench hydroxyl
radicals, which reduced the amount of hydroxyl radicals react-
ing with the intermediate compounds of sulfamethoxazole
degradation. For sulfate process, the final decomposition effi-
ciency of persulfate was examined. The decomposition
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Fig. 3 Effect of Fe(i) concentration on sulfamethoxazole degradation (A) Fenton process; (B) persulfate process. The concentration of hydrogen
peroxide and persulfate was 1 mM and 4 mM in Fenton and sulfate process, respectively. The ratio represents the molar ratio of oxidant to Fe(i).
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efficiency of persulfate was 61.8%, 39.5% and 81.3%, respec-
tively, for the molar ratio of 1:1, 2:1 and 1: 2. The decom-
position efficiency increased with Fe(u) concentration. However,
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the maximal removal efficiencies of sulfamethoxazole and TOC
were obtained with the molar ratio of 1 : 1 (Fig. 3 and 4), indi-
cating that the decomposition efficiency of sulfamethoxazole
was not positive correlation with the removal and mineraliza-
tion of sulfamethoxazole. This phenomenon was also observed
for the decomposition of hydrogen peroxide.

In terms of the removal and mineralization of sulfame-
thoxazole and decomposition of oxidant, it could be found that
in the wastewater prepared with de-ionized water, Fenton
process performed better than persulfate process. The differ-
ence for the two processes could be due to the reaction rate of
oxidants and Fe(n) and the reaction mechanisms. The reaction
rate of Fe(u) with hydrogen peroxide was faster than that with
persulfate.*"** Furthermore, hydroxyl radicals played a major
role in removing sulfamethoxazole in Fenton process, while
sulfate radicals in persulfate process.

3.3 Degradation pathway of sulfamethoxazole

The intermediate compounds formed during Fenton process
and persulfate process were determined to investigate the effect
of process on the degradation pathway of sulfamethoxazole. For
Fenton process, five intermediate compounds were identified.
The two intermediate compounds with m/z of 198 and 129,
respectively, might derive from the bond cleavage between
sulfur and carbon. The intermediate with m/z of 284 was from
the oxidation of amino group in the benzene ring. Then
hydroxyl radicals attacked the benzene ring resulting in the
formation of intermediate with m/z of 299. For the intermediate
with m/z of 284, the bond between benzene ring and sulfur
might cleave leading to the formation of the intermediates with
m/z of 198 and 143, respectively. Based on the intermediate
compounds, the degradation pathway of sulfamethoxazole by
Fenton process was proposed (Fig. 6A). Two possible degrada-
tion pathways were involved in the sulfamethoxazole degrada-
tion during Fenton process. One is the oxidation of amino
group in benzene ring due to hydroxyl radicals, and then
hydroxylation. Another is that the bond cleavage between sulfur
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Fig. 5 The decomposition efficiency of oxidant with various molar ratios of oxidant to Fe(i) (A) hydrogen peroxide; (B) persulfate.
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and benzene ring. Previous study has shown that hydroxyl
radicals can oxidize the amino group.*® Moreover, the attack of
hydroxyl radicals on the benzene ring and isoxazole has been
reported.**

In comparison to Fenton process, more intermediate
compounds (eight) were found, indicating that different
degradation pathways occurred. Among eight intermediate
compounds, the intermediate with m/z of 299 were also found
in Fenton process. The intermediate with m/z of 160 might
derive from the intermediate with m/z of 299. But the interme-
diate with m/z of 160 was not observed in Fenton process, which
could be due to the fast transformation of the intermediates

This journal is © The Royal Society of Chemistry 2017

during Fenton process. In addition, the bond cleavage between
sulfur and nitrogen was found, which resulted in the formation
of two intermediate compounds with m/z of 198 and 129,
respectively. Thereafter, the attack of hydroxyl radicals on the
above mentioned intermediate compounds, resulted in the
formation of the intermediates with m/z of 171 and 136,
respectively. Similar to Fenton process, the bond cleavage
between sulfur and benzene ring was also found. Bur the
intermediate from the bond cleavage between sulfur and
benzene appeared at m/z of 201. Moreover, the desulfuration
directly from sulfamethoxazole has been observed, resulting in
the formation of the intermediate with m/z of 195. In general,
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four possible degradation pathways might be involved in the
degradation of sulfamethoxazole in persulfate process: (1) the
oxidation of amino group and hydroxylation; (2) the bond
cleavage between sulfur and nitrogen; (3) the bond cleavage
between sulfur and benzene ring; (4) the desulfuration. In
addition to the bond cleavage between benzene ring and sulfur,
other three degradation mechanisms have been reported in
previous studies.**

The intermediate compounds formed during Fenton process
and persulfate process could be due to the different degradation
mechanisms. Hydroxyl radicals formed during Fenton process
mainly depends on hydrogen abstraction and hydroxylation to
remove organic pollutants,®® while sulfate radicals formed
during persulfate process mainly relied on the electron transfer
to remove organic pollutants.®”

3.4 Effect of wastewater components on sulfamethoxazole
degradation

The effluent from the secondary sedimentation tank was taken
to investigate the effect of wastewater components on sulfame-
thoxazole degradation. Based on the above results, the optimal
conditions for Fenton process and persulfate process were
adopted. The hydrogen peroxide concentration was 1 mM, and
the molar ratio of hydrogen peroxide to Fe(u) was 20 : 1. The
concentration of persulfate was 4 mM, the molar ratio of per-
sulfate to Fe(r) was 1 : 1. The experimental results were shown in
Fig. 7. In the real wastewater, Fenton process exhibited similar
capacity in removing sulfamethoxazole compared with persul-
fate radicals. In the wastewater prepared with de-ionized water,
Fenton process can totally remove sulfamethoxazole within
30 min at optimal condition. However, in the real wastewater,
the removal efficiency was only 52.5%. For persulfate process,
the removal efficiency was 100% within 120 min in the waste-
water prepared with de-ionized water, while the removal
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Fig.7 Sulfamethoxazole degradation in the real wastewater by Fenton
and persulfate process. The concentration of hydrogen peroxide was
1 mM, and the molar ratio of hydrogen peroxide to Fe(i) was 20 : 1; the
concentration of persulfate was 4 mM, and the molar ratio of persul-
fate to Fe() was 1 : 1.
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efficiency was only 52.3%, probably because the wastewater
components such as organic matter can act as the scavenger of
hydroxyl radicals and sulfate radicals, which reduced the
amounts of radicals reacting with sulfamethoxazole. In addition,
for the real wastewater, the degradation rate for persulfate
process was almost equivalent with that in Fenton process. This
can be explained by the fact that hydroxyl radicals has less
selectivity than sulfate radicals, so more hydroxyl radicals were
consumed by the untargeted compounds, such as organic
matters.”” Based on the removal efficiency of sulfamethoxazole
in the real wastewater, it is concluded that persulfate process
could be an alternative for treating the PPCPs-laden wastewater.

Fig. 8 shows the decomposition of hydrogen peroxide in the
real wastewater. In line with the sulfamethoxazole degradation,
the decomposition of hydrogen peroxide mainly occurred
within 10 min, and then almost kept unchanged. This
phenomenon could be explained by the reason that Fe(m)
combined with wastewater components, forming colloid or
precipitation, which reduced the amounts of Fe(u) reacting with
hydrogen peroxide. This indicated that higher Fe(u) concen-
tration might be required for treating the real wastewater. For
persulfate process, the final decomposition efficiency of per-
sulfate in the same real wastewater reached 93.1%, which was
higher than that obtained in the wastewater prepared with de-
ionized water. This could be attributed to the activation of
persulfate by organic matters in wastewater.*

The cost evaluation of Fenton and persulfate processes was
simply made. The price of hydrogen peroxide, persulfate and
ferrous sulfate (heptahydrate) was 1.06 € per g, 0.28 € per g and
0.15 € per g, respectively (based on the price obtained from
Sigma Aldrich company). Under the optimal conditions for
Fenton and persulfate process in this study, the total cost of
Fenton and persulfate process was 0.29 € and 0.47 €, respec-
tively, for removing 0.05 mM sulfamethoxazole. In addition,
persulfate is easier to store and transport than hydrogen
peroxide. In general, the final costs, including the oxidant,
Fe(u), storage and transportation for both Fenton process and
persulfate process are comparable.
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Fig. 8 Decomposition of hydrogen peroxide in the real wastewater
during Fenton process.
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It is well-known that Fenton and persulfate processes could
be inevitably produce iron sludge. However, it is still a problem
how to deal with the iron sludge during the two processes.
Several strategies could be used to solve this problem. One is
reusability of iron sludge as iron source for other treatment
process such as electrochemical Fenton-type process.'®*
Another is reusability of iron sludge as adsorbents for phos-
phate ion.*

4. Conclusions

In this study, the performance of Fenton process and persulfate
process for removing sulfamethoxazole was investigated and
compared. Fenton process performed better than persulfate
process for the removal and mineralization of sulfamethoxazole
in the wastewater prepared with de-ionized water. To achieve
complete removal of sulfamethoxazole, less amounts of Fe(u)
and less time were required for Fenton process in comparison
with persulfate process. Different intermediate compounds
were detected during Fenton process and persulfate process,
indicating that alternative degradation pathway occurred. In the
real wastewater, wastewater components had negative effect on
sulfamethoxazole degradation by Fenton process and persulfate
process. Fenton process and persulfate process exhibited
similar removal efficiency of sulfamethoxazole. Moreover, the
cost evaluation for Fenton and persulfate processes was simply
made. The persulfate process could be an alternative for treat-
ing the real wastewater containing PPCPs.
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