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ABSTRACT

Mg-doped CuO samples were synthesized by a coprecipitation method and used for removing sul-
famethoxazole with peroxydisulfate (PDS) activation. The doped Mg inhibited the growth of CuO
crystal and led to the formation of nanoparticles with larger surface areas. In addition, the doped
samples had high alkalinity and buffer capacity. Therefore, they exhibited much higher activity
than pure CuO, and their performance was barely affected by the initial solution pH. The influ-
ences of catalyst and PDS dosages were also investigated. When 0.5 g L of CuO-Mg and 0.25 mM
of PDS were used, the consumption efficiency of PDS and the degradation efficiency of sulfame-
thoxazole reached 89% and 99.6%, respectively. The quenching experiments and electron paramag-
netic resonance experiments indicated that ‘SO, and °O; should be the reactive species for sulfa-
methoxazole degradation. The doped Mg significantly promoted the production of *SO;, and *O,.
Finally, the possible degradation pathway of sulfamethoxazole was discussed according to the liquid

chromatography-mass spectrometry result.
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1. Introduction

The development of highly efficient technology for
removing refractory organic pollutants has always been a
hot topic in the field of water treatment. In recent years,
persulfate, including peroxymonosulfate (PMS) and per-
oxydisulfate (PDS), activation processes have attracted
great interest in removing pharmaceuticals because the
formed sulfate radical ("SO;) has higher oxidation ability,
stability, and selectivity than hydroxyl radical ("OH) [1-7].
Among different activation processes, heterogeneous cat-
alytic activation requires low-energy consumption and
exhibits high performance in a wide pH range, thus receiv-
ing more attention. In comparison with PMS, PDS shows
a better application potential due to its lower cost and
higher stability [8-10].

* Corresponding author.

Up to now, many efforts have been made to develop
highly active catalysts for PDS activation, including metal,
metal oxides, and carbonaceous materials [11-17]. Copper
oxides were found to be effective for the removal of refrac-
tory organic pollutants. Various reactive oxygen species
have been reported to be the dominant reactive species in the
PDS activation processes with copper oxides. Accordingly,
various activation mechanisms have also been proposed.
It is well known that *SO; is the common reactive species and
can be produced through the reaction of PDS with =Cu**.
The produced *SO; can react with OH™ to form hydroxyl
radical ("OH). Our previous work found that =Cu*" with
more electron deficiency could promote the decomposition
of PDS into superoxide radical (*O;) [18,19]. In addition,
CuO can activate PDS through the non-radical way [20-24].
The previous studies have demonstrated that the activation
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pathway and efficiency of PDS are dependent on the struc-
ture and property of copper oxides. Some methods, such as
loading on support, doping, or compositing with other com-
ponents, have been reported to be effective for improving
the performance of a catalyst [11,12,25-36]. Among them,
metal doping should be a simple and effective method for
manipulating the performance of a catalyst. For instance,
Zhou et al. [31] reported that the doping of nonreducible
metal oxides onto Cu@Fe,O, modified its surface properties
and chemical state of Cu, thus, altering the activation path-
way of PMS. Singlet oxygen ('O,) derived from the direct
oxidation or the recombination of *O; was the main reactive
species in this process. Jawad et al. [32] also found that the
incorporation of Mg oxide into CuO/Fe,O, switched the rad-
ical activation process of PMS into the 'O, based non-rad-
ical process. Although PMS has a different structure and
can be activated more readily compared to PDS, it can be
deduced that the performance of CuO for PDS activation
can be also affected by Mg doping.

Hence, in this work, Mg-doped CuO samples were
synthesized by a facile coprecipitation method and inves-
tigated as a catalyst for PDS activation. Sulfamethoxazole
is one of the widely used antibiotics in the world has been
regularly detected in wastewater effluent, surface water, and
drinking water (0.01-2.0 pg L) [37]. Therefore, it was used
as the target pollutant. The correlation between the surface
properties and activities of the catalysts was analyzed by
different characterization techniques. The possible mech-
anism for the enhanced performance of Mg-doped CuO
was discussed. The influence of reaction parameters on its
performance was investigated. Finally, the dominant reac-
tive species for sulfamethoxazole removal and the possible
degradation pathway of sulfamethoxazole were analyzed.

2. Experimental
2.1. Catalyst preparation

Pure CuO was prepared by a precipitation method.
First, 1.025 g of CuCl,-2H,0 was dissolved in distilled water.
Then 1.5 mL of 8 M NaOH solution was added dropwise.
The resultant suspension was magnetically stirred for 0.5 h
and then allowed standing for 12 h. The precipitate was col-
lected by the filtration and washed with ethanol and water.
Finally, it was dried at 110°C for 6 h and calcined at 350°C
for 4 h. Mg-doped samples were prepared by the same
method except for the addition of MgCl-6H,O. The samples
prepared with the Cu:Mg ratios of 20:1, 15:1, and 9:1 were
designated as CuO-Mgl, CuO-Mg2, and CuO-Mg3, respec-
tively. For comparison, Mg/CuO nanocomposites with the
Cu:Mg ratios of 6:1 and 3:1 were also prepared and named
as CuO-Mg4 and CuO-Mg5.

2.2. Catalyst characterization

The crystal phase and morphology of the prepared
samples were examined by a Bruker D8-Advance pow-
der X-ray diffractometer (XRD) and a Hitachi S-4800 field
emission scanning electron microscope (SEM), respec-
tively. The surface areas of the samples were determined
by a Quantachrome NOVA 4000e surface area analyzer.
The surface chemical state was measured by a Thermo

ESCALAB 250 X-ray photoelectron spectrometer (XPS).
The isoelectric point of the sample was measured by the pH
drift method. The content of CuO in the doped samples was
determined by a Hitachi 180-70 atomic absorption spectrom-
eter. These samples were dissolved with H,SO, solution.
The ratios of Cu to Mg in the final samples were propor-
tional to their precursors, suggesting that the applied Mg
in the source materials has entered the final catalysts.

2.3. Degradation of sulfamethoxazole by PDS activation with
different samples

Catalytic tests were performed in a 200 mL glass bea-
ker. In a typical experiment, a certain amount of Na,S,0,
was added in 100 mL sulfamethoxazole solution (39.5 uM,
10 mg L™). The initial solution pH was adjusted to 8 using
diluted NaOH solution. The reaction was started by adding
0.05 g of catalyst. At different reaction times, samples were
withdrawn and filtered for analysis. The residue PDS in the
solution was removed by Na,S,0, solution. The concentration
of sulfamethoxazole was determined by a high-performance
liquid chromatograph (HPLC, Agilent 1200) equipped with
a ZORBAX Eclip se XDB-C18 column. Acetonitrile and
ammonium acetate (1 mM) aqueous solution were used as
the mobile phase. The degradation products were identi-
fied by a 3200 Q-TRAP liquid chromatograph-mass spec-
trometry (LC-MS, AB SCIEX). The consumption rates of
PDS by different catalysts were determined by the potas-
sium iodide method. The signals of 5,5-dimethy-1-pyrro-
line-N-oxide (DMPO) adducts with radicals in different
catalytic processes were analyzed by a Magnettech MS-5000
electron paramagnetic resonance (EPR) spectrometer.

3. Results and discussion
3.1. Characterization of different samples

The crystal phase of the prepared samples was exam-
ined by the XRD analysis. As shown in Fig. 1, all the peaks
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Fig. 1. XRD patterns of (a) CuO, (b) CuO-Mgl, (c) CuO-Mg2,
(d) CuO-Mg3, (e) CuO-Mg4 and (f) CuO-Mg5.
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of the samples can be indexed to monoclinic CuO crystal
(JCPDS 80-1268), and the peak intensity decreased with
increasing the content of Mg. The result indicates that the
undoped sample is pure CuO. The lattice parameters of
CuO are a =0.4676, b = 0.3418, ¢ = 0.5129 nm, and 3 = 99.54°.
They all decreased after the doping of Mg. However, no
peaks assigned to other components were observed for the
other samples, which can be attributed to the low content
and/or amorphous structure of Mg oxide. The weaker and
wider peaks indicate the lower content and smaller crystal
size of CuO. Mg might inhibit the crystallization of CuO
and decrease its crystal size, which can be demonstrated by
the morphology observation of these samples.

Fig. 2 shows the SEM images of different samples.
The morphology of the pure CuO sample is irregular
nanosheet. This is in accordance with the reported litera-
ture, and CuO nanosheets can be usually obtained by the
dropwise addition of NaOH solution [38]. Interestingly,
some nanosized particles were observed after doping a
small amount of Mg (Fig. 2b), and their amount increased
with increasing the content of doped Mg. When the Cu:Mg
ratio was decreased to 9:1, nanosheets completely disap-
peared and the sample was composed of nanoparticles
with sizes of several tens of nm. The smaller particle sizes
of the doped samples are consistent with their XRD analysis
result. In general, nanosized particles usually have large sur-
face areas. The surface area of CuO is only 15 m? g7, and
the doped samples have much larger surface areas due to
their smaller particle sizes. The surface areas of CuO-Mgl,
CuO-Mg2, CuO-Mg3, CuO-Mg4, and CuO-Mg5 were deter-
mined to be about 59, 79, 85, 96, and 129 m? g7, respectively.
The incorporation of Mg inhibited the growth of CuO crys-
tal and led to the formation of smaller particles. The isoelec-
tric point of pure CuO was determined to be around 7,
which is in accordance with the reported CuO samples in
previous literature [21]. The surface chemical state of CuO
and CuO-Mg3 was measured by XPS. As shown in Fig. 3,
the binding energy of Cu 2p3/2 is 933.3 eV for pure CuO,
which can be assigned to Cu*. In comparison with CuO, the
Cu 2p3/2 peak of CuO-Mg3 shifted positively. This can be
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attributed to the doping of Mg. The characterization results
show that the structure of CuO was successfully modified
through the incorporation of magnesium oxide, which might
affect its activity for PDS activation.

3.2. Degradation of sulfamethoxazole by PDS activation with
different samples

Fig. 4a shows the degradation of sulfamethoxazole by
PDS activation with different samples. Sulfamethoxazole
cannot be degraded by single PDS and PDS + MgO.
The addition of CuO significantly accelerated its degra-
dation. But its degradation efficiency was only 57.8% at a
reaction time of 30 min. It is interesting that the activity
of CuO was dramatically enhanced through the incorpo-
ration of Mg. The activity of these samples was positively
correlated with the content of Mg, but its effect was lim-
ited. CuO-Mg3, CuO-Mg4, and CuO-Mg5 exhibited similar
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Fig. 3. Cu 2p XPS spectra of CuO and CuO-Mg3.

Fig. 2. SEM images of (a) CuO, (b) CuO-Mg]l, (c) CuO-Mg2, (d) CuO-Mg3, (e) CuO-Mg4 and (f) CuO-Mg5.
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Fig. 4. Sulfamethoxazole degradation (a), PDS consumption (b), and pH changes (c) in different PDS activation processes

(initial pH 8, catalyst 0.5 g L™, PDS 1 mM).

activity for sulfamethoxazole degradation, and more than
97% of sulfamethoxazole was degraded within 15 min.
In general, the degradation efficiency of pollutant was
mainly dependent on the activation efficiency of PDS.
Fig. 4b shows the consumption efficiencies of PDS by
different samples. The result is consistent with the activ-
ity of these samples for sulfamethoxazole degradation.
This means that more reactive species might be produced
from the decomposition of PDS, thus, promoting the degra-
dation of sulfamethoxazole. The doped samples have much
larger surface areas, which can provide much more active
sites for the decomposition of PDS into reactive species.
In addition, the activation efficiency of PDS is tightly asso-
ciated with the solution pH and PDS is readily decomposed
at higher pH. Fig. 4c shows the change of solution pH after
the addition of different samples into the sulfamethoxaz-
ole-PDS solution. The solution pH decreased slightly with
the addition of CuO, while that in the presence of Mg incor-
porated samples all increased at the initial stage. The pH
values in different systems were positively correlated with
the content of Mg, which can be due to its high alkalinity
and buffer capacity. It is well known that the higher solu-
tion pH facilitates the decomposition of PDS. Therefore,
the doped samples exhibited higher activity for PDS
decomposition than pure CuO. The performance of CuO
for the degradation of sulfamethoxazole at pH 10 was also

examined. As shown in Fig. 5a, 89.6% of sulfamethoxazole
was degraded by CuO at pH 10, much higher than that
by CuO at pH 8. However, the activity of CuO at pH 10
was still much lower than those of CuO-Mg. This could be
attributed to the larger surface areas of CuO-Mg. Because
the CuO-Mg samples have higher surface areas and buffer
capacity, they exhibited higher activity for the activation
of PDS and the degradation of sulfamethoxazole.

It is worth pointing out that all the samples exhibited
poor adsorption capacity towards sulfamethoxazole and
the maximum adsorption rate was only 2.1%. This may
be caused by the electrostatic repulsion between sulfame-
thoxazole and catalyst surface. Because the pKa value of
sulfamethoxazole is 5.6 and the isoelectric point of CuO is
about 7, they are both negatively charged at initial pH 8
[39]. Moreover, the solution pH further increased with the
addition of Mg incorporated samples, and the electrostatic
repulsion might be also enhanced. Therefore, although Mg
incorporated samples have much larger surface areas than
pure CuO, they still exhibited very low adsorption capaci-
ties towards sulfamethoxazole. Because the introduced Mg
increased the solution pH, the leaching of Cu was signifi-
cantly hindered. The maximum concentration of leached Cu
in the CuO-Mg-PDS process was only 0.028 mg L7, much
lower than that in the CuO-PDS process (0.726 mg L™).
Accordingly, the contribution of homogeneous reactions to
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pollutant removal can be ignored. In addition, the incorpo-
ration of magnesium oxide should be an efficient method to
avoid the secondary pollution of Cu leaching.

3.3. Influence of reaction conditions on catalytic
performance of CuO-Mg

The above results demonstrate that the incorporation
of Mg successfully improved the catalytic performance of
CuO. Subsequently, the influence of reaction conditions on
the performance of CuO-Mg was further studied. Fig. 5a
shows the degradation of sulfamethoxazole with CuO-Mg3
at different initial pH. Initial solution pH had a slight
effect on sulfamethoxazole degradation, and the degrada-
tion rate was accelerated with increasing pH. This can be
ascribed to the high buffer capacity of CuO-Mg. Although
the initial pH values were quite different, they became sim-
ilar after the addition of CuO-Mg. Our previous work has
found that the initial solution pH had a stronger effect on
pure CuO. Moreover, the leaching of Cu was serious at
low pH [20]. As for CuO-Mg, it showed high activity in a
wide pH range, and the leaching of Cu was also avoided
even when the target pollutant solution was acidic.

Fig. 5b shows the degradation of sulfamethoxazole
with different PDS concentrations. Sulfamethoxazole can-
not be degraded in the absence of PDS, and only 2% of

J. Hao et al. / Desalination and Water Treatment 231 (2021) 254-262

sulfamethoxazole was adsorbed on CuO-Mg. The addition
of a small amount of PDS (0.25 mM) significantly increased
the degradation efficiency to 99.6% within 30 min. The
degradation rate was further accelerated by increasing
the concentration of PDS. For instance, the degradation
efficiency at 5 min was increased from 65.6% to 96.3% by
increasing the concentration of PDS from 0.25 to 10 mM.
This can be ascribed to the formation of more reactive
species at a higher PDS concentration, resulting in the
faster degradation of sulfamethoxazole.

Fig. 5¢ shows the influence of CuO-Mg dosage on this
process. Only 3% of sulfamethoxazole was degraded at
pH 8 in the absence of CuO-Mg, and the degradation effi-
ciency was slightly increased to 3.8% by increasing the
initial pH to 10. It can be seen that sulfamethoxazole was
almost completely removed at a reaction time of 30 min
by the addition of 0.5 g L™ of CuO-Mg. The degradation
rate increased gradually with an increasing catalyst dosage
from 0.5 to 3 g L. But the further increase of catalyst dos-
age had little effect on the degradation of sulfamethoxazole.
It is well known that more active sites can be provided for
the production of more reactive species at a higher cata-
lyst concentration. However, the catalyst aggregation will
also occur, and the formed radicals can also be consumed
by the excessive catalyst. Thus, the optimized catalyst dos-
age should be 3 g L in terms of pollutant degradation
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Fig. 5. Effect of initial solution pH (a), PDS concentration (b), and catalyst dosage (c) on sulfamethoxazole degradation with CuO-Mg3

(initial pH 8, catalyts 0.5 g L™, PDS 1 mM).
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rate. In addition, the used catalysts were recovered by
centrifugation and reused without any treatment. It still
exhibited high activity for sulfamethoxazole degradation,
demonstrating its good reusability.

Although pollutants can be degraded rapidly at a high
PDS concentration, the utilization rate of PDS is usually
low. As shown in Fig. 6, only 31.8% of PDS was consumed
within 30 min at a concentration of 1 mM. When the con-
centration of PDS was decreased to 0.25 mM, the consump-
tion efficiency of PDS was increased to 89%. Moreover,
sulfamethoxazole can also be completely removed using
0.25 mM PDS (Fig. 5b). The reaction stoichiometric efficiency
(RSE, the mole ratio of degraded sulfamethoxazole to con-
sumed PDS) is an important parameter for the assessment
of PDS activation processes. It was calculated to be 13.5%
for 1 mM PDS. When the PDS concentration was 0.25 mM,
the RSE was 17.7%, much higher than many reported chem-
ically activated PDS processes [40—-45], demonstrating the
potential application of this catalyst. In addition, CuO-Mg
was also compared with some reported catalysts for the
degradation of sulfamethoxazole (Table 1), and it exhibited
relatively higher activity [26,45-48].

Some substances in real water usually compete for
active species and inhibit the degradation of target pollutants.
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Fig. 6. Effect of PDS concentration on its consumption rate with
CuO-Mg3 (initial pH 8, catalyst 0.5 g L™).

Table 1
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Therefore, the degradation of sulfamethoxazole in the pres-
ence of different coexisting substances was further inves-
tigated. As shown in Fig. 7, fulvic acid, bicarbonate, and
chloride ions all hindered the degradation of sulfamethox-
azole to some extent. Fulvic acid is a common organic mat-
ter in water and can react with many reactive species, while
bicarbonate and chloride ions are effective scavengers of
active radicals [49,50]. The result indicates that this process
might follow a radical mechanism.

3.4. Active species for the degradation of sulfamethoxazole with
CuO-Mg

It is well known that ‘SO, can be generated through
the activation of PDS [Egs. (1) and (2)] and it can react with
OH to form hydroxyl radical (*OH). Our previous work
found that *O; can also be generated from PDS activa-
tion [Egs. (3) and (4)] [20,21]. In addition, some literatures
reported that 'O, was the reactive species for pollutants
degradation and can be generated by direct oxidation or
recombination of *O; [32,51]. Ethanol (EtOH), tert-butanol
(TBA), p-benzoquinone (BQ), and NaN, are widely used
scavengers for the identification of ‘SO;, *OH, *O; and
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Fig. 7. Effect of coexisting substances on sulfamethoxazole
degradation with CuO-Mg3 (initial pH 8, catalyst 0.5 g L7,
PDS 1 mM, fulvic acid 10 mg L™, CI- and HCO; 500 mM).

Comparison of different PDS or PMS activation processes for sulfamethoxazole removal

Catalyst G, PDS or PMS Catalyst Reaction time ~ Removal rate References
concentration dosage
CuO-Mg 10 mg/L 0.25 mM 0.5 g/L 30 min 99.6% This work
TiOz_X/rGO + Vis 10 mg/L 2 mM 1g/L 40 min 52% [46]
CuOeAlQO, 10 mg/L 0.4 mM 0.5g/L 120 min 99% [26]
N-doped graphene 5 mg/L 1mM 0.05 g/L 180 min >99% [47]
uv,,, 20 um 1mM - 120 min 100% [37]
Micrometric Fe? 10 mg/L 1 mM 0.125 g/L 120 min 95% [42]
Fe,O,/B-FeOOH 5 mg/L 0.15g/L 0.2 g/L 30 min 91% [48]
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'0,, respectively. Their effect on sulfamethoxazole degra-
dation is presented in Fig. 8. TBA and NaN, did not affect
this process, indicating that the contribution of *OH and
!0, can be excluded. In comparison with TBA, EtOH has a
much higher rate constant with *SO; and its addition sig-
nificantly suppressed the degradation of sulfamethoxazole.
This means that *SO; played an important role in this pro-
cess. In addition, the addition of BQ also showed a strong
inhibitory effect. Accordingly, both *SO, and °O, should
be the reactive species for sulfamethoxazole degradation.
However, the degradation could not be completely inhib-
ited when ethanol or BQ was added. According to previous
literatures, CuO is also an effective catalyst for non-radical
activation of PDS [20-24]. It can be deduced that the acti-
vated PDS generated from the non-radical pathway might
also participate in the degradation of sulfamethoxazole.

5,07 +Cu" — *SO;, + 507 +Cu*' )

/e,

=
=]

10

T T
15 20 25

Time (min)

30

Fig. 8. Effect of scavengers on sulfamethoxazole degradation
with CuO-Mg3 (initial pH 8, catalyst 0.5 g L, PDS 1 mM, BQ
1 mM, NaN, 5 mM, TBA and EtOH 500 mM).
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Fig. 9a shows the signals of *SO,~-DMPO and *OH-DMPO
in the aqueous PDS solution with CuO and CuO-Mg.
No signals can be observed for CuO, while the signals
of *SO,-DMPO and *‘OH-DMPO were both observed for
CuO-Mg. The weak signals of *SO,~-DMPO compared to
*‘OH-DMPO are due to its low sensitivity. Because ‘O,
has much lower reactivity toward DMPO than SO, and
*OH, its determination was carried out in a methanol/
water (9:1) mixed solution. As shown in Fig. 9b, the sig-
nal of *O; DMPO was observed in the two systems, indi-
cating that *O; can be generated by PDS activation with
CuO. The signal intensity in the CuO-Mg system was
much stronger than that in the CuO system. The results
in Fig. 9a and b indicate that more *SO,, ‘OH and *O; can
be generated by CuO-Mg. Since the contribution of *OH
has been excluded in Fig. 8, and sulfamethoxazole should
be mainly degraded by °SO, and °O,. The enhanced
degradation of sulfamethoxazole by CuO-Mg could be
attributed to its high activity for PDS activation. In compar-
ison with CuO, CuO-Mg has a much higher surface area,
alkalinity, and buffer capacity, and so it can promote the
formation of more *SO; and *O; from PDS decomposition.

Finally, the degradation products of sulfamethoxazole
were determined by the LC-MS. As shown in Table 2, sul-
famethoxazole should be degraded through the cleavage of
the N-S bond, leading to the formation of P2 [37]. P2 was
further degraded into P4, P5, and P6 due to the cleavage of
the oxazole ring. P1 was formed due to the oxidation of the
substituent groups on the benzene ring. The benzene ring
of P1 was further attacked by reactive radicals, resulting
in the production of P3 and P4. The dominant degradation
products were small molecular carboxylic acids. The total
organic carbon removal rate was determined to be 53%
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Fig. 9. EPR signals of (a) *SO,-DMPO, ‘OH-DMPO, and (b) ‘O,-DMPO in CuO and CuO-Mg PDS activation processes

(initial pH 8, catalyst 0.5 g L™, PDS 1 mM, DMPO 100 uM).
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Table 2
Identified organic products in the CuO-Mg-PDS process

Products m/z Chemical structure
=
- ——
Sulfame- 253 HzN _&\x\ A % NH-. _,ﬂN\
thoxazole O — o
“CHa»
P1 108 o ='<:>=D
~
Hal— - "
P2 98 | Nz
O-N
HO
P3 116 HO—{ 0
0

P4 90 HO. f/’/LL'DH

P5 88

P6 89

with 0.5 g L™ CuO-Mg and 1 mM PDS, demonstrating that
CuO-Mg-PDS is an effective technology for the deep oxi-
dation of sulfamethoxazole.

4. Conclusion

Mg-doped CuO samples were successfully synthesized
by a coprecipitation method and exhibited much higher
activity than pure CuO for removing sulfamethoxazole
with PDS activation. The doped samples have larger sur-
face areas, higher alkalinity, and buffer capacity, and so
can promote the formation of *SO; and *O, for degrading
sulfamethoxazole. Moreover, their performance was barely
affected by the initial solution pH and the leaching of Cu
was significantly suppressed. When the dosage of catalyst
and PDS were 0.5 g L and 0.25 mM, sulfamethoxazole was
almost completely removed and 89% of PDS was consumed.
The common substances in real water only had a slight
effect on this process. The dominant degradation products

of sulfamethoxazole were identified to be small molecular
carboxylic acids by the LC-MS analysis. The results implied
the potential application of CuO-Mg-PDS for removing
organic pollutants in water.
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