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Abstract

The effective treatment of dyeing wastewater has been considered as one of the challenges. The sulfate radical (SO,*™)-based
technology exhibited great potential in the field of organic wastewater treatment. In this study, copper oxide was synthesized
and used to activate persulfate (PS) for removing methylene blue (MB) from aqueous solution. The effects of reaction param-
eters and coexisting substances on this process were studied. Under the optimal conditions ([CuO]=0.2 g/L, [PS]=2 g/L,
pH=7.0-9.0), more than 90% of MB was degraded. C1~ had little effect on MB removal, while SO,>~ and HCO;~ showed
inhibitory effect. The activation energy of the reaction was 137.8 kJ/mol at 25 °C with an initial MB concentration of 10 mg/L.
The mechanisms of PS activated by CuO was elucidated by radical scavenger and electron spin resonance trapping studies.
The results found that sulfate radical (SO,-7) and singlet oxygen ('0,) were the primary reactive oxygen species in the CuQ/
PS system. The recycling experiments showed that MB removal efficiency remained more than 70% after five cycles, which
exhibited good stability and high efficiency of the catalyst. The favorable degradation performance of simulated textile
wastewater indicated the potential application of CuO/PS for dyeing wastewater treatment.

Article Highlights

CuO prepared by hydrothermal method can effectively activate PS to degraded MB.
The optimal degradation conditions was [CuO] = 0.2 g/L, [PS] = 2 g/L, pH = 7.0-9.0.
SO, ~ and 'O, were the primary reactive species in the CuO/PS system.

MB removal efficiency remained more than 70% after 5 cycles.
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Introduction
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the co-first authors. The dyeing industry is one of the seriously water-polluted

industries in China. The amount of wastewater generated
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nologies have been adopted for the removal of dyes, such
as coagulation (Dotto et al. 2019), adsorption (Saygil
and Giizel 2016), membrane separation (He et al. 2008;
Zhan et al. 2018), etc. But there are still some defects. For
instance, a large amount of toxic sludge will be produced
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in the coagulation process (Vijayaraghavan et al. 2011),
the preparation of some highly efficient adsorbents is com-
plicated (Saygili et al. 2015; Li et al. 2018a), and mem-
brane fouling restricted its large-scale application (Hu
and Long 2016). Compared with the above technologies,
advanced oxidation has attracted much attention because
of its high effectiveness and little pollution (Ghauch et al.
2012a; Liu et al. 2013).

Recently, the sulfate radical (SO, 7)-based technology
exhibited great potential in the field of organic wastewater
treatment for a high E,, value of 2.5-3.1 V (Liu et al. (2012)).
SO,-~ can be produced by activating persulfate (Wactawek
et al. 2017; Chen et al. 2017; Oh et al. 2016), and a variety
of activation methods were developed, such as heat (Johnson
et al. 2008), light (Guan et al. 2011), transition metals (Drze-
wicz et al. 2012; Anipsitakis and Dionysiou 2014), alkalinity
(Furman et al. 2010), activated carbon (Yang et al. 2011; Qin
et al. 2018), and some organic matter (Ahmad et al. 2013).
Among them, thermal and light activation requires energy,
which increases water treatment prices. Although PS activa-
tion with the homogeneous catalysts can be high efficiency
at room temperature, residual metals or catalysts left will
cause serious environmental health risks (Hu et al. 2016;
Wang et al. 2019). Heterogeneous solid catalyst for PS acti-
vation has exhibited more and more superiority because of
its low cost and easy operation (Yu et al. 2020; Liu et al.
2020).

Copper is a common element for transition metals and is
widely used in catalyst preparation due to its low cost and
material abundancy. Cu?* complexed with organic degra-
dation intermediates can be easily decomposed, and Cu (I)
could be oxidized to Cu (II) at circumneutral pH (Huang
et al. 2020). Copper oxide has shown advantageous perfor-
mance on activated PS degradation of pollutants. Zhang
et al. showed that the copper oxide can directly activate PS
for the degradation of 2, 4-dichlorophenol and found a non-
radical process was involved in this reaction (Zhang et al.
2014). Ji et al. reported that a well-crystallized CuO can
activate peroxymonosulfate (PMS) for the removal of phe-
nol, the main degradation radicals attributed to sulfate and
hydroxyl radicals (Ji et al. 2011). Du et al. found activated
persulfate along with trace sulfate and hydroxyl radicals
were reactive oxygen species in copper oxide activated per-
sulfate system, activated persulfate was predominant instead
of sulfate and hydroxyl radicals (Du et al. 2017). Liang et al.
observed that the degradation of p-chloroaniline by the cop-
per oxide possibly occurred in the boundary layer of the
copper oxidate surface at the neutral initial pH (Liang et al.
2013). There still exist some problems in the mechanisms
of copper oxide activating PS to decolorize and degrade dif-
ferent dyes, especially the leaching of copper in different
conditions. Furthermore, the performance and mechanism
of using CuO/PS process in dyeing wastewater treatment
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were also not clear. The reusable and stability of CuO in its
application were urgent need to find out.

In this study, CuO was synthesized and used to activate
PS for the degradation of organic pollutants. Methylene blue
(MB) was selected as the target pollutant. The effect of pH,
PS concentration, CuO dosage, MB concentration, inorganic
salt concentration, temperature on treatment efficiency were
explored. The active species for MB degradation were iden-
tified by scavenging experiments and electron paramagnetic
resonance (EPR). More importantly, the degradation per-
formance of simulated dyeing wastewater was also verified.
This work was expected to provide useful information for
the catalytic performance and mechanism of using CuO/PS
process in dyeing wastewater treatment.

Materials and Methods
Chemicals and Materials

The chemicals were in analytical grade unless otherwise
specified. Methylene blue (MB) and Congo red (CR) were
purchased from J&K Chemical Ltd. Sodium persulfate oxi-
dant (PS, Na,S,04, 99%) was purchased from Chem-Lab
(China). Chalcanthite (CuSO,-5H,0, 99%) was provided
by Nanjing Chemical Reagent Company (Jiangsu Province,
China). NaCl, Na,SO,, NaHCO;, HCI, NaOH, methanol
(MeOH), tert-butanol (TBA), p-benzoquinone (BQ) and
furfuryl alcohol (FFA) were supplied by Sinopharm Chem-
ical Reagent Co., Ltd. (Shanghai, China). 5, 5-Dimethyl-
1-pyrroline N-oxide (DMPO, 96%) and 2,2,6,6-tetramethyle-
4-piperidone (TEMP, 97%) were purchased from Aladdin
Reagents Co. Ltd. (Shanghai, China). Aqueous solutions
were prepared using deionized water.

Synthesis of CuO Catalysts

The CuO catalyst was prepared by a hydrothermal method.
In detail, 6.4 g NaOH was weighed and dissolved in 40 mL
deionized water. Then, an aqueous solution of CuSO,-5H,0
(25%wt, 20 mL) was poured slowly into the aforementioned
solution with vigorous stirring. After stirred for 25 min, the
produced precipitate was centrifugally separated and washed
repeatedly with deionized water and ethanol for three times.
Then, it was dried at 90 °C for 4 h, and the product was
obtained for further use.

Characterizations

XRD (X-ray diffraction) patterns were obtained on a Bruker
D8 diffractometer (Bruker-AXS, Karlsruhe, Germany) using
filtered Cu Ko radiation (1=1.5418°A) with an accelerat-
ing voltage of 40 kV and a current of 30 mA. The surface
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morphology of the catalyst was observed using a scanning
electronic microscope (SEM, S-3400 N II, Hitachi, Japan).

Experimental Process

The catalytic oxidation of MB was carried out in a 250 mL
reactor containing 100 mL 10 mg/L of MB solution with a
constant stirring at 150 rpm. Unless specifically stated, the
reaction temperature was 25°C. When exploring the effect
of pH, the initial pH values were adjusted to 1, 3,5, 7,9, 10
by 0.1 M NaOH and HCI. 0.02 g CuO catalyst was weighed
and added into 100 mL 10 mg/L. MB solution, and PS con-
centrations were 0.1, 0.5, 1.0, 2.0, 4.0, 8.0 g/L, respectively.
The residual MB was analyzed at different reaction intervals
to explore the best conditions. NaCl, Na,SO, and NaHCO,
were selected to investigate the effect of inorganic salt on
degradation. NaCl concentration in reaction system was set
as 0, 0.5, 1.0, 2.0, 6.0, 10.0 g/L, respectively, and Na,SO,
concentration as 0, 1.0, 2.0, 4.0, 8.0, 10.0 g/L, respectively,
and NaHCO; concentration as 2.0, 4.0, 8.0 g/L, respectively.
Temperature’s effect on catalytic reaction at 25, 45, 55, 65,
75°C was explored, respectively, and the activation energy
of the reaction was worked out through fitting calculation.

In the quenching experiments, MeOH, TBA, BQ and
FFA were adopted to capture free radicals to analyze the
main free radicals in the degradation process. 5 min, 10 min,
30 min after the EPR experiment system, 0.2 mL reaction
residue liquid was sampled for test. After each reaction, cata-
lysts were washed with deionized water and dried for reuse.
100 mL 10 mg/L MB solution and 0.2 g PS were added to
begin the next batch of experiments, and the experiment
was repeated for four times. Simulated MB and CR textile
wastewater, containing NaCl (4 g/L), NaHCO; (4 g/L) were
prepared. 0.04 g CuO catalyst, 0.2 g PS were added and their
catalyze performance were analyzed.
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Analytical Methods

UV-Vis spectrophotometer (Varian, USA) was adopted
to determine MB absorbance at 664 nm and it was con-
verted into concentration value by standard curve. C/C,,
(Cy— O)/C, were adopted in the experiment to characterize
the degradation ability of oxidization system for dyes (C,
was the initial concentration of MB, C was MB concentra-
tion at sampling time). The concentration of PS was deter-
mined by the potassium iodide method. Free radicals were
detected using an electron paramagnetic resonance (EPR)
spectrometer (Bruker, A300 Microx). The EPR determi-
nation was performed under the following conditions: a
centerfield of 3510 G, a microwave power of 18.86 mW, a
microwave frequency of 9.854 GHz, a sweep width of 100
G, a modulation frequency of 100 kHz, a receiver gain of
1.0 x 10°, modulation amplitude of 1.00 G, a sweep time
of 35.84 s. The metal ions were quantified by inductively
coupled plasma optical emission spectrometer (ICP-OES,
Ultima 2000, Horida).

Results and Discussion
Characterization of CuO Catalyst

The SEM photo showed that the size of the fabricated CuO
was at nano-level (Fig. 1a and 1b). The morphology of the
catalyst was like rice grains and agglomerated together, and
the length was distributed at 200-300 nm. The XRD patterns
of the prepared catalyst were shown in Fig. 1c. The peaks
of the sample matched well with the standard card of CuO
(PDF#80-1916). All the diffraction peaks could be indexed
to the monoclinic copper oxide. The result showed a highly
crystalline and single-phase structure of CuO, without any
peaks of unreacted precursors (Ji et al. 2011). These results
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Fig. 1 SEM images (a, b) and XRD patterns (c) of the prepared CuO catalyst
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clearly showed that nano-sized CuO was successfully pre-
pared by the simple one-step method.

MB Degradation in Different Conditions

The reaction pH is associated with the protonation degree of
PS and charge properties on catalyst surfaces, which affects
the catalytic degradation (Wang and Wang 2018). As shown
in Fig. 2a, the initial pH of reaction solution played an
important role on the removal of MB. The optimum pH for
MB degradation was under the initial pH value of 7.0-9.0,
and the degradation efficiency was more than 90%. How-
ever, the degradation efficiency of MB was suppressed under
acidic condition, which may be due to the difficulty in the
decomposition of PS under such conditions (Ma et al. 2019).
The PS concentration and Cu** leaching concentration under
pHs were monitored, as shown in Fig. 3a and b. It could
be seen that the decomposition rate of PS was 12% at pH
3.0, while 90% decomposition rate was achieved at pH 7.0.
The poor performance at pH < 7.0 maybe accounted for the
low decomposition rate of PS. At the acidic condition, the
higher concentration of Cu** hampered PS decomposition
(Zhang et al. 2013; Xing et al. 2020). As shown in Fig. 3c,
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the adsorption amount of CuO on MB in acidic condition
was worse than that in alkaline conditions. Moreover, under
alkaline condition, the reaction between OH™ and SO,-~ and
the self-consumption of -OH may decrease the degradation
performance of MB (Eq. 1 and 2) (Guan et al. 2011; Liang
and Su 2009).

SO, «~ +OH™ — «OH + SO;~ 1)
«OH + «OH — H,0, 2
SO, ¢ + 5,07 — SO;™ + S,04¢” 3)
«OH + 5,05 — OH™ + S,04¢” @)

To discuss the effect of PS concentration on oxidation
reaction, the degradation effect of MB with PS at different
concentrations were studied. As shown in Fig. 2b, less than
10% MB was adsorbed by copper oxide. When PS concen-
tration was kept between 0 and 2.0 g/L, MB degradation effi-
ciency significantly increased as PS concentration increased.

08

06

—a—None
—»—0.1g/L
| ——05¢9/L
—A—1.0g/L
—w—2.09g/L
| —e—40g/L
—4—38.0g¢g/L
00 T T

04

02

T T T
100 150 200 250

Time (min)

10 | —a—5mg/L
—e— 10 mg/L
—&—20 mg/L

08 | —¥—30mg/L
——40 mg/L

06 |

04 |

02

0.0 T r T

T T T
100 150 200 250

Time (min)

Fig.2 Effect of (a) initial pH; (b) PS dosage; (¢) CuO dosage; (d) concentration of MB on the degradation efficiency of MB (Reaction condi-
tions: [CuO]=0.2 g/L, [PS]=2.0 g/L, [MB] =10 mg/L, T=25C, initial pH of b, ¢, d=6.3)
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Fig. 3 a Decomposition rate (%) of PS, b Cu®** leaching, and ¢ adsorption of MB on CuO at the different initial solution pH ([CuO]=0.2 g/L,

[MB]=10 mg/L, T=25 C)

The maximum degradation efficiency was more than 90%
at 2.0 g/L. When PS concentration exceeded 2.0 g/L, the
degradation efficiency could not increase anymore, which
could be explained by the radical interactions as a result of
the excessive SO,-— generation (Egs. 3 and 4) (Monteagudo
et al. 2018). Therefore, the suitable concentration of PS was
2.0 g/L.

The effect of CuO dosage on MB degradation was stud-
ied. The degradation rate of MB was less than 20% after
4 h without CuO catalysts (Fig. 2c), indicating that MB was
hardly degraded by PS directly. According to the literature,
the oxidation potential of SO,-— was 2.6 V, while that of
S,04%~ was only 2.01 V, which was significantly lower than
SO,— (Zhou et al. 2013). The addition of CuO can effec-
tively promote the degradation of MB. The degradation
efficiency of MB gradually increased as the dosage of CuO
increased from 0.1 to 0.2 g/L. However, further addition of
copper oxide had little effect on the degradation efficiency.
The possible reason was that excessive CuO generated more
free radicals, causing quenched reactions between them-
selves (Fang et al. 2015). Therefore, 0.2 g/L. was adopted as
the optimum dosage of CuO.

To explore the influence of MB concentration on degrada-
tion effect in the reaction system, the degradation properties
of MB with different concentration was investigated. It can
be seen from Fig. 2d that when CuO dosage was 0.2 g/L,
degradation efficiency decreased as MB initial concentration
increased. Meanwhile, it took more time to achieve similar
removal efficiency when the MB concentration was higher
than 10 mg/L. The same results could be found in Fig. S1. In
the degradation process, it will generate a purple floc, which
was gradually disappeared as the increasing time. This phe-
nomenon has been observed in another study (Ghauch et al.
2012b). It would take 80 min to decolorize 10 mg/L. MB,
while the solution became colorless as the reaction lasted
for 250 min when the MB concentration was 40 mg/L. In
further experiment, 10 mg/L was selected as the pollutant
concentration without special emphasis.

Dye wastes contain a variety of pollutants. Generally,
most of them are salt substances, such as NaCl, Na,SO,, and
NaHCO;. These salts may affect the degradation efficiency.
They would directly participate in the reaction to generate the
intermediate products or inhibitory oxidants, catalysts (Chan
and Chu 2009). Figure 4a shows the effect of different con-
centrations of NaCl on MB degradation in the system. The
results showed that NaCl basically did not have any adverse
effect on this catalytic reaction, which was consistant with the
results in removal of ciprofloxacin by persulfate activation with
CuO (Xing et al. 2020). Figure 4b shows the effect of differ-
ent concentrations of Na,SO, on the reaction in the system.
The addition of Na,SO, imposed significantly inhibitive effect
on the reaction. The inhibitions caused by Na,SO, could be
attributed to the decrease of the oxidation reduction potential
(ORP) of SO,-7/SO,*". A high Na,SO, concentration could
decrease the ORP of SO,-7/SO,*, and lead to less efficient
activation of PS. Figure 4c shows the effect of NaHCO; on the
degradation of MB. The removal of MB was greatly inhibited
in the presence of NaHCO;, which may be due to the fact that
NaHCOj; can react with PS to produce new compounds, thus
affecting the generation of sulfate radicals. Lei et al. (2015)
proposed that PS can react with bicarbonate to generate per-
oxymono-carbonate (Eq. 5), and the conversion of Cu** into
Cu’* can be accelerated without relying on PS (Eq. 6). Other
study also confirmed that the addition of NaHCO; can boost
catalytic degradation of Acid Red 1 in CuO-CFs/PMS system.
The possible reason was that NaHCO, reduced Cu** overflow
and generated more active groups, which accelerated the deg-
radation reaction (Yang et al. 2017). In this experiment, the
high-concentrated NaHCO; obviously had an inhibitive effect
on the reaction, this phenomenon may be due to the free radi-
cal capture effect of HCO;™ itself (Egs. 7 and 8), and reaction
efficiency was reduced.

S,0;” + HCO; — SOj + SO, +HCO; )
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Fig.4 Effect of a NaCl, b Na,SO,, ¢ NaHCO;, and d temperature on the degradation of MB (Reaction conditions: [CuO]=

[MB]=10 mg/L, [PS]=2 g/L, initial pH=6.3)

S,0;” + Cu** — SO, «~ +S0;™ + Cu’* (6)
*OH + HCO; — CO; «~ +H,0 (7
SO, «~ + HCO; — SO;™ + HCO3+™ (8)

The temperature has played an important role in the
rate of catalyzed reaction. To explore the effect of temper-
ature on the catalyzed reaction system, different tempera-
tures were adopted in the experiment, as shown in Fig. 4d.
The degradation efficiency was enhanced as the system
temperature increased, which was ascribed to more PS
decomposition under higher temperatures (Huang et al.
2002). When the reaction system reached 338 K, 10 mg/L
MB solution can be removed within 3 min. Therefore, the
removal efficiency of MB was significantly improved by
increasing the temperature.
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The Activation Energy

To study the energy needed by catalytic degradation of
MB with CuO/PS system, the pseudo-first-order kinetic
equation was used to fit the reaction process (Saputra et al.
2014). The formulas were presented in Supporting Infor-
mation (Text S1). The degradation of CuO/PS system on
MB followed pseudo-first-order kinetic model, &, magni-
fied with the reaction temperature increase with the same
MB concentration (Table S1). At the same time, In kg
were fitted to 1/T, which was shown in Fig. 5. The reac-
tion activation energy (E,) was obtained through Eqgs. 11
and 12 (Supporting Information). When MB concentration
was 10 mg/L, E, needed by CuO catalyst to catalyze and
degrade MB was 137.8 kJ/mol. The E, values was lower
than that obtained for BPA degradation (184.00 kJ/mol)
in the heat-activated (Qi et al. 2017).
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Mechanistic Insights

To confirm the occurrence of radicals involved in the reac-
tions, chemical quenching experiments were designed at
first. Methanol (MeOH), #-butanol (TBA) were adopted
to determine the free radicals in the systems containing
SO,-— and -OH (Wang et al. 2015; Ye et al. 2017). P-ben-
zoquinone (BQ) and furfuryl alcohol (FFA) were also used
to estimate if 'O, and O,-— participate in the reaction (Li
et al. 2018b; Yang et al. 2019). As shown in Fig. 6a, the
removal efficiency was decreased by adding MeOH and
TBA, which suggested that there were SO,-— and -OH free
radicals in this reaction system. When adding MeOH, the
reduced amplitude of the reaction was greater than adding

TBA. The phenomenon revealed that the radical quenching
effect of EtOH was higher than that of TBA, which indicated
that SO,-— played a more important role in the process (Xie
et al. 2015). Moreover, EPR spectroscopy was employed to
monitor the evolution of reactive radicals in the PS/CuO sys-
tem. The EPR tests were carried out using DMPO, TEMP as
the spin trapping agent (Qi et al. 2016). As shown in Fig. 6b,
the signal of the DMPO-OH: and DMPO-SO,- adduct was
detected and the signal has lasted for 30 min. The results
also showed that SO, played a more significant role in the
degradation of MB.

The addition of BQ had little effect on the degradation
of MB, indicating the effect of superoxide radical on the
reaction was weak. When FFA was added, the degradation
of MB was significantly inhibited, implying the key role of
10, in this process. To further clarify the mechanism of PS
activation with CuO, TEMP was used to trap singlet oxygen
with the formation of spin-adduct TEMPO. As shown in
Fig. 6c, the signal of TEMP adduct generated by 'O, oxida-
tion was observed in the systems, and its intensity remained
stable in 30 min reaction time. It further proved that singlet
oxygen played an important role in the reaction.

Application Properties

Catalyst stability was directly associated with the catalyst
application potential, so the reuse and stability of catalysts
were discussed (Xia et al. 2017). Figure 7a shows the dia-
gram for the degradation of MB with PS activated by CuO
repeatedly. After two cycles, the efficiency of catalyzed
degradation was slightly decreased. After five consecutive
batches of catalysts, approximately 70% removal rate was
achieved. The decreased activity was probably attributed
to the adsorption of reaction intermediates on the cata-
lyst surface. The active sites of the catalyst were occupied
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Fig.6 The degradation of MB using CuO/PS system in the
presence of a MeOH, TBA, BQ and FFA (Reaction con-
ditions: [CuO]=0.2 g/L, [MB]=10 mg/L, [PS]=2 g/L,
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[FFA]=100 mmol/L, T=25 ‘C, initial pH=6.3), DMPO spin-trap-
ping EPR spectra (b) and TEMP spin-trapping EPR spectra (c¢) of
CuO/PS system (reaction conditions: [CuO]=0.2 g/L, [PS]=2 g/L,
[MB]=10 mg/L, T=25 C, initial pH=6.3)
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and impaired. Meanwhile, the catalyst was sped up Cu?*
overflow and the concentration of Cu?" in the cycle pro-
cess was also monitored. With the continuous reaction
batch, the overflow amount of Cu?* gradually increased, as
shown in Fig. S2. After fifth recycling, the leached Cu®*
was 0.17 mg/L, which was lower than the drinking water
standard of 1.3 mg/L set by U.S EPA (Lei et al. 2015). These
results indicated that the catalyst had good stability. Simu-
lated MB and Congo Red (CR) textile wastewater contain-
ing NaCl (4 g/L), NaHCO; (4 g/L) were applied to test-
ing the catalyst performance. The degradation performance
of simulated textile wastewater was shown in Fig. 7b. The
two kinds of wastewater can be completely decolorized and
degraded in 3 h, which also indicated the potential applica-
tion of CuO in textile wastewater treatment.

Conclusions

CuO catalyst prepared by the hydrothermal method can
effectively activate PS to degraded methylene blue (MB).
The optimum conditions for MB degradation were as fol-
lows: the dosage of CuO was 0.2 g/L, the concentration
of PS was 2.0 g/L, and the pH was 7.0-9.0. The removal
efficiency of MB was significantly improved by increasing
the temperature. CI™ has little effect on dye removal, but
S0,*~ and HCO;~ have significant inhibitive effects on the
catalytic performance. SO,-— and 'O, should be the main
reactive species for MB degradation. After the continuous
five catalytic batches, its degradation can still reach about
70%. The excellent stability and degradation performance for
simulated textile wastewater indicated CuO/PS system has
the potential application for dyeing wastewater treatment.
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