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H I G H L I G H T S

• Reduced graphene oxide enhanced
persulfate activation on CuO surface
by Cu–O–C bond.

• (0 0 1) facet-dependent persulfate
non-radical activation by CuO was
found.

• This non-radical system showed se-
lective removal for chlorinated or-
ganic pollutants.
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A B S T R A C T

Non-radical activation of persulfate by CuO to degrade chlorinated organic pollutants has been studied.
Currently, reduced graphene oxide modified spindle-like CuO (CuO/rGO, no preferential exposed crystal facet)
and CuO with preferential exposed crystal facet (0 0 1) (sheet-like CuO) has been prepared to improve the
performance of persulfate activation. Results showed that CuO/rGO-persulfate system and sheet-like CuO-per-
sulfate system exhibited much better 2,4,6-trichlorophenol (TCP) removal rate than spindle-like CuO-persulfate
system. The formation of Cu–O–C bond between CuO and rGO enhanced the persulfate activation by CuO. On
the other hand, CuO showed crystal facet effect on persulfate activation, and the crystal facet (0 0 1) of CuO (all
exposed atoms were Cu) were proved to be efficient for persulfate non-radical activation, revealing that Cu atom
on surface was active site for persulfate activation. Furthermore, the pollutants selective removal by CuO/rGO-
persulfate system has been found. 4-chloroaniline was most easily degraded, followed by 2,4,6-trichlorophenol,
2,4-dichlorophenol and 4-chlorophenol, under acidic, neutral and weak basic condition (pH 3–9). What’s more,
pollutants with benzene ring was more reactive than that with double bond of carbon in the system.
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1. Introduction

Efficient catalysts are critical for persulfate (PS) based advanced
oxidation technologies (AOTs) to remove organic pollutants. Since
more and more PS-based AOTs are implemented in water treatment and
environmental remediation [1–4], the heterogeneous catalysts draw
researchers’ attention due to the lower cost and higher applicability [5].
Traditionally, heat, base, UV-light, transition metal ions drive the per-
sulfate activation to generate sulfate radical (E0(SO4

−%/
SO4

2−)= 2.5–3.1 V vs. NHE), the counterpart of omnipotent hydroxyl
radical (E0(%OH/OH−)= 1.8–2.7 V vs. NHE), to oxidize organic pol-
lutants [6]; as studies move on, these homogeneous catalysis methods
keep on developing, including the development of electro-catalysis [7]
and sonication activation of persulfate [8]. Interestingly, more and
more newly developed heterogeneous catalysts based persulfate acti-
vation methods spring up, including iron-based [9–11], transition metal
oxide-based [12–16], naturally occurring mineral-based [17–19] and
carbon-based technologies [20–26], for the advantages of less energy or
chemicals input and less second pollution output compared with tra-
ditional technologies. Among the numerous methods, iron-based het-
erogeneous material is the pioneer with high persulfate activation ef-
ficiency [9]. Minerals such as pyrite, pyrrhotite, clay and other
naturally occurring species have successfully activated persulfate to
degrade organic pollutants [17–19], giving the powerful support for in
situ chemical oxidation (ISCO). Being free of heavy metals, carbon
based materials are green catalysts. Carbons with different morpholo-
gies like nanotubes [24], activated carbon [23], diamond crystal [27],
biochar [14], hierarchically porous carbon [22] and graphene [21] are
capable of activating persulfate. Without exception, the catalysts
mentioned above activate persulfate to generate sulfate radicals, a
strong oxidative species, to oxidize refractory organic pollutants.

Recently, a mild persulfate activation process has been propo-
sed—non-radical activation mechanism, the activated persulfate di-
rectly reacts with target pollutants without prior peroxy bond split to
generate sulfate radical [27–31]. The newly published paper sum-
marizes that transition metals initiate one-electron reduction of per-
sulfate to sulfate radical, whereas some carbonaceous nanomaterial
mediate the electron transfer from organic pollutants to persulfate,
namely non-radical mechanism [27,30,31]. Interestingly, different
from other transition metal oxides or ions, the copper oxide also med-
iates the non-radical mechanism. Zhang et al. [28] and Du et al. [29]
found that the persulfate solution remained stable after the addition of
copper oxide, while the introduction of organic pollutants resulted in
the persulfate decomposition.

This phenomenon indicates the persulfate non-radical activation by
CuO; if the process follows the sulfate radical activation mechanism,
persulfate would be consumed continuously because of persistent sul-
fate radical generation and radical propagation reaction. Scavenger
study, Attenuated Total Reflection Fourier Transform Infrared spectrum
(ATR-FTIR), Confocal Raman spectrum and Electron Paramagnetic
Resonance spectrum further demonstrate the non-radical activation
mechanism [28,29]. The mechanism shows the following remarkable
advantages in organic pollutants oxidation: (1) halide organic inter-
mediates generation decreases due to the inhibition of halide radical
production resulted from reaction between halide ion and sulfate ra-
dical or else [32–34], (2) self-quenching by radical propagation reac-
tion is avoided, the oxidation capacity of persulfate is fully used, (3) the
relatively mild activated persulfate oxidizes target organic pollutants
selectively but hydroxyl radical and sulfate radical attack most of the
organic pollutants. Therefore the copper oxide is a preferential choice
as catalyst to activate persulfate in our study.

To further enhance the persulfate activation efficiency, the reduced
graphene oxide (rGO) is selected as a supportive material for copper
oxide. It has been reported that the bond of Cu–O–C formed between
CuO and π bond-containing material would cause the electron-rich
center at CuO to activate H2O2 [35]. It is supposed that the interaction

between CuO center and persulfate would be enhanced by electron
relocation. Hence the CuO/rGO composite has been prepared in this
work: (1) To fully use the electron-rich center to increase persulfate
activation efficiency, and (2) To anchor copper oxide on two-dimen-
sional or three-dimensional graphene to get CuO with nano scale size
and higher dispersity. On the other hand, it is reported that exposed
crystal facet of CuO plays an important role in catalysis [36], hence it is
a good point of view to enhance persulfate activation efficiency by
controlling the exposed facet or crystal growth direction of CuO. Yet
various CuO with different morphology have been prepared by different
methods as reported [37]. In this work, persulfate activation by CuO
with different morphology was also studied, to find out the relationship
between exposed facet and persulfate activation efficiency by analyzing
exposed facet of different morphology CuO.

Environmental pollution has been one of the global issues. There are
more than 4 billion people facing severe water scarcity [38]. Water
contamination intensifies the tendency of water scarcity and threatens
the public health. Refractory chloride aromatic compounds are one of
the persistent and toxic pollutants in water, listed as priority pollutants
in water by China and United States. Chlorophenols, one of chloride
aromatic compounds, are major group of pollutants of environmental
concern because of their toxicity and widespread uses [39], they are
recalcitrant to biodegradation and are therefore persistent in the en-
vironment [40]. Chlorophenols usually exist in fungicide, glue pre-
servative, insecticide, bactericide, defoliant, herbicide, and anti-mildew
agent for textiles; they also could be transformed from biodegradation
of herbicides and pesticides, or combustion of organic matters. There-
fore chlorophenols are frequently found in wastewater, sludge pro-
ducts, surface waters, and groundwater [40]. The principal point source
of water pollution by chlorophenols is industrial waste discharge and
leaching of chlorophenols from landfills [41]; the primary nonpoint
source pollution of chlorophenols comes from the application of pesti-
cides that are made from chlorophenols and the chlorination of was-
tewater containing phenol [42]. 2,4,6-Trichlorophenol (2,4,6-TCP), one
of the toxic chlorophenols, it is reasonably anticipated to be a human
carcinogen [39,43], and frequently detected in China surface water
[44]. Therefore the 2,4,6-TCP is selected as the target pollutant, giving
the perspective to evaluate the mechanism of CuO-persulfate-pollutant
interaction.

2. Experimental

2.1. Chemicals and materials

All chemicals used in experiments were analysis reagent (AR) and HPLC
reagent (HPLC)

Persulfate (AR) was purchased from Chengdu Kelong Chemical
Reagent Factory (Chengdu, China). 2,4,6-Trichlorophenol (TCP, AR),
2,4-dichlorophenol (DCP, AR), 4-chlorophenol (CP, AR), tri-
chloroethylene (TCE, AR), 5, 5-Dimethyl-1-pyrroline N-oxide (DMPO,
AR), dichloromethane (HPLC) and methanol (HPLC) were purchased
from Shanghai Aladdin Company (Shanghai, China). 4-Chloroaniline
(PCA, AR) was purchased from Sigma-Aldrich Chemical Company
(Shanghai, China). Ethanol (AR), H2SO4 (AR), H3PO4 (AR) and Cu
(NO3)2·3H2O (AR) were purchased from Guangzhou Chemical Reagent
Factory (Guangzhou, China). Graphite powder (AR), NaHCO3 (AR),
Na2CO3 (AR) and NaCl (AR) were purchased from Tianjin Damao
Chemical Reagent Factory (Tianjin, China). H2O2 (AR) and NaOH (AR)
were purchased from Sinopharm chemical reagent Co. Ltd. Potassium
iodide (AR) was purchased from Shanghai Titan Company (Shanghai,
China). CuSO4·5H2O (AR) was purchased from Tianjin Fuchen Chemical
Reagent Factory (Tianjin, China). Formic acid (HPLC) was purchased
Xiya reagent Company (Shandong, China).
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2.2. Experimental procedures

2.2.1. Material synthesis
Graphene oxide was synthesized by improved hummer’s method

[45], reduced graphene oxide (rGO) and CuO/rGO composite were
prepared by hydrothermal method. Spindle-like and sheet-like CuO
[37] were prepared by hydrothermal methods, sphere-like CuO was
prepared by calcination method. All preparation details were described
in Supplementary material (Text 1).

2.2.2. Sample preparation
2.2.2.1. All experiments were in batch mode. Initially, 2 mmol·L−1 TCP
(DCP, CP, PCA) stock solution and 50mmol·L−1 PS stock solution were
prepared using deionized water. Before beginning the reaction, initial
aqueous solution was prepared by diluting 5mL pollutant stock solution
with 90mL deionized water in a 250mL flask. Then the flask was fixed
in a shaker, being shaken at the speed of 125 rpm at 25 °C for 10min.
An aliquot of the mixture (0.5 mL) was sampled and filtered through
0.45 μm filters, followed by being injected into 1.5mL vials with 0.5 mL
preloaded 20mmol·L−1 sodium thiosulfate solution. These samples
were prepared for analysis of the initial pollutant concentration by
HPLC. To start the reaction, 0.01 g material was put into a flask,
followed by addition of 5mL PS stock solution. Samples were taken
regularly by following the procedure described above. Preparation
procedures of sampling for GC–MS, Ion Chromatography, TOC and
Electron Paramagnetic Resonance were described in Supplementary
material (Text 2).

2.3. Analysis methods

High performance liquid chromatography (HPLC, Shimadzu LC-
20A, Diode Array Detector, Kyoto, Japan) was used to determine the
concentrations of 2,4,6-Trichlorophenol (TCP), 2,4-Dichlorophenol
(DCP), 4-Chlorophenol (CP) and 4-Chloroaniline (PCA). Substance se-
paration was achieved by a C18 column purchased from Agilent
(250mm×4.6mm, 5 μm; Santa Clara, California, USA), with methanol
and 0.1% formic acid (90/10, 1mL/min for 2, 4, 6-Trichlorophenol;
90/10, 0.8mL/min for 2,4-Dichlorophenol; 70/30, 0.6 mL/min for 4-
Chlorophenol and 4-Chloroaniline) as mobile phase. The detection
channels for 2,4,6-Trichlorophenol, 2,4-Dichlorophenol, 4-
Chlorophenol and 4-Chloroaniline were 290 nm, 284 nm, 284 nm, and
244 nm, respectively.

Trichloroethylene and intermediates of 2,4,6-Trichlorophenol were
tested by Gas Chromatograph-Mass Spectrometer (GCMS, Agilent
7890A-5875C). Persulfate was determined by Iodine colorimetric
spectrophotometric method improved by Liang [46]. Chloride ion was

detected by Ion Chromatography (Dionex, ICS 1000, AS 14 column).
TOC removal was tested by Elementar vario TOC. Radicals in solution
were identified by Electron Paramagnetic Resonance (Bruker A300).
Atomic Absorption Spectroscopy (AA-6300C, Shimadzu, Kyoto, Japan)
has been used for determination of Cu2+ leaching from material. All
test conditions and parameters were stated in Supplementary material
(Text 3).

X-ray diffraction (XRD, Empyrean) was applied to confirm the
successful preparation of CuO and CuO/rGO. Scanning electron mi-
croscope (SEM; Hitachi SU8010, Japan) was applied to observe the
morphology of composites. Transmission electron microscope (TEM;
Tecnai G2 F20 S-TWIN, 200KV, Japan) was applied to observe the
morphology, structure, and exposed crystal facet of composites. Fourier
transform infrared spectroscopy (FTIR; Nicolet 6700, USA) was applied
to find the evidence of bond formation. Thermogravimetric analysis
(TGA; NETZSCH STA 449 C, Germany) was applied to determine the
mass ratio of different components of the composite; the temperature
was increased from 30 °C to 800 °C at rate of 10 °C/min. Brunauer-
Emmett-Teller (BET) specific surface area was characterized by
Autosorb iQ Station 1 (USA), to fully describe the interior structure
properties of the composite.

3. Results and discussion

3.1. Characterization

XRD patterns of hydrothermally synthesized CuO, rGO and CuO/
rGO2:1 were compared in Fig. 1a. As shown in the figure, all the ma-
terials were successfully prepared. CuO pattern matched well with PDF
card (#89-5899, CuO). The rGO pattern was the same as the reported
typical pattern of 3-dimension reduced graphene oxide prepared at
higher temperature by hydrothermal reduction [47]. CuO/rGO2:1 pat-
tern included all characteristic peaks of CuO; the disappearance of rGO
peak bump at 25° (2θ) might be ascribed to the destruction of rGO
oxygen group or structure periods by CuO growth. The XRD patterns of
CuO/rGO10:1, CuO/rGO4:1, CuO/rGO1:1, CuO/rGO1:2, CuO/rGO1:4,
CuO/rGO1:10, CuO/rGO1:20 are listed in Supplementary material (Fig.
S1).

The SEM and TEM pictures of CuO/rGO2:1 showed that CuO had
well-grown on rGO (Fig. 2). The small rock-like CuO pieces aggregated
to form spindle-like or unshaped spindle-like CuO bulks. The selected
area electron diffraction (SAED) of TEM verified the polycrystalline
structure of CuO. The size of CuO was from nano-meters to micro-me-
ters. The rGO showed a 3-dementional structure with CuO on the sur-
face or between sheets. TEM pictures displayed a more clear perspective
of “rocks on ship” relationship between CuO and rGO. The SEM and

Fig. 1. (a) XRD patterns of GO, rGO, CuO and CuO/rGO2:1; (b) FTIR spectrum of rGO, CuO and CuO/rGO2:1.
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TEM images of sheet-like and sphere-like CuO were listed in
Supplementary material (Figs. S2–S6). The SEM of CuO/rGO1:1, CuO/
rGO4:1, CuO/rGO10:1, CuO and rGO are listed in Supplementary mate-
rial (Fig. S7).

Comparison of FTIR spectrum of hydrothermal synthesized CuO,
rGO and CuO/rGO2:1 indicated the interaction between CuO and rGO in
CuO/rGO2:1 (Fig. 1b). The peaks at around 3442.37 cm−1 and
1643.08 cm−1 indicated adsorbed water. The C–O bond of epoxy and
C]O bond or C]C bond in rGO were characterized by peaks detected
at 1206.77 cm−1 and 1567.06 cm−1, respectively [48]. The peaks ap-
peared at 602.87 cm−1, 520.11 cm−1 and 447.67 cm−1 were assigned
to CuO [49]. This result indicates the successful preparation of CuO/
rGO composite. The shift of peaks at 602.87 cm−1, 520.11 cm−1, and
447.67 cm−1 to those at 598.35 cm−1, 528.54 cm−1, and 433.28 cm−1

implied the interaction between CuO and rGO. The shift of peaks at
1567 cm−1 and 1206.77 cm−1 to those at 1552.46 cm−1 and
1218.81 cm−1 might correspond to the complexation between C]O,
C–O and Cu [35]. The new peaks at 1124.68 cm−1 and 1091.53 cm−1

were assigned to the C–O bond of alkoxy [50], suggesting the formation
of Cu–O–C bond. Therefore, it was proposed that the interaction be-
tween CuO and rGO was established by Cu–O–C bond.

BET results showed that the rGO prepared by hydrothermal method
has considerable specific surface area of 320.13m2·g−1, while CuO
prepared by hydrothermal method has specific surface area of
3.139m2·g−1. The rGO-modified CuO, i.e., CuO/rGO2:1 has specific
surface area of 56.093m2·g−1, which improved the dispersity of CuO.
Data of CuO/rGO with different mass ratios of CuO to GO precursor are
provided in Supplementary material (Fig. S8).

In TGA procedure, the CuO/rGO was treated in oxygen atmosphere,

GO and rGO were treated in nitrogen atmosphere. Results showed that
more than 80% of CuO/rGO (w/w) was CuO, and oxygen content was
more than 43.5% in GO and 23.5% in rGO (Fig. S9). Results indicated
that rGO had been successfully reduced from GO, the high oxygen
content of GO provided abundant growth sites for CuO and the residual
oxygen in rGO improved the hydrophilic property of CuO/rGO.

3.2. Degradation of 2,4,6-trichlorophenol by CuO/rGO-PS system

3.2.1. Enhanced PS activation by CuO with rGO modification.
The contrast experiments were conducted among CuO/rGO-TCP,

CuO/rGO-PS-TCP, CuO/rGOacid wash-PS-TCP, CuO-PS-TCP, PS-TCP and
Cu2+-PS-TCP systems (Fig. 3). Results showed that CuO/rGO or PS had
no removal capacity for TCP, while TCP concentration decreased sig-
nificantly with CuO/rGO and PS together, which indicated that PS
could be activated by CuO/rGO. Because of the low efficiency of TCP
removal by the Cu2+-PS system, the reaction was certainly hetero-
geneous process. CuO had been reported to be an efficient hetero-
geneous activator for PS, while in this study, the CuO-PS system showed
a poor removal efficiency for TCP. This evidence revealed that rGO
played a critical role in PS activation. Graphene is proved to be an ef-
ficient activator for PS [21,51–54]. While, as showed in Fig. 3, after
dissolution of CuO, the remained rGO in CuO/rGO exhibited little re-
moval efficiency for TCP, indicating that in the CuO/rGO composite the
rGO content was too small (the dosage is 0.1 g·L−1, and wt.% of rGO is
about 20%) to produce a significant TCP removal efficiency. There are
research papers about TCP adsorption by graphene and graphene oxide
[55,56], the adsorption test in this study showed that 0.1 g/L and
0.02 g/L rGO achieved 28% and 13% TCP removal rate in 0.1mmol·L−1

Fig. 2. SEM and TEM images of CuO/rGO2:1.
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solution respectively, while nearly no TCP was removed by GO, in-
dicating that adsorption effect is limited (Fig. S10). The TCP adsorption
capacity of graphene is consistent with previous study [55], but the
adsorption is not obvious because of the low content of rGO. As a
conclusion, the interaction between rGO and CuO improved the surface
activation ability of CuO for PS.

3.2.2. Effect of rGO content in CuO/rGO composite for PS activation and
TCP removal

In this study, five kinds of CuO/rGO composites with different rGO
contents were synthesized by controlling the mass ratio of CuO (cal-
culated from Cu(NO3)2·3H2O) and GO precursor. They are CuO, CuO/
rGO10:1, CuO/rGO4:1, CuO/rGO2:1, and CuO/rGO1:1. CuO/rGO1:2, CuO/
rGO1:4, CuO/rGO1:10 and CuO/rGO1:20 were excluded because no CuO
but Cu2O was formed (as XRD results in Fig. S1). As shown in Fig. 4a,
TCP removal efficiency increased with higher graphene content in the
CuO and rGO composite. The higher rGO content provided more sur-
face area for the CuO growth and led to a higher dispersity of CuO.
Hence, the interaction between rGO and CuO was reinforced simulta-
neously, resulting in the better TCP removal efficiency. It indicated that
CuO/rGO1:1 has the best performance for TCP removal. Since CuO is
our target and for cost-efficient application of material, CuO/rGO2:1

with higher CuO content rather than CuO/rGO1:1 was selected as PS
activator in following study.

3.2.3. Effect of pH, CuO/rGO2:1 dosage and persulfate concentration for
TCP degradation

The pH would influence the surface electric property of material,
protonation or deprotonation of a pollutant, and the dissolution of CuO.
As shown in Fig. 4b, the best performance was achieved within pH 6
and 9. The pH was less than 3 if the system pH was not adjusted, and in
this condition TCP could be degraded more efficiently than the condi-
tion with initial pH 11. The CuO corrosion became evident without pH
adjustment (Cu2+ was 49.7mg·L−1 after reaction). Therefore, the op-
eration pH should be adjusted to near neutral, because in these con-
ditions the TCP removal efficiency was highest and CuO corrosion was
significantly inhibited (Cu2+ was 6.7 and 5.0 mg·L−1 after reaction at
pH 6 and 9 respectively). In microcosmic perspective, the surface
electric property of a material influences the adsorption of PS ion and
pollutants. For this perspective, the zeta potential of CuO/rGO in

solution has been tested and the values were −7.97mV, −9.49mV,
−40.9mV at pH 6, 9 and 11 respectively. Therefore, the surface charge
of the composite would be most negative when pH is 11, which would
have resulted in the maximum repulsion for PS anion, and further
significant suppression of PS activation. When pH was 6–9, the less
negative charge on the surface of composite resulted in less repulsion
for PS anion, facilitating PS activation and TCP degradation. In an
acidic condition, positive charge on the surface of composite would
attract PS anion, hence TCP was still degraded in a large extent. While,
the protonated TCP would be more difficult to be attracted to the sur-
face of CuO, and the CuO corrosion decreased the active site on the
surface (Cu2+ dissolution was 49.7 mg·L−1 after 180min without pH
adjustment in CuO/rGO-PS system), which limited the TCP degrada-
tion. To study the stability of CuO/rGO composite, the material was
reused for three times. Results showed that the TCP degradation effi-
ciency decreased when recycle time increased (Fig. S11). Considering
the dissolution of Cu2+ is 6.7 ppm at pH 6, it is concluded that the loss
of CuO have an obvious effect for persulfate activation and TCP re-
moval. The SEM and TGA has been done for used CuO/rGO composite.
The SEM results showed that the density of CuO particles on graphene
are almost the same, indicating that the interaction between CuO and
rGO is stable. The TGA results showed that CuO would dissolve in so-
lution, the mass ratio of CuO in CuO/rGO decreased from 80% to 70%,
indicating that the CuO faces the dissolution problem, which will be
focused on in future work. The CuO dissolution in different systems are
showed in Fig. S12, higher pH and lower PS concentration resulted in
lower CuO dissolution.

CuO/rGO2:1 dosage exhibited obvious effect to TCP removal
(Fig. 4c). When dosage was raised from 0.05 g·L−1 to 0.1, the removal
efficiency increased to three times. When dosage was further raised to
0.25 and 0.5 g·L−1, TCP was completely removed in 60min and 30min,
respectively. PS concentration also showed regular effect on TCP re-
moval. There was no significant difference in TCP removal efficiency
when PS concentration was raised from 1mmol·L−1 to 5 (Fig. 4a); the
calculated PS demand for complete mineralization was 1.1mmol·L−1.
This result indicates that the active site on the CuO surface was close to
saturation for PS when PS concentration was more than 1mmol·L−1

(under the CuO/rGO2:1 dosage of 0.1 g·L−1). Therefore, keeping PS at
2.5 mmol·L−1 and increasing CuO/rGO2:1 dosage would increase the
active site, resulting in further increase of PS activation and TCP re-
moval efficiency. When PS concentration was raised from 0mmol·L−1

to 1 (Fig. 4a), TCP removal efficiency increased gradually; especially
when PS concentration increased from 0mmol·L−1 to 0.025 (low con-
centration, the molar ratio of TCP to PS is 4), the TCP removal effi-
ciency increased obviously, indicating that PS play an important role in
TCP degradation. It was concluded that higher CuO/rGO2:1 dosage and
PS concentration would increase the TCP removal efficiency. In addi-
tion, no inhibition was found at a high activator dosage or PS con-
centration, which was different from a typical radical-generating
system [9].

The TOC removal has been investigated (Fig. S13). Results showed
that about 30% TOC was removed by 0.1 g·L−1 CuO/rGO and
2.5 mmol·L−1 PS at pH 6 after 180min. Compared with high TCP re-
moval rate, it could be concluded that: 1) the TCP was degraded by
activated PS but not adsorbed on CuO/rGO, because adsorption could
cause the same removal rate of TOC and TCP; 2) the intermediate was
not easy to be further degraded due to the low TOC removal rate but
high TCP removal rate. When PS concentration was decreased to
1mmol·L−1 and 0.5 mmol·L−1, it was interesting to find that the TOC
removal increased a little bit. A reasonable explanation is that: part of
the intermediates would adsorbed on CuO/rGO, leading to the TOC
removal in solution; when PS concentration increased, the adsorbed
intermediates reacted with excess PS and released to solution again, the
TOC in solution increased. The GC/MS analysis of adsorbed inter-
mediates were 6-dichloro-2, 5-cyclohexadiene-1, 4-dione and 3, 5-di-
chloro-1, 2-Benzenediol. When CuO/rGO dosage increased to

Fig. 3. Removal of TCP by different systems: CuO/rGO-TCP, CuO/rGO-PS-TCP,
CuO/rGOacid wash-PS-TCP, CuO-PS, Cu2+-PS and PS. The acid wash proce-
dures were as follows: 0.01 g CuO/rGO were dispersed in 50mL 0.2M H2SO4

solution and shaken for 24 h. to remove supported CuO. Conditions:
[PS]0= 2.5mmol·L−1, [TCP]0= 0.1mmol·L−1, [CuO/rGO]= 0.1 g·L−1,
[CuO]= 0.1 g·L−1, [Cu2+(CuSO4)]= 0.1 g·L−1, No pH adjustment (about 2.8),
T= 25 °C.
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0.25 g·L−1 and PS concentration increased to 5.0mmol·L−1, the TOC
removal rate increased to 56.11%.

3.3. Reaction mechanism in CuO/rGO-PS-TCP system

3.3.1. Non-radical activation of PS by CuO/rGO
CuO has been reported as an activator of PS non-radical activation

[28,29]. Evidences have also been discovered in this study. The de-
composition of PS was researched in CuO/rGO-PS system and nearly no
consumption of PS happened, while when pollutant 4-chloroaniline was
added in CuO/rGO-PS system, obvious decomposition of PS was ob-
served, indicating the non-radical PS activation process for pollutant
degradation (Fig. 5a). Nearly no inhibition of TCP removal rate was
found in the presence of ethanol (kOH%=1.2–2.8×109M−1 S−1,
kSO4−%=1.6–7.7× 107M−1 S−1 [57]) or isopropanol
(kOH%=1.9× 109M−1 S−1 [58], kSO4−%=8.7×107M−1 S−1 [59])
as a radical scavenger (Fig. 5b), further proved the non-radical acti-
vation mechanism. To directly detect radicals, electron paramagnetic
resonance has been applied. As shown in Fig. 10a, sulfate and hydroxyl
radicals were produced in CuO/rGO-PS (Fig. 5c), in accordance with
our previous study [29]. Interestingly, the radical signal intensity in the
CuO/rGO-PS system was weaker than that in the Cu2+-PS system
(Fig. 5d), while TCP removal efficiency in the CuO/rGO-PS system was
higher than that in the Cu2+-PS system. The result indicated that sulfate
and hydroxyl radicals were not main reactive oxygen species. It was
reasonably to suppose that activated PS was the main PS activation
products in CuO/rGO. The radicals might be generated during PS ac-
tivation by dissolved Cu2+ and strong active site on CuO [29].

3.3.2. Non-radical activation site on CuO/rGO
Persulfate activation by CuO/rGO has been proved to be a non-

radical process, and this process has been reported to occur on the CuO
surface [28,29]. Zhang et al. [28] used O2 adsorption method to de-
termine the Cu atom density on CuO surface and establish the quanti-
tative relation between reaction rate and Cu content on surface. Du
et al. [29] studied on the reusability of CuO, the results showed that Cu
density on CuO and the performance of CuO both decreased after used.
These two studies both indicated that Cu atom was probably the active
site for persulfate activation. Further experiment was designed to find
more evidence for active site on CuO surface. Sulfhydrylization re-
agents 4-mercaptobenzoic acid, dimercaprol and 3-mercaptopropionic
were used to block copper atom on CuO surface by complexation be-
tween Cu atoms and sulfydryl group (Fig. S14). After surface mod-
ification, TCP removal by CuO/rGO-PS was significantly inhibited
(Fig. 6a). The dimercaprol was most efficient in suppressing TCP de-
gradation, followed by 4-mercaptobenzoic acid and 3-mercaptopro-
pionic. The results indicated that copper atom on surface was active site
for persulfate activation, the complex formed between Cu and persul-
fate on surface without radical generation. In conclusion, the non-ra-
dical activation process was occurred on copper atoms of CuO surface.

It was reported that a high electron density around Cu could be
achieved by Cu–O–C bond interaction between Cu-containing oxide and
typical π-conjugated graphitic planes of g-C3N3, which is efficient in
H2O2 activation to generate hydroxyl radicals [35], indicating that
electron-rich center would be a good activator. Graphene also con-
tained π-conjugated graphitic planes, hence it was reasonable to pro-
pose the electron-rich center on CuO. FTIR results confirmed the for-
mation of Cu–O–C bond, which established the interaction between
CuO and rGO. In literature, it has been proved that electron transfer
from g-C3N3 to a supported material happened through the Cu–O–C
bond, resulting in the electron-rich center on the supported material
and the electron-deficient center on g-C3N3 [35]. The same

Fig. 4. (a) Effect of rGO content in CuO/rGO composite on TCP removal, conditions: [PS]0= 2.5mmol·L−1, [TCP]0=0.1mmol·L−1, [CuO/rGO]= 0.1 g·L−1, No pH
adjustment (about 2.8), T=25 °C; (b) Effect of pH on TCP degradation, conditions: [PS]0= 2.5mmol·L−1, [TCP]0=0.1mmol·L−1, [CuO/rGO]=0.1 g·L−1,
T= 25 °C; (c) Effect of CuO/rGO dosage on TCP degradation, conditions: [PS]0= 2.5mmol·L−1, [TCP]0= 0.1mmol·L−1, No pH adjustment (about 2.8), T= 25 °C;
(d) Effect of persulfate concentration on TCP degradation, conditions: [TCP]0=0.1mmol·L−1, [CuO/rGO]= 0.1 g·L−1, pH 6, T=25 °C.
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circumstance in CuO/rGO might also exist. By forming the electron-rich
center on CuO, PS was more easily activated on CuO surface. The sig-
nificantly enhanced TCP removal rate in the CuO/rGO-PS system than
in the CuO-PS system supported the possibility of an electron-rich
center formation. Furthermore, electron paramagnetic resonance was
applied to prove the existence of an electron-rich center. In the study of
Lyu et al. [35], the electron-rich center activated H2O2 to be hydroxyl
radicals. In this study, the results showed that hydroxyl and superoxide
radicals were formed in both CuO/rGO-H2O2 and CuO-H2O2 systems
(Fig. 6b). While the radical signal had no obvious difference. Moreover,
the unexpected superoxide radical appeared (The formed superoxide
radical probably resulted from photocatalysis by indoor light) and the
preconceived hydroxyl radical signal was not significant. The results

indicated that the electron-rich center was too weak to activate H2O2 to
be radicals. Therefore the weak electron-rich center might activate PS
by non-radical processes. In conclusion, the interaction between CuO
and rGO was not strong enough to activate H2O2 to form radicals but
enhanced the PS non-radical activation.

3.4. Crystal facet effect of CuO for PS activation

Besides the enhancement of PS activation by rGO, CuO could also be
self-enhanced by exposing different surface. Crystal facet effect always
exists in a heterogeneous catalysis reaction, resulting in different re-
action ability of a catalyst; the surface on a differently exposed crystal
facet would exhibit distinguishable active sites [36]. Saputra et al.

Fig. 5. (a) Persulfate decomposition in CuO/rGO-PS, PCA-PS and CuO/rGO-PCA-PS systems, conditions: [PS]0= 2.5mmol·L−1, [PCA]= 0.5mmol·L−1, [CuO/
rGO]=0.1 g·L−1, pH=6, T=25 °C; (b) Effect of sulfate and hydroxyl radical scavengers on TCP removal by CuO/rGO system, conditions: [PS]0= 2.5mmol·L−1,
[TCP]0= 0.1mmol·L−1, [CuO/rGO]= 0.1 g·L−1, [ethanol]0= 100mmol·L−1, [isopropanol]0= 100mmol·L−1, No pH adjustment (about 2.8), T=25 °C; (c) and
(d) Radical detection by EPR in CuO/rGO-PS, rGO-PS, Cu2+-PS and PS solution systems. The red circles stand for hydroxyl radical and green triangles stand for
sulfate radical. Conditions: [PS]0= 2.5mmol·L−1, [CuO/rGO]=0.1 g·L−1, [rGO]=0.02 g·L−1, [Cu2+(CuSO4)]= 0.1 g·L−1, No pH adjustment (about 2.8),
T= 25 °C.

Fig. 6. (a) TCP removal in CuO/rGO-PS system after surface copper atom block, conditions: [PS]0= 2.5mmol·L−1, [TCP]0=0.1mmol·L−1, [CuO/rGO]= 0.1 g·L−1,
pH=6, T= room temperature; (b) Radical detection by EPR in CuO/rGO-H2O2, CuO-H2O2, rGO-H2O2 and Cu2+–H2O2 system, conditions:
[H2O2]0= 2.5mmol·L−1, [CuO]=0.1 g·L−1, [CuO/rGO]= 0.1 g·L−1, [Cu2+(CuSO4)]= 0.1 g·L−1, No pH adjustment (about 2.8), T= 25 °C.
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[60,61] studied the shape selective reaction between perox-
ymonosulfate and single transition oxide like Mn2O3 and Co3O4 for
phenol degradation, the results showed that the more reactive surface
facet play an important role in catalysis. Therefore it is necessary to
investigate the effect of exposed surface for reaction. In this study, we
have investigated three kinds of CuO with different morphology pre-
pared from three methods, the spindle-like CuO by the high tempera-
ture hydrothermal method, the sphere-like CuO by calcination and the
sheet-like CuO by the low temperature hydrothermal method. Results
showed that sheet-like CuO resulted in significantly efficient TCP de-
gradation, while spindle-like CuO resulted in moderate TCP removal
efficiency and sphere-like CuO resulted in weak TCP removal (Fig. 7a,
Table S1). The apparent pseud-first order reaction rate constant for
sheet-like CuO is 60 times and 10 times of that for sphere-like and
spindle-like CuO respectively. It is noted that the specific surface area of
sheet-like, sphere-like and spindle-like CuO is 13 [37], 0.96 [28] and
3.14m2·g−1 respectively. After the normalization of rate constant by
specific surface area (Table S2), the pseud-first order reaction rate
constant for sheet-like CuO is 4.5 times and 2.4 times of that for sphere-
like and spindle-like CuO respectively. The facts indicated that surface
facet had a great impact on PS activation. The HRTEM results in Fig. 8
revealed that the main exposed crystal facet of the sheet-like CuO was
(0 0 1), in accordance with the previously reported result [62]. The
(0 0 2) facet took up a small ratio of the sphere-like CuO surface. While
the polycrystalline (as shown by SAED results in Fig. 8c) spindle-like
CuO was formed from particles aggregation, and the particles growth
direction was random, which means that the exposed crystal facets can
cover all the possible crystal facets [63]. Therefore, the (0 0 1) facet was
efficient in PS activation. Further experiments proved that the activa-
tion was non-radical process (Fig. 7b). By analyzing the atomic occu-
pancy on the surface (the exposed atoms on (0 0 1) surface were all Cu),
it was concluded that a higher copper site content can result in higher
PS activation, indicating that copper atom on surface was the persulfate
activation site. To verify the speculation, three sulfhydryl compounds
were used to block the copper site on the CuO surface (part 3.3.2). As
expected, the thiol-modified CuO/rGO significantly inhibited TCP de-
gradation, confirming the speculation that copper atom on the CuO
surface was PS activation site. Therefore, CuO had crystal facet effect on
PS activation and copper atom on the surface was the PS activation site,
the facet (0 0 1) with a higher copper site content on the surface was
efficient. The exposed facet identification procedure was shown in
Supplementary material (Text 4).

3.5. Selective removal of organic pollutants by non-radical CuO/rGO-PS
system

3.5.1. Selective removal of different chlorinated organic pollutants
Radical oxidation system like Fenton or PS based systems always

showed high removal efficiency for a wide spectrum of organic pollu-
tants. However, the radical oxidation systems demand excess amount of
oxidants and catalysts for complete removal of target pollutants in the
presence of other non-target pollutants. A non-radical oxidation system
does not require an overactive radical, allowing PS to react with pol-
lutants in a more stable condition.

Pollutant-selective-oxidation property of the CuO/rGO-PS system
was studied in three aspects: degradation distinction of chlorophenols
with different number (1–3) of chloride as a substituent, degradation
distinction of chloride benzene with amido and phenolic hydroxyl
group, and degradation distinction of chloride organics with benzene
ring and double bond of carbon.

As shown in Fig. 9, it was easier to degrade the chlorophenol with
more chlorides, chlorinated benzene with amido, and chlorinated or-
ganics with benzene ring. In first aspect, degradation of TCP, DCP and
CP has been investigated at pH 2.8, 6, 9 and 11. The removal efficiency
followed the sequence of TCP > DCP > CP, TCP > DCP > CP,
TCP > DCP > CP and CP > DCP > TCP at pH pH 2.8, 6, 9 and 11,
respectively. At pH 2.8 to 9, TCP could be easily degraded, while in
basic condition (pH 11), the degradation was significantly inhibited.
Considering the zeta potential of CuO/rGO in solution and pKa of three
chlorophenols (i.e., 6.59, 8.05, and 9.47 for TCP, DCP, and CP, re-
spectively), it could be concluded that when pH was 11, the CuO sur-
face was most negatively charged and the repulsion between the surface
and TCP was significant, since the distinction between pKa of TCP and
pH was more than that between pKa of DCP or CP and pH. Therefore,
the reaction activity between the surface and TCP was inhibited.

The selective oxidation sequence of chlorophenols by the CuO/rGO-
PS system was TCP > DCP > CP. In second aspect, degradation of 4-
chlorophenol and 4-chloroaniline was investigated at pH 2.8, 6, 9 and
11. In short, PCA was much more easily degraded than CP. Even at pH
11, the condition that was most beneficial for CP and most unfavorable
for PCA, removal efficiencies of the system for CP and PCA were
comparable. It could be concluded that amido and phenolic hydroxyl
group exhibited different effect on chlorinated benzene ring. Since the
electron-donating ability of –NH2 was stronger than that of –OH, it was
proposed that the benzene-ring-conjugated system affected by –NH2

might be more reactive than that affected by –OH.
In third aspect, degradation of 2,4,6-trichlorophenol (TCP) and

trichloroethylene (TCE) were investigated at pH 2.8, 6, 9 and 11 (Fig.
S15). Results showed that TCP was more easily degraded than TCE
except the pH 11 condition, and pH adjustment had nearly no effect for

Fig. 7. (a) Effect of crystal facet (morphology) on TCP removal by CuO-PS system. CuO 1 was prepared without PEG200, CuO 2 was prepared with 2mL PEG200,
CuO 3 was prepared with 10mL PEG200. (b) Effect of radical scavenger ethanol on TCP removal by sheet-like CuO-PS system. Conditions: [PS]0= 2.5mmol·L−1,
[TCP]0= 0.1mmol·L−1, [CuO]=0.1 g·L−1, [ethanol]= 100mmol·L−1, pH=6, T= 25 °C.
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TCE degradation. Since benzene ring conjugated system has higher
electron cloud density than double bond of carbon, TCP would be a
better electron donator than TCE, which accounted for higher reactivity
of TCP.

In conclusion, CuO/rGO-PS system showed a good selective oxida-
tion ability for chlorophenols with different chloride number, for
chloride benzene with different substituent group, and for organics with
different unsaturation carbon bond. The conclusion showed the ad-
vantage of persulfate non-radical activation system for focusing on
target pollutants with less impact from impurities, compared with
omnipotent radical-generated system. The rate constants and removal
rate of different pollutants are showed in Table S3.

3.5.2. Dechlorination of TCP and intermediates identification
Experiments have demonstrated the high efficiency of TCP removal

in CuO/rGO-PS system. To evaluate the TCP degradation characteristic
in this non-radical system, dechlorination degree and intermediates
have been studied. Compared with typical radical-generated system
Fe0-PS, chloride ion concentration in CuO/rGO-PS system first in-
creased and then became stable, which was in accordance with TCP
degradation tendency (Fig. S16). While in Fe0-PS system, chloride ion
concentration first increases and then decreased, which was probably
due to the chloride radical formation from chloride ion oxidation by
sulfate radical. Therefore the activated persulfate in CuO/rGO-PS
system was not active enough for chloride ion oxidation, increasing the
selective oxidation ability for pollutants and avoiding the poly-
chlorinated organics. To study the TCP dechlorination efficiency,

Fig. 8. TEM and SEM results of CuO, (a) HRTEM and FFT of sheet-like CuO, (b) HRTEM and FFT of sphere-like CuO, (c) SEM and SAED of spindle-like CuO.
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persulfate concentration was investigated (Fig. 10). Results showed that
when persulfate concentration increased from 1mmol·L−1 to
2.5 mmol·L−1, chloride ion content increased mildly. When persulfate
concentration further increased from 2.5mmol·L−1 to 5mmol·L−1, al-
most no increase of chloride ion content happened. Considering the
molar ratio of final chloride ion to TCP, it was proposed that about 100
TCP molecules lost 116, 133 and 133 chloride atom when persulfate
concentration was 1, 2.5 and 5mmol·L−1 respectively, most TCP mo-
lecule just lost one chloride atom and part TCP molecule lost two or
three, the identified 2, 6-dichloro-2, 5-cyclohexadiene-1, 4-dione and 3,
5-dichloro-1, 2-Benzenediol intermediates verified the speculation (Fig.
S17). It was concluded that TCP molecule easily lost one chloride
during oxidation processes in CuO/rGO-PS system (equation 1), and the
dechlorinated intermediates was difficult to be oxidized compared with
TCP, which was consistent with low TOC removal rate, reflecting the
selective oxidation property of CuO/rGO-PS system. The persulfate
decomposition was also studied (Fig. S18) to verify TCP degradation

pathway. According to the equation, one persulfate molecule could
transform two TCP molecules, indicating that 0.1 mmol TCP degrada-
tion only needs only 0.05mmol persulfate theoretically. When initial
TCP and persulfate concentration is 0.1mmol/L and 1.0mmol/L re-
spectively, the persulfate consumption is about 5% or more. The PS
decomposition line is showed in Fig. S18, about 13% persulfate is
consumed in CuO/rGO-PS-TCP system, while it is about 10% in CuO/
rGO-PS and nearly no persulfate is consumed in PS-TCP system. This
phenomenon indicated that interaction between persulfate and CuO/
rGO happens and TCP addition increases persulfate decomposition. The
persulfate decreases more and more slowly in CuO/rGO-PS, indicating
that persulfate is probably adsorbed on CuO/rGO. When TCP is in-
troduced, more persulfate is consumed and shows continuous con-
sumption. The results proved that persulfate would be adsorbed on
CuO/rGO surface without radical generation and continuous con-
sumption, and persulfate oxidizes TCP by dechlorination pathway.

4. Conclusion

Copper oxide activates persulfate by non-radical generation process.
Hydrothermal synthesized CuO/rGO could efficiently activate persul-
fate and completely remove 2,4,6-trichlorophenol in aqueous under
experiment condition. According to the results, the rGO enhanced the
persulfate activation ability of CuO significantly. The CuO/rGO-PS
system showed good selectivity degradation for various chlorinated
organic pollutants, exhibiting the advantage for specific pollutant re-
moval, compared with non-selective radical oxidation systems. By ap-
plying the non-radical activation system, 4-chloroaniline was most

Fig. 9. Selective removal of different pollutants by CuO/rGO system. Conditions: [PS]0= 2.5mmol·L−1, [CuO/rGO]= 0.1 g·L−1, [TCP]0=0.1mmol·L−1,
[DCP]0= 0.1mmol·L−1, [CP]0= 0.1mmol·L−1, [PCA]0= 0.1mmol·L−1, T= 25 °C.

Fig. 10. Effect of persulfate concentration on TCP dechlorination by CuO/rGO
system. Conditions: [TCP]0= 0.1mmol·L−1, [CuO/rGO]= 0.1 g·L−1, pH=6,
T= 25 °C.
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easily degraded, followed by 2,4,6-trichlorophenol, 2,4-dichlorophenol
and 4-chlorophenol, under acidic, neutral and weak basic condition (pH
3–9). Furthermore, pollutants with benzene ring was more reactive
than that with double bond of carbon in the system. Different exposed
crystal facet of CuO showed different persulfate activation efficiency,
specifically the facet (0 0 1) was most efficient. In conclusion, the non-
radical activation system showed good selectivity of organic pollutants
degradation, and CuO could be enhanced by reduced graphene oxide
and tunable exposed crystal facet, resulting in higher and tunable
persulfate activation ability. Note that the dissolution of CuO, mea-
surements should be adopted to inhibited the second pollution and
improve the stability of material. Since the TCP was mainly oxidized
but not adsorbed, and not high TOC removal was achieved, the toxicity
and biodegradation of the effluent during reaction processes should be
studied in future work.
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