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Abstract

The presence of antibiotics in aquatic environments has attracted global concern.
Fenton process is an attractive yet challenging method for antibiotics degradation,
especially when such a reaction can be conducted at neutral pH values. In this study, a
novel composite Fe/Co catalyst was synthesized via the modification of steel
converter slag (SCS) by salicylic acid—methanol (SAM) and cobalt nitrate (Co(NOs),).
The catalysts were characterized by N,-Brunauer—-Emmett-Teller (BET), X-ray
diffraction (XRD), Fourier transform infrared (FT-IR _ photoelectron
spectroscopy (XPS), scanning electron microscopy (SE energy dispersive
X-ray spectroscopy (EDS). The results indicate that the Co-SAM-SCS/H,0,
Fenton-like system was very effective for sm@e azine (SMZ) degradation at a
wide pH range. At initial pH of K)the degradation rate of SMZ in
Co-SAM-SCS/H,0, system w . 20, 6.18, and 16.21 times of that in
Fe-SAM-SCS/H,0,, SA!\@Hzog, Co(NO3)»/H20, and SCS/H,O, system,
respectively. T re@i)ary analysis suggested that high surface area of
Co-SAM-SCS samp) and synergistic effect between introduced Co and SAM-SCS
are responsible for the efficient catalytic activity. During the degradation, three main
intermediates were identified by high performance liquid chromatography—mass
spectrometry (HPLC-MS) analysis. Based on this, a possible degradation pathway
was proposed. The SEM images, XRD patterns and XPS spectra before and after the
reactions demonstrate that the crystal and chemical structure of Co-SAM-SCS after

five cycles are almost unchanged. Besides, the Co-SAM-SCS presented low iron and
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cobalt leaching (0.17 mg/L and 2.36 mg/L, respectively). The studied Fenton-like
process also showed high degradation of SMZ in river water and municipal
wastewater. The progress will bring valuable insights to develop high-performance
heterogeneous Fenton-like catalysts for environmental remediation.

Keywords: Fenton-like; Sulfamethazine; Steel converter slag; Cobalt; Degradation.

1. Introduction

Antibiotics have been excessively abused in veterinary andhuman medicine. As

emerging contaminants, they have drawn increasing attengiom\\receny years owing to

their potential adverse effects on human health gnd aquatic\ecology (Cheng et al.

2016¢, Zeng et al. 2013a). Due to their antibacteri polarity nature, conventional

waste-water treatment plants (WWTPW@W partially remove antibiotics,

demonstrating the potential for Q pounds to be consistently presented in

effluents (Lai et al. 2016, Li et al@, ang et al. 2010). As a result, antibiotics have
been repeatedly detecte@ ce water and sediment (Cheng et al. 2018b, Guo et al.
2017, Huang et a , Liu et al. 2017, Zhang et al. 2016). Thus, an effective
elimination of these compounds from the environment is important and necessary.
Advanced oxidation processes (AOPs) are promising techniques for the disposal
of toxic and persistent organic pollutants in wastewaters (Cheng et al. 2017b, Huang
et al. 2017, Yang et al. 2017, Yang et al. 2016). Among these techniques, Fenton
process, based on the generation of highly reactive hydroxyl radicals (HO-¢), has

received particular attention (Cheng et al. 2016b). The Fenton process holds many

advantages, including high degradation efficiency, mild reaction conditions and
3
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simple operation (Cheng et al. 2016a). However, Fenton process also suffers from
some drawbacks, such as, (1) it requires strict pH regulation (pH 2—4) (Liu et al.
2016), (2) it requires the post-treatment of the dissolved iron ions and sludge (Guo et
al. 2014), and (3) it may cause secondary pollution of acids (Burbano et al. 2005),
which make this technique complex and uneconomical.

In order to overcome these drawbacks, Fenton-like processes using
heterogeneous catalysts containing iron materials have been developed (Navalon et al.
2010). In recent years, hematite (a-Fe,Os), maghemite (y-Fg, netite (Fe;0y),
pyrite (FeS,;) and goethite (a-FeOOH) have been as heterogeneous
Fenton-like catalysts for the degradation of many of¥gnic contaminants over a wider
pH range. Steel converter slag (SCS), a ﬁn@s ¢ material of the steel making
process, has high potential to be used Menton-like process as heterogeneous
catalyst owing to its abundance @) ides (FeO and Fe;03) (Yi et al. 2012). On
the other hand, SCS also co@nj calcium minerals, which can negatively impact the
performance of ton@process. It was reported that after adding SCS into the
system, solution pH Yould be rapidly increased from 6.4 to 10, due to the dissolution
of calcium minerals (Cheng et al. 2018a; Cheng et al. 2017a). Under this condition,
the Fenton/Fenton-like reaction would be inefficient. In our previous study, salicylic
acid—methanol (SAM) solution was used to dissolve calcium silicate minerals in SCS
and successfully improved the catalytic property of SCS (Cheng et al. 2017a).
However, like other iron based heterogeneous Fenton-like processes, the degradation

was preferentially operated at acidic solutions (pH <3) (Fan et al. 2009, Ozcan et al.
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2017, Shen et al. 2017, Tang et al. 2008). Such a requirement of acidic environment,
however, limited the industrial application of the technology because the pollutant
solutions always have neutral or slightly basic pH values (Fan et al. 2008, Shen et al.
2017, Zeng et al. 2013b).

Previous studies have shown cobalt based Fenton/Fenton-like process can be
operated in neutral pH condition (Bokare and Choi 2014). On the one hand, the
homogeneous Co>"/H,0, system was found able to completely decompose the dye
pollutant without the control of pH (Ling et al. 2010). ther hand, the
degradation of organic pollutants by heterogeneous Co ca as also studied in
the presence of H,O,. In one study, Co>" loaded¥eriodic mesoporous aluminum
phosphate was utilized as heterogeneous c or the degradation of phenol
(Mahamallik and Pal 2016). In a more&ge)t work, Co”" adsorbed alumina was
applied as heterogeneous cataly mpose methylene blue and methyl orange
(Mahamallik and Pal 2017Qn)both cases, Co-based heterogeneous catalysts can
effectively degraaghe Qlylants at neutral or even basic pH.

Inspired by theyabove idea, in this study, we used Co®" to further improve the
catalytic property of SCS in order to deal with the real wastewater, which always has
neutral or slightly basic pH values. The sulfamethazine (SMZ), one of the most
commonly used antibiotics, was selected as model antibiotics contaminant because of
its adverse effects on living being and frequently occurrence in natural water
environment (Sopaj et al. 2016). In recent years, chemical oxidation methods,

especially the AOPs, have been used for degradation of SMZ, including Fenton
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reaction based processes (Wan et al. 2016, Wan and Wang 2017, Wang et al. 2017,
Zhou et al. 2014, Zhou et al. 2013), photo-catalysis (Babi¢ et al. 2015, Yap et al.
2012), gamma irradiation (Liu et al. 2014, Liu and Wang 2013), ozonation (Bai et al.
2016, Garoma et al. 2010) and dielectric barrier discharge plasma (Kim et al. 2013).
According to the literature, Fenton reaction based processes have been most widely
used for the degradation of SMZ mainly due to their low cost and high efficiency. The
other methods may either suffer from high energy consumption or low efficiency.
Many works have demonstrated the degradation of SMZ by e reaction based
processes; however, most of them were conducted at acidic pon (Wan and Wang
2017, Wang et al. 2017, Zhou et al. 2014, Zhou et al;R013). Besides, few studies have
considered the degradation pathways of SMZ i@sys em.

The main objectives of this work&xe)to (1) produce a new heterogeneous
Fenton-like catalyst and elucida@ rphology evolution process; (2) study the
degradation performance of@d} at neutral pH values in this Fenton-like system and
investigate affec®} egg')nental parameters; (3) clarify the Fenton-like reaction
mechanism and revely the promotional role of Co" in the Fenton-like process; and (4)
examine the degradation intermediates of SMZ and propose the possible degradation

pathways.
2. Experimental section
2.1. Reagents and materials

The SCS was provided by Valin Iron and Steel Corp (VISTC), Xiangtan, China.
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The SCS is mainly composed of CaO, SiO,, FeO, Fe,0s;, MgO, MnO, Al,O3, P,Os
and TiO; (Table S1). The raw SCS was grinded with a planetary ball mill (YXQM-4L,
MITR, China) and sieved with a 0.05 mm mesh sieve to remove the large particles.
Sulfamethazine (C;4H20CINO;, standard grade) was obtained from Sigma-Aldrich
(Missouri, USA). Cobalt nitrate hexahydrous (Co(NOs),-6H,0, analytical grade),
methanol (chromatographic grade), salicylic acid (C;H¢O3, analytical grade) and
hydrogen peroxide (H2O,, 30% in water) were obtained from Beijing Sinopharm
Chemical Reagent Corp (China). Ultrapure water (18.3 MQecild’! used in all the

batch experiments.
2.2. Preparation of SAM-modified SCS

The preparation of SAM-modified @SCS) was reported in a previously
work (Cheng et al. 2017a). Briefly, Qf the dried SCS powder was added in 100
mL SAM solution (50 g/L) and @ at’ 200 rpm for 4 h at 25 °C. The mixture was
then filtered with the SQ) ter machine using a 0.45 pm filter membrane. The
filtration residue hed repeatedly with ultrapure water and then dried at 105 °C

for 24 h.
2.3. Preparation of Co-SAM-SCS

Co”" was introduced to the surface of SAM-SCS by a simple adsorption process.
At first, 1 g of prepared SAM-SCS was dispersed in a glass beaker containing 50 mL
of ultrapure water. The beaker was placed in a constant temperature (25 °C) ultrasonic

bath to obtain homogeneous SAM-SCS dispersion. After 30 min, 2 mL of Co(NOs),
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solution (0.2 M) was equally and slowly added to the beaker and maintained for
another 0.5 h ultrasonic treatment. The beaker was then transferred to a magnetic
stirrer and constantly stirred for 4 h at 25 °C. After that, the suspension was filtered
and filtration residue (Co>" loaded SAM-SCS, Co-SAM-SCS) was washed with
ultrapure water for several times and dried in an oven at 80 °C for 24 h. As a
comparison, Fe*" loaded SAM-SCS (Fe-SAM-SCS) catalyst was also prepared

according to the above method, where Fe** was used to replace Co”".
2.4. Characterization

Characterization of the -catalysts (SCS, SAM-SCS) Co-SAM-SCS) was
performed by using Brunauer—Emmett—Teller (B nning electron microscopy
(SEM), energy dispersive X-ray spectrow)%&), X-ray photoelectron spectrum
(XPS), X-ray diffraction (XRD), Fourier transform infrared spectroscopy
(FT-IR).The specific surface are%ﬂe vOlume and pore size of SCS, SAM-SCS and
Co-SAM-SCS were rr@ y the N»-BET adsorption method (Micromeritics
Instrument Corpor RI-STAR3020, USA). The morphology of the catalysts was
examined by SEM scanning (Carl Zeiss, EVO-MA10, Germany). EDS of the samples
was performed with an energy dispersive X-ray detector (Oxford Instruments, UK).
The crystal structure of the catalysts was examined with a D/max-2500 X-ray
diffractometer (Rigaku, Japan) with Cu Ka radiation, testing in the region of 26 from
5° to 80°. FTIR absorption spectra were obtained from a GX spectrophotometer
(Perkin Elmer, USA) with the standard KBr disk method. In addition, XPS was

adopted to investigate the chemical states of elements by using an Axis Ultra
8
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spectrometer (Kratos, Japan) with Al Ka source (hv = 1486.6 e¢V). In the electron
paramagnetic resonance (EPR) measurements, 50 mL of solution was sampled out
from  the  heterogeneous Fenton-like system  and  mixed  with

5,5-Dimethyl-1-pyrroline-N-oxide (DMPO, 50 mM) to create DMPO—+OH adducts.
2.5. Adsorption Experiments

The adsorption characteristics of the prepared catalysts were evaluated by
adsorption experiments using SMZ solution. The initial SMZ centration used in
this study was 5 mg/L. All batch experiments were pgrfofged_in /250 mL flasks
containing 100 mL of SMZ solution and 50 mg of,SCS, SA S, Fe-SAM-SCS or
Co-SAM-SCS, which were stirred in a water bath § % at 160 rpm and 25 £ 0.5 °C.

For certain time intervals, 0.5 mL of solu&\sg)mpled out for measurement of the

concentration of SMZ. The adsorbet of SMZ was calculated as follow:
Q= (Co - Cy) V/im @ (1)

Where Q; is the adsorcn)gﬂ%tity of SMZ on SCS, SAM-SCS or Co-SAM-SCS

(mg/g); Coand C; initial concentration and the measured concentration of SMZ
(mg/L), respectively; m is the weight of SCS, SAM-SCS or Co-SAM-SCS (g) and V
is the volume of SMZ solution (L).

The pseudo-first order kinetic model (2) (Lagergren 1898) and pseudo-second
order kinetic model (3) (Ho and McKay 1998) were adopted to study the adsorption
kinetics.
log (Qe - Q) =log Q. — k¢t /2.303 2)

t/Q, = 1/k,Q:* + t/Q. 3)
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Where Q; and Qe are the adsorbed amount (mg/g) of SMZ on adsorbents at t and
equilibrium, respectively. k¢ is pseudo-first rate constant (1/h), and kg is the

pseudo-second rate constant (g/mg-h), respectively.

2.6. Fenton-like reaction

The heterogeneous Fenton-like reaction was performed in 250 mL glass conical
flasks containing 100 mL of reaction solution at 25 °C and stirred at 160 rpm. SMZ

concentration in all experiment groups was 50 mg/L. The initiaJagH of SMZ solution

was set as 7.0 unless other mentioned. Typically, in the paragfve degradation
experiment, 50 mg of SCS, SAM-SCS, Fe-SAM-SCS or Co- -SCS was added in
100 mL SMZ solution, and then a certain amoun »O; solution (30 wt%) was

added to trigger the Fenton-like reacti FQ)ertain time intervals, 0.5 mL of
reaction solution was sampled out surement of the concentration of SMZ. In
the preliminary experlment ont stewater treatment, tap water (derived from
Changsha mnning-wate@ y), river water (Xiangjiang River, Changsha, China)
and municipal w. r (obtained from Changsha Ist sewage treatment plant,
Changsha, China) were used as the solution for the preparation of 50 mg/L. SMZ
wastewater. In these experiments, the catalyst loading is 0.7 g/L, H,O, dosage is 4%,
and the initial pH of the solution was adjusted to 9.0. The experiments were
performed in 250 mL glass conical flasks containing 100 mL of reaction solution at
25 °C and stirred at 160 rpm. All the experiments (including the adsorption
experiments) were performed in triplicate.

2.7. Analytical methods
10
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The concentration of SMZ was measured according to a published method
(Teixido et al. 2013) by high performance liquid chromatography (HPLC, Agilent
1100 series, USA) with an Agilent TC-C18 column (4.6 X 250 mm, 5 um). In addition,
SMZ mineralization was evaluated by detecting the TOC with a TOC-5000A model
analyzer (Shimadzu, Japan). The intermediates analysis was performed by an
ultra-high-performance liquid chromatography mass spectrometry (UPLC-MS,
Agilent 1290/6460, Triple Quad MS, USA) system equipped with an Symmetry C18
column (50 mm x 2.1 mm X 5 um). The detailed descriptign{of cting condition
was provided in supplementary material. Total iron concen pn the solution after
the reaction was determined using the 1, 10-phengyghroline-based method (HACH
method 8146) with a HACH DR2000 spe@no ometer (Hach, USA). Cobalt
concentration in the solution after the feaWggh was measured by flameless atomic
absorption spectroscopy (AAS, , Perkin Elmer, USA). The filtrate of the

reaction solution was used i@O)re mentioned measurements.
3. Results and di ig)

3.1. Physicochemical characterization of the prepared catalysts

The prepared catalysts (SCS, SAM-SCS, Co-SAM-SCS and used-Co-SAM-SCS)
were characterized via different methods. Firstly, the surface properties of the
catalysts were investigated by BET analysis. We found that specific surface areas of
SCS increased from 67.14 to 179.62 m?/g (Table S2) after SAM modification,

suggesting that SAM modification significantly changed the morphology of SCS. The
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remarkable increase in specific surface area is because calcium silicate minerals in the
surface of SCS were selectively removed by SAM treatment, resulting in forming
irregular surfaces (Cheng et al. 2017a). Compared to SAM-SCS, Co-SAM-SCS
showed an even larger specific surface area, this could be ascribed to the fact that Co
formed new structure on the surface of SAM-SCS. Only a slight decrease was
observed in the surface areas of used-Co-SAM-SCS, indicated that no significant
change occurred in the morphology of SAM-SCS during the Fenton-like experiments.
On the other hand, the hysteresis of modified-SCS (SAM-SQS -SAM-SCS and
used-Co-SAM-SCS) was observed (Fig. S1), indicatin e modified-SCS
presented the larger number of mesoporous comparez\o SCS.

SEM was applied to further study the n@ ogies changes of SCS. As seen
from Fig. la, the surface of SCS wasK@}tively flat and smooth. After SAM
modification, there was an obvi cMgrfee in the surface morphology of SCS. As
displayed in Fig. 1b, SAM-§CS presented irregular shapes and sizes. Fig. 1c revealed
that after Co™" sit@AM-SCS surface was covered by a rather uniform Co
layer. SEM image ofyesed-Co-SAM-SCS is very similar to that of Co-SAM-SCS (Fig.
l¢), further demonstrating that no significant change occurred in the morphology of
Co-SAM-SCS during the Fenton-like degradation experiments.

Additional elemental mappings combined with EDS analysis for the prepared
catalysts were also performed. EDS analysis showed that the unmodified SCS mainly
consists of O, Ca, Fe, Si, Mg, Mn and Al (Fig. S2a). After SAM modification, these
elements are still detected (Fig. S2b), but a distinct variation in the signals of them

12
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was observed. As illustrated in Table S3, the content of Ca was remarkably decreased,
while Fe content was increased after SAM modification. In particular, the mass ratio
of Ca to Fe was decreased from 2.27 to 1.29 after SAM modification. The results
from element mapping coincided well with the EDX analysis. For example, we can
clearly see from Fig. 2 that the signal intensity of Ca gradually reduced after the
modifications. The Co element distributed throughout the film of Co-SAM-SCS (Fig.
20) and used-Co-SAM-SCS (Fig. 2T), suggesting that Co had been evenly dispersed
on the surface of SAM-SCS and maintained good stability.

XRD diffraction patterns of SCS, SAM-S -SAM-SCS  and
used-Co-SAM-SCS were obtained to evaluate the mM&ification of SCS with SAM and
Co”" (Fig. 3). As can be seen in Fig. 3a, the in@es of dicalcium silicate peaks (26,
32.02° and 32.92°, JCPDS 77-0409) pror&@ly decreased after SAM modification.
On the contrary, the intensities @) ide peaks (26; 36.21°, 42.07° and 61.16°,
JCPDS 74-1880) of SAM-{CS were enhanced as compared to those of unmodified

itgczjled that the SAM modification removed a portion of

calcium silicate mindyals from SCS. As for SAM-SCS and Co-SAM-SCS, the similar
XRD patterns were found (Fig. 3). That is to say, the introduction of Co in the catalyst
had no noticeable influence on its crystalline structure. The peaks for CoO (26; 36.37°,
42.26° and 61.38°, JCPDS 48-1719) were found in Co-SAM-SCS, suggesting that Co
was successfully introduced onto the surface of SAM-SCS. No obvious decline in Co
peaks after 5 cycles of degradation test revealed that a negligible amount of Co on the

surface of SAM-SCS was lost during the Fenton-like processes. The decrease in the

13
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peak at 26 values of 29.36° belongs to CaCO; (JCPDS 05-0586) in Co-SAM-SCS and
used-Co-SAM-SCS may attribute to that part of CaCOs in SAM-SCS was removed
under acidic condition during the preparation of Co-SAM-SCS.

The structure of the catalysts was also studied by FT-IR spectra. As displayed in
Fig. 3b, the FT-IR spectra of SCS and SAM-modified SCS are similar. The broad
bands in the range of 1400-1500 cm ™' and 800-1000 cm ' are primarily associated to
the stretching vibrations of Ca—O (Gadsden 1975) and Si—O (Criado et al. 2007),
respectively. The bands of Ca—O and Si—O decreased, Qbyeugly after SAM
modification, which was in agreement with XRD analysS\\ 0-SAM-SCS, no
discernable discrepancy was observed, which is liked due to the small amount of Co
in the catalyst, and it also inferred that the intlon of Co has no impacts on the
initial chemical structure of SAM-SCS. K)

Fig. 4A displays the c¢ r of the survey spectra of SCS and
SAM-modified SCS. The e@n?ts of Si (102.3 eV), Ca (347.5 eV, 351.2 eV), Fe
(711.7eV, 724.9 CQQ.I eV) and Mg (1303.7 eV) can be clearly observed on
the spectra of all theyour samples, while the elements of Co can only be observed on
the spectra of Co-SAM-SCS and used-Co-SAM-SCS. Fig. 4B and 4C present the high
resolution XPS spectra of Ca and Fe, respectively. It can be clearly seen from Fig. 4B
that Ca 2p peaks with the binding energy of 347.5 eV and 351.2 eV in SAM-SCS are
much weaker than that in SCS, and these peaks in the spectra of Co-SAM-SCS and
used-Co-SAM-SCS further decreased as compared to those in SAM-SCS. Fig. 4C
shows the Fe 2p spectrum with two individual peaks located at 724.6 eV for Fe 2p;»

14
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and the other one with the binding energy of 711.7 eV is assigned to Fe 2ps,. It was
found that Fe 2p peaks in the spectra of modified SCS (SAM-SCS, Co-SAM-SCS and
used-Co-SAM-SCS) were enhanced as compared with those in the spectra of SCS.
We found there was no discernable change in the XPS spectra of Co for
Co-SAM-SCS and used-Co-SAM-SCS (Fig. 4D). Two major peaks with binding
energies at 797.6 eV and 781.6 eV are attributed to Co 2ps, and Co 2p;, of Co, and
the satellite peaks were found at 786.4 eV and 803.7 eV (Li et al. 2016). Overall the

XPS results coincided well with the SEM, EDS, and XRD angalgsi
3.2. Adsorption of SMZ by the catalysts

The adsorption of organic pollutants onto the e of catalysts are important
for the catalytic degradation since the h ogzas Fenton-like degradation mainly
occurs at the solid-liquid interfac@ et al. 2014). Thus, in the first step, the
adsorption of SMZ by SCS, SARA-SLCS’and Co-SAM-SCS was studied by using 5
mg/L. of SMZ solutio.@ ealed in Fig. 5, the adsorption of SMZ increased
quickly in 30 min ieved adsorption equilibrium within 2 h in all three studied
systems. Fig. 5 demonstrates that the adsorption performance of Co-SAM-SCS is
similar to that of SAM-SCS, whereas SCS shows much lower adsorption capability.
The remarkable adsorption rate can be ascribed to the changes of surface structure and
chemical composition of SCS. As shown in Table S2 and Fig. 1, the surface area, total
porosity and total pore volume of SCS increased largely after SAM modification.
Further study showed that the sorption kinetics of SMZ on SCS, SAM-SCS and

Co-SAM-SCS can be well fitted by pseudo-second order kinetic model (R’ = 0.9995,
15
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0.9994 and 0.9997, respectively), suggesting chemisorption is the rate-limiting step

for sorption (Brusseau et al. 1991, Gong et al. 2009, Xu et al. 2012).

3.3. Comparative degradation behavior of SMZ in different Fenton-like systems

Degradation behaviors of SMZ were investigated by homogeneous and
heterogeneous Fenton-like processes to evaluate the catalytic activity of
Co-SAM-SCS (Fig. 6). The degradation experiments were conducted at pH 7.0 with
50 mg/L of SMZ solution. Fig. 6a illustrated that the degradatiga rates of SMZ were
very different to each other in these systems. It was foupd Nt 4.79%6 of SMZ was

removed in the SCS/H,0; system within the first,] h and thya the concentration of

SMZ did not significantly change during the sub @ t 3 h (Fig. 6a). The SAM
modification enhanced the catalytic abil%%’, approximately 20% degradation
efficiency enhancement, which mai e to the reduction of calcium mineral and
the formation of higher surface% at’s more, the removal rate of SMZ could
reach to 77.62% when @ introduced to SAM-SCS.

For comparisOy/ Sg¢NO3), and Fe-SAM-SCS were also taken into consideration.
As shown in Fig. 6a, the efficiency of heterogeneous Co”'/H,0, Fenton-like process
was relatively low, only 12.56% of SMZ was degraded in 240 min. This is because
high H,0, concentration (H,0,/Co* = 6) is required to achieve efficient oxidation in
heterogeneous Co>/H,O, system (Bokare and Choi 2014, Ling et al. 2010).
Compared with SAM-SCS, Fe-SAM-SCS exhibited higher catalytic activity and SMZ
concentration was reduced by 31.63%. However, this value is not comparable with

that of Co-SAM-SCS, which could be ascribed to the fact that Fe-based
16
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Fenton/Fenton-like reactions are more efficient at acidic condition. Over all, the
corresponding degradation rates of all the catalysts were in the following order:
Co-SAM-SCS > Fe-SAM-SCS > SAM-SCS > Co(NOs), > SCS. Besides, these
results are in good accordance with the results of TOC analysis (Fig. 6b),

demonstrating that Co-SAM-SCS has high potential in practical applications.
3.4. Effects of catalyst loading, H,0; dosage and pH on SMZ degradation

The effects of catalyst concentration on the degradationagates of SMZ were
evaluated by performing experiments with the presencg oXNacreashg amounts of
Co-SAM-SCS. As seen in Fig. 7a, SMZ removal {n 240 min Wacreased from 29.31%

to 82.57% along with the increase of catalyst do % om 0.1 to 0.7 g/L. This is

probably due to that the number ow)zgtes increased as the increased

Co-SAM-SCS loadings, which ac ed the decomposition of H,O, and the

generation of HOe. On the oth%d, e decline in SMZ removal was observed
when increasing Co-SA@ oading up to 1.0 g/L. The probable reason was that
the excessive Co- CS decreased the density of surface adsorbed H,O,, and
reduced the concentration of HOe on the solid-liquid inter-surface (Wang et al. 2016).
Besides, there also research suggested that iron surfaces would then cause the
undesirable consumption of radicals (e.g., HO* and HOQe¢) through the following
equations (Cheng et al. 2014, Hu et al. 2011b, Huang et al. 2012).

=Fe(Il) + HO* — =Fe(Ill) + OH 4)

=Fe(I1I) + HO,* — =Fe(1l) + HO,™ (5)

The effect of H,O, dosage (0% to 6%) on the degradation of SMZ was then
17
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examined. The experimental results (Fig. 7b) showed the removal of SMZ was quite
limited (less than 5%) in the absence of H,O,. In fact, this part of SMZ was removed
by the adsorption of Co-SAM-SCS. The introduction of H,O, into the SMZ solution
significantly accelerated the removal of SMZ. The degradation rate of SMZ increased
along with the increase of H,O, dosage from 1% to 4%, indicating that the
concentration of H,O, was directly related to the degradation of SMZ. That makes
sense, because H,O, is directly involved in the generation of the reactive radicals.
However, the degradation rate of SMZ decreased when t dosage further
increased to 6%, which is possibly due to the scavenging y excessive H,O,

through equation (6) and (7) (Hu et al. 2011a, Huang¥¢ al. 2008, Xia et al. 2011).

H,0,+ HO* — HO,* + H,0 @ (6)

HO,+ + HO* — O, + H,O K) (7)
It has been well establishe<®Qof the solution plays a critical role in the

efficiency of the Fenton/Fe@ike oxidation. In the tested pH range (5-9), at least
60% of SMZ ca de@@)d after 240 min, suggesting that Co-SAM-SCS could be
used for degradatiotyof organic contaminants over a wide range of pH values. As
illustrated in Fig. 7c, the degradation efficiency increased gradually as pH increased
from 5.0 to 9.0, which indicated that the increase of pH favored the catalytic
degradation of SMZ in the Co-SAM-SCS/H,0, system. This result would be ascribed
to the fact that Co rather than Fe played the major role in the catalytic degradation of
SMZ under low pH condition. In this regard, the Co-SAM-SCS catalyzed

heterogeneous Fenton-like process showed a remarkable advantage due to the
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working environment.
3.5. Identification of the dominant radicals

It has been widely accepted that the degradation of pollutants is attributed to the
generation of radicals originated from the activation of H,O, in the Fenton/
Fenton-like process (Centi and Perathoner 2003). In order to elucidate the reaction
mechanism in depth, the dominant radical that contributes to the degradation of SMZ
was identified by free radical trapping experiments. In this stydy, tert-butyl alcohol
(TBA) was utilized for hydroxyl radical (HO¢) scavenger and\{4-benZoquinone (BQ)
was used for superoxide radical (*O;") scavenger (Egng et al. 2840, Ozcan et al. 2017).
As seen from Fig. 8a, addition of BQ caused a sli ease in the degradation rate
of SMZ, indicating that O, played a @1 SMZ degradation. On the other
hand, TBA caused prominently Qnon of the Co-SAM-SCS catalyst. The
degradation rate of SMZ dechne 72% to 37.13% in the presence of 20 mM
of TBA, which demor@te e crucial role of HO+ in the catalytic degradation
process. Accordin se results, it can be concluded that the major active specie in
this heterogeneous Fenton-like reaction should be HOe. The formation of HO* was
also verified by EPR spin trapping experiment. Fig. 8b reveals that HOs were
generated in Co-SAM-SCS/H,0; and SAM-SCS/H,0; systems. The intensity of the
generated HO+ was found to be almost 3 times higher for Co-SAM-SCS than for

SAM-SCS. These results were consistent with the observed enhancement in SMZ

removal.
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3.6. Possible activation mechanisms of H,O;

It is generally accepted that in iron oxides based Fenton oxidation systems, HO«
is believed to be generated by the decomposition of H,O, on the surface of the
heterogeneous catalyst through Egs. (8) and (9) (Zhao et al. 2017). In these processes,
Fe(II) is produced via reduction of Fe(IlI), while HOe is continuously generated from
the decomposition of H;O,. Meanwhile, it should be noted that competitive reactions
(e.g., Egs. (1) and (2)) could occur (Hu et al. 2011b, Huang et al. 2012, Zhang et al.
2007), which negatively influence the Fenton process.
=Fe(Il) + H,O, — =Fe(Ill) + HO- (8)
=Fe(1IT) + H0, — =Fe(I) + H" + HO»* 9)

By contrast, the generation of HO* by %nediated activation of H,O, has

been documented only in a few stwd”Q?a d on previous researches (Bokare and

Choi 2014, Shen et al. 2017) a
possible HO+ formation @sm by Co can be proposed as Eqgs. (10-12). Very
Ci

erimental results obtained in this work, a
interesting, HO, in the competitive reaction (Eq. (5)) of iron based Fenton
processes, plays an important role in the reduction of Co(Ill) (Eq. 12). What’s more,
HO,* generated from Eqgs. (9) and (12) can react with Fe(Ill) to produce HO, via Eq.
(5). That is to say, Co and Fe on the surface of Co-SAM-SCS present synergistic

effects on the efficient generation of HO- (Fig. 9).

=Co(II) + H,O, — =Co(III) + HO- (10)
H,O,+ HO < HO, + H,O (11)
=Co(IIl) + HO, — =Co(II) + HO* (12)
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As shown in Eq. (11), HO plays an important role in the Co(II)/Co(III)
circulation, which has been varied by our result in section 3.3 that the Co-SAM-SCS
catalyst exhibited better catalytic performance in alkaline solutions (pH = 9) than
acidic solution (pH = 5). At higher pH, a larger number of perhydroxyl anions (HO, )
were present in the solution (Eq. (11)). Compared with H,O, molecules, HO, is more
nucleophilic and show higher activity to interact with Co(Ill) in the Co-SAM-SCS

catalyst (Eq. (12)) (Nguyen et al. 2013).

3.7. Degradation intermediates and pathway of the SMZ de, %

To fully understand the degradation process of SMZNpy the Co-SAM-SCS

catalyzed Fenton-like reaction, LC-MS analyses Nrther performed to identify
the oxidation products of SMZ. The LC@)@AOW% that intensity of SMZ peak

(3.52 min) decreased quickly aft » was added to the system (Fig. 10a).

Meanwhile, two peaks emeried @en .60 min and 1.10 min, and the intensity of

them increased gradual@

intermediates o Z were detected by LC-MS, which included

e reaction time. In our study, three main degradation

N-(4,6-dimethylpyrimidin-2yl)benzene-1,4-diamine (A, m/z 215), 4-aminophenol (B,
m/z 110) and 4,6-dimethylpyrimidin-2-ol (C, m/z 125) (Fig. S3). Further, we found
that A was the dominant product at 60 min, but C became the most abundant product
after 120 min. On the basis of these information and the studies (Guo et al. 2013, Li et
al. 2017) published previously, a possible degradation pathway of SMZ in the
Co-SAM-SCS/H,0, system was proposed in Fig. 10b. First, SO, elimination driven

by HO- led to the formation of A, which is a phenomenon frequently observed in the
21
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degradation of sulfonamides (Boreen et al. 2005, Huang et al. , Neafsey et al. 2010).
Then, C—N bond on the benzene ring was cleaved to form the degradation products of
B and C. Finally, B and C could be further attacked by HO«, leading to the formation

of harmless inorganic species and small-molecule organic acids.

3.8. The stability and the degradation of SMZ in natural samples

The stability of the catalyst is an important issue that should be considered

before actual application. The reusability is commonly usedafor evaluating the

stability of Co-SAM-SCS. As shown in Fig. 11, the degradatN& efficigncy was nearly

maintained at the level of fresh sample after five successiveNuns. Furthermore, the

structural stability of the Co-SAM-SCS catalyst .‘@ mined by SEM (Fig. 1), EDS
(Fig. 2), XRD (Fig. 3) and XPS (Fig. %&e seen, the crystal structure and
morphology of used-Co-SAM-SCS similar to those of fresh Co-SAM-SCS.
In addition, the leached Co and I%Er action were only 2.36 mg/L and 0.17 mg/L,
respectively. C)

In real applic the composition of actual wastewater is extremely complex.
Therefore, huge differences could be obtained between removal efficiencies in a
simulated wastewater and an actual polluted wastewater. In this work, the removal
efficiency of SMZ by Co-SAM-SCS/H,0, was studied using ultrapure water, tap
water (Changsha Running-water Company), river water (taken from Xiangjiang River,
Changsha), and municipal wastewater (obtained from Changsha 1st sewage treatment

plant, China). The results showed that, after the Fenton-like process, more than 95%

of SMZ is removed by Co-SAM-SCS/H,0; for ultrapure water, ultrapure water and
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river water (Fig. S4). While relatively lower removal of SMZ (about 86%) was
observed in wastewater, this is probably due to the competition of HOe* by the
abundant organic matters in municipal wastewater. The obtained results greatly
suggested that this novel catalyst exhibited good stability, and also has a great
potential for practical treatment of real wastewater. The versatility of this
Co-SAM-SCS/H,0; system is also enhanced by the fact that it can work efficiently in
neutral or slightly basic pH condition. More importantly, the catalyst can be recovered
by a simple settling and separation process, which enables the rgu the catalyst.
3.9. Operating cost-efficiency comparison

The raw materials and chemicals used in the prgiaration of Co-SAM-SCS can be
cheaply provided by the industrial supplies. @w olesale price of grinded SCS,
salicylic acid, methanol, Co(N03)2~6H2C&}1202 (30%) is about 0.15 US$/kg, 1.5
US$/kg, 0.4 US$/L, 1.8 USS/kg @ 2" US$/L, respectively. In this study, the cost
for the production of Co-SA@S is about 1.7 US$/kg. According to the preliminary
results abstained @ thi@k, the chemical cost for the treatment of 50 mg/L SMZ
wastewater is about Y9 USS$/m’, which is higher than the costs of some reported AOPs
(Table 1) (Boczkaj and Fernandes 2017, Patil and Gogate 2015, Thanekar et al. 2018,
Weng et al. 2013). For example, in a recent work, Thanekar et al. (2018) reported the
total cost of a hydrodynamic cavitation/H,0,/O3 system is 4.55 US$/m’. The higher
chemical cost in our study is mainly because relatively high H,O, dosage (4%) was
adopted for the fast degradation of SMZ at slightly basic pH condition. It should be

noted that over 80% of SMZ can be removed in 240 min with 2% of H,O, (Fig. 7).
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Under this condition, the chemical cost can be reduced to 5.6 US$/m’. Furthermore,
the chemical cost can also be reduced by recycling the catalyst. As shown in Table 1,
the studied process (Co-SAM-SCS/H»0,) is more economical than a recently reported
sonication/ Fention-like process (Jaafarzadeh et al. 2018). If the studied Fenton-like
process can be put into practical application, it will provide a feasible way to reuse

SCS and also achieve excellent environmental benefit.
4. Conclusions

* In this study, a novel heterogeneous Fenton-like syste Co-SAM-SCS as the

catalyst was developed for the degradation of antibjotic SMZ iy wastewater.

* The Co-SAM-SCS/H,0, system can work ef@ neutral or slightly basic pH

conditions. Furthermore, the catalyst sho&gjo stability and reusability.

* Co and Fe on the surface of Coy S present synergistic effects on the efficient

generation of HOe, which wis mainly responsible for the degradation of SMZ.

* Three main deg 'cgfeermediates were detected during the degradation process,
based on which a possible degradation pathway of SMZ in the Co-SAM-SCS/H,0,

system was proposed.

* A further study conducted in three kinds of wastewater confirmed the application
feasibility of this heterogeneous Fenton-like process for wastewater treatment.
Meanwhile, further research conducted with more complex wastewater is still needed

before the full-scale implementation.
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* Our findings provide useful information to develop efficient and cost-effective

approaches to degrade organic pollutants in wastewater.
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766  Fig. 1. SEM images of SCS (a), SAM-SG W), Co-SAM-SCS (c) and
767  Used-Co-SAM-SCS (d), and the enlarg@@)‘ages of SCS (e), SAM-SCS (%),

768  Co-SAM-SCS (g) and Used-Co-SA (h).
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