
* Corresponding author.

1944-3994/1944-3986 © 2022 Desalination Publications. All rights reserved.

Desalination and Water Treatment 
www.deswater.com

doi: 10.5004/dwt.2022.28407

256 (2022) 314–327
April 

Degradation of Acid Orange II by sludge-derived biochar supported 
Cu/Fe bimetallic particles activating persulfate

Yan Wang*, Teng Jiang, Xingjun Fan, Haiming Zou, Jianrong Zhao
Department of Environmental Science and Engineering, Anhui Science and Technology University, Donghua Road 9#, 
Fengyang 233100, China, emails: wangyanht@163.com (Y. Wang), 406154738@qq.com (T. Jiang), 934151553@qq.com (X. Fan), 
1517228169@qq.com (H. Zou), 653124657@qq.com (J. Zhao)

Received 19 August 2021; Accepted 17 March 2022

a b s t r a c t
CuFe2O4 and biochar composite (CuFe/BC) was successfully prepared by a simple hydrothermal 
synthesis method. As an excellent catalyst, it was utilized toward the activation of persulfate (PS) 
for Acid Orange II (AOII) degradation. The surface morphology and structure characterizations of 
CuFe/BC measured by X-ray diffraction, scanning electron microscopy-energy-dispersive X-ray 
spectroscopy, Fourier-transform infrared spectroscopy, X-ray photoelectron spectroscopy, and 
Brunauer–Emmett–Teller. The CuFe/BC exhibited high catalytic activity and reusability. The AOII 
degradation rate could reach 0.106 min–1 and AOII degradation efficiency was 95.89%. After 4 reuse 
cycle, CuFe/BC exhibited good reactivity in CuFe/BC/PS system and AOII degradation efficiency 
still kept 73.58%. During the AOII degradation process in CuFe/BC/PS system, the main active rad-
icals (SO4

•‒, •OH, and 1O2) were identified by the radical scavenging experiment and electron spin 
resonance analysis. Moreover, the mechanism of the CuFe/BC/PS system for AOII degradation 
was further proposed. The acute toxicity of the reaction solution to Photobacterium phosphoreum T3 
spp. in the CuFe/BC/PS process increased during the first 20 min and then decreased, which illus-
trated that CuFe/BC/PS was an effective and safe method for the removal of AOII.

Keywords:  Acute toxicity; Acid Orange II degradation; CuFe2O4 and biochar composite; Degradation 
mechanism; Persulfate

1. Introduction

Widespread use of dyes for the paper, textile, cosmet-
ics, drugs, food, leather, plastic and rubber industries has 
led to ubiquitous contamination of soil surface and water 
resources, resulting in serious environmental problems [1–5]. 
More than 70% of the available dyes on the market today 
were azo dyes characterized by the presence of nitrogen-to- 
nitrogen double bonds (–N=N–) [6]. Acid Orange II (AOII), 
as a representative azo dye, is of high stability and powerful 
resistance to biodegradation in aerobic conditions, result-
ing in a great challenge for the degradation [6,7]. Therefore, 
an efficient technique to eliminate AOII from wastewater 
is required urgently.

Advanced oxidation processes (AOPs) based on sulfate 
radicals (SO4

•–, SR-AOPs) have been extensively employed 
as the effective way for the removal of organic pollutants 
[6,8]. SO4

•– is mostly generated thereby activation of persul-
fate (PS) by using heat [8,9], alkaline [10], transition metals 
[11], ultraviolet light (UV) [12,13], microwave [14], electron 
conduction and electrochemical [15], minerals and metal 
oxides [4,6,16–18], photochemical [16], gamma ray [15], 
ultrasonic irradiation [19], semiconductors [20], carbona-
ceous-based materials [9,15,17,20,21], and so on.

Among these activation methods, the heterogeneous 
catalytic process had been widely employed for dye waste-
water treatment due to its low cost, energy-saving route and 
easy operation [16,22]. The development of heterogeneous 
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catalysts was the key of the heterogeneous catalytic pro-
cess. The use of nanoparticles during the heterogeneous 
catalytic process was evenly enhanced compared with the 
traditional catalyst systems. CuFe2O4, one of spinel fer-
rite, has been proved as an effective catalyst for the acti-
vation of PS to degrade organic pollutants [10,23], such as, 
4-chlorophenol [24], p-nitrophenol [25], metoprolol [26], 
trimethoprim [27], ofloxaci [22], and acetaminophen [28]. 
However, the particulate aggregation of CuFe2O4 due to its 
magnetic nature limited the population of active sites and 
reduced its catalytic activity [27]. The loading of CuFe2O4 
onto suitable supporting materials, such as carbon materi-
als not only overcome the aggregation of CuFe2O4 nanopar-
ticles, but also increased active sites [27,29,30]. Biochar 
(BC) has unique properties, including large surface area 
and large mechanical strength, which make BC suitable to 
be the supporting materials for catalyst loading [30–33]. 
Moreover, BC could activate PS to generate SO4

•– due to 
the oxygen functional groups on BC surface such as car-
boxyl, hydroxyl and carbonyl [30,34,35]. Fe functionalized 
biochar, as the catalyst for the activation of PMS, showed 
an excellent efficiency for bisphenol A (BPA) degradation 
[36]. The BC-supported nanoscale zero-valent iron catalysts 
was successfully prepared by Luo et al. [37] and was used 
in PS activation for the synergistic degradation of aromatic 
pollutants in alkaline wastewater. But the CuFe/BC/PS 
system has not been employed for AOII degradation.

In this study, CuFe2O4 and biochar composite (CuFe/BC) 
were synthesized with hydrothermal method and coupled 
with PS to degrade AOII in aqueous solution. This study 
has the following purposes: (i) CuFe/BC is expected to be 
efficient in the catalytic activation of PS at room tempera-
ture, (ii) the removal mechanism of AOII in the CuFe/BC/
PS system and the reusability of the CuFe/BC composite are 
investigated, (iii) Moreover, the effects of other key factors 
like catalyst dosage, PS concentration, and solution pH on 
the degradation rate are also investigated.

2. Materials and methods

2.1. Chemicals

AOII (≥85%) was purchased from Aladdin Chemistry Co., 
Ltd., (Shanghai, China). Sodium peroxydisulfate (Na2S2O8, 
PS, ≥98%), copper(II) chloride dihydrate (CuCl2·2H2O, 
≥99%), ferric chloride (FeCl3, ≥97%), sodium borohydride 
(NaBH4, ≥98%), sodium azide (NaN3), ethyl alcohol (EtOH, 
≥75%) and tert-butanol (TBA, ≥99%) were purchased from 
the Sinopharm Chemical Reagent Co., Ltd., (Shanghai, 
China). 5,5-dimethyl-1-pyrroline N-oxide (DMPO) and 
4-oxo-2,2,6,6-tetramethylpiperidine (TEMP) were purchased 
from Aladdin Industrial Corporation (Shanghai, China). 
All solutions were freshly prepared before each run in 
deionized water.

2.2. Preparation of BC and CuFe/BC

For sludge-derived biochar (BC) preparation, the munic-
ipal sewage sludge was obtained from sludge dewatering 
room in Fengyang Sewage Treatment Plant. After being 
dried at 80°C, smashed and sifted through 80 mesh sieves, 

the sludge powders were pyrolyzed in a tubular reactor 
(SK-G04123K, China) and the pyrolysis temperature was 
set at 500°C for 2 h.

CuFe/BC were synthesized via a hydrothermal syn-
thesis according to the previous study [38,39]. 1 g BC 
was firstly added into 80 mL deionized water and com-
pletely dispersed through an ultrasonic method. Then 
CuCl2·2H2O (10 mmol) and FeCl3 (20 mmol) were added 
into the above suspension and were dissolved by stirring 
vigorously. Following this treatment, 1 g NaOH was added 
into the above mixture solution with continual stirring for 
10 min. The resulting mixture was transferred to a 100 mL 
Teflon-lined stainless steel autoclave and put in an oven 
at 180°C for 24 h. The obtained precipitates were washed 
for several times with excessive deionized water and eth-
anol. Finally, the CuFe/BC catalyst was obtained by drying 
at 60°C for 12 h. In addition, the CuFe2O4 was prepared 
by the similar procedure without BC.

2.3. Experimental procedure

The catalytic degradation experiments were performed 
in 250 mL batch reactors at 25°C ± 2°C by water batch heat-
ing. The 200 mL AOII solution was added into batch reac-
tors, and the initial pH of the solution was adjusted by 
using Mettler Toledo FE20 pH Meter (Mettler Toledo FE20, 
Shanghai) with 0.1 mmol/L H2SO4 or NaOH. Then a pre- 
specified amount of PS and catalyst were added to initi-
ate the reaction and mixed by a magnetic stirrer at a rotary 
speed of 150 rpm (IKA color squid white, Germany). At pre- 
specified time intervals, 4 mL aqueous sample was taken and 
filtered through 0.22 µm filter. Then the AOII concentration 
was measured by a UV-Visible spectrophotometer (UV-1750, 
Shimadzu, Japan) at the detection wavelength of 484 nm and 
the total organic carbon (TOC) values of the samples were 
measured by a TOC analyzer (TOC-L, Shimadzu, Japan). 
The TOC removal was calculated by using Eq. (1):

The TOC removal %
TOC
TOC

� � � �
�

�
��

�

�
���1 100

0

t  (1)

where TOC0 and TOCt are the initial and residual TOC 
concentration of sample at 0 and t min, respectively.

The AOII catalytic degradation reactions described 
above were repeated for four cycles to evaluate the recy-
clability of CuFe/BC catalyst. After each catalytic run, the cat-
alyst was separated by vacuum filtration, and washed with 
ultrapure water several times, then dried at 60°C overnight 
for reuse test to study its longevity.

In addition, in order to determine the role of radical 
species formed in the catalytic system, a series of quench-
ing tests were carried out by using TBA, NaN3 and EtOH 
as the radical scavengers, respectively. All experiments 
were conducted in triplicate, and the error bars represented 
standard deviation of the means.

2.4. Analytical methods

The morphology of catalysts was characterized by a scan-
ning electron microscopy (SEM) and an energy-dispersive 
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X-ray spectroscopy (EDS) analysis (Hitachi S-3000N, Japan). 
The X-ray diffraction (XRD) spectra of the catalyst includ-
ing CuFe/BC, CuFe2O4 and BC were collected on X-ray dif-
fractometer (Bruker D8 ADVANCE, Germany) with Cu 
Kα radiation (λ = 1.5406 Å) by scanning the sample from 
10° to 80° at the scan rate of 5°min–1 operating under 40 kV 
and 30 mA. The surface chemical state was measured by 
X-ray photoelectron spectroscopy (XPS, Thermo Fisher, 
USA) using an ESCALAB 250Xi photoelectron spectrometer 
with monochromatic Al Kα radiation.

The Fourier-transform infrared spectrometer (FTIR, 
Nicolet Avatar 330) was employed to determine surface 
functional groups of BC, CuFe2O4, synthesized CuFe/BC, 
and used CuFe/BC through the infrared spectra in the range 
of 400–4,000 cm–1. Zeta potential (ZP) of samples was mea-
sured with a zeta voltmeter (Brookhaven ZetaPALS, USA). 
Specific surface area and pore volume were examined using 
a surface area and pore size analyzer (JW-BK132F, China) 
with Brunauer–Emmett–Teller (BET) theories.

The formation of active radicals were identified with elec-
tron spin resonance (ESR) on Bruker A300-10/12 (Germany) 
with a microwave bridge (receiver gain, 1 × 105, modula-
tion amplitude, 2 G, microwave power, 20 mW, modula-
tion frequency, 100 kHz).

2.5. Microtox acute toxicity assay

The active toxicities of AOII mixture samples were 
determined with the luminescent bacteria based on water 
quality-determination of the acute toxicity-luminescent 
bacteria test (GB/T 15441-1995). The freeze-dried pow-
der of Photobacterium phosphoreum T3 spp. was purchased 
from the Institute of Soil Science, Chinese Academy of 
Sciences (Nanjing, China). The Photobacterium phospho-
reum T3 spp. can radiate a certain intensity of visible light 
with a wavelength of 50–490 nm when being reconstituted 

by 3% NaCl [40]. The variation of luminescence from 
Photobacterium phosphoreum T3 spp was detected using a 
Toxicity Determinator (DXY-3, Institute of Soil Science, 
Chinese Academy of Sciences, Nanjing, China). In the blank 
test, the effluent of AOII degradation was replaced deion-
ized water. The toxicity was characterized by the percent-
age of inhibiting luminosity (R) by Eq. (2)

R % Luminosity of the sample
Luminosity of the CK

� � � �
�

�
��

�

�
��1 ��100  (2)

where CK is blank sample. To ensure data accuracy, the 
toxicity was measured by three replicates for each effluent 
sample. The samples were filtered through 0.22 µm filter 
before test.

3. Results and discussion

3.1. Characterization of catalysts

The SEM micrographs of BC, CuFe2O4, and CuFe/BC, 
and EDS pattern of CuFe/BC are shown in Fig. 1. As shown 
in Fig. 1a and b, compared with plate-like structure of BC, 
the CuFe2O4 clusters consisted of microparticles. It is clear 
from Fig. 1c that the surface morphology of CuFe/BC was 
basically the same with BC (Fig. 1a) and it maintained the 
original morphology of BC and plate-like structure were 
seen clearly, besides tiny CuFe2O4 granules attached to the 
external surface of BC. EDS analysis of the stochastic zone 
in Fig. 1c was used to investigate the chemical composi-
tion of CuFe/BC surface and the atomic ratio of Cu to Fe 
was nearly equal to 1:4 (Fig. 1d), which was not consistent 
with the molecular formula of CuFe2O4. It also proved that 
BC doped with other iron oxides, such as Fe2O3. The similar 
phenomenon was reported by Liu et al. [41].

    

    

(a) (b)

(c)
Element Wt% At% 

  C 11.48 20.77 

  O 29.16 39.60 

 Na 05.55 05.25 

 Mg 02.03 01.82 

 Al 09.76 07.86 

 Si 19.01 14.71 

  P 01.45 01.02 

  K 01.86 01.03 

 Ca 02.80 01.52 

 Ti 00.44 00.20 

  V 00.11 00.05 

 Fe 12.60 04.90 

 Cu 03.73 01.28 

(d)

Fig. 1. SEM image of (a) BC, (b) CuFe2O4, (c) CuFe/BC and (d) EDS of CuFe/BC.
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To further understand the load composition of BC, the 
phase components of BC, CuFe2O4, and synthesized CuFe/
BC were characterized by XRD. As can be seen in Fig. 2a, 
both BC and CuFe/BC displayed a carbon characteristic 
diffraction peak at 2θ of 26° [27], which proved that their 
carbon skeletons were not destroyed during the synthesis. 
The diffraction peaks for CuFe/BC were similar to the stan-
dard diffraction data for CuFe2O4 (JCPDS 34-0425) [42,43] 
and Fe2O3 (JCPDS 24-0081) [44]. The diffraction peaks at 
2θ = 18.3°, 29.9°, 34.7°, 35.9°, 37.1°, 43.8°, 57.8°, and 62.2° 
could be ascribed to the (101), (112), (103), (211), (202), 
(220), (321) and (224) reflections of tetragonal CuFe2O4, 
and the peaks at 2θ = 30.2°, 35.6°, 43.3°, 57.3° and 62.9° are 
indexed to the (220), (311), (400), (511) and (440) reflections 
of the γ-Fe2O3 phase. The diffraction peaks of CuFe/BC were 
wider than that of bare CuFe2O4 due to CuFe2O4 particle 
aggregation.

The BET surface area, total pore volume, micropore vol-
ume and average pore diameter of the derived BC, CuFe2O4 
and CuFe/BC were presented in Table S1. The BET surface 
area, total pore volume and micropore volume of CuFe/BC 
were 93.93 m2/g, 132.98 mL/g, and 35.95 mL/g, respectively, 
which were larger than that of BC. The presence of CuFe2O4 
in CuFe/BC increased the BET surface area, total pore vol-
ume and micropore volume due to the much larger BET 
surface area, total pore volume and micropore volume of 
CuFe2O4 compared with BC. But the average pore diameter 
of CuFe/BC was 5.66 nm, which decreased compared with 
BC. Because the average pore diameter of CuFe2O4 was 
smaller than that of BC.

It has been reported that BC, as a carbonaceous mate-
rial, is a promising environmental remediation material 
due to the rich oxygen-functional groups on its surface 
and high surface areas [45]. In order to determine the char-
acterization of BC, CuFe2O4, and CuFe/BC, the FTIR was 
employed and the result was shown in Fig. 2b. As expected 
in FTIR spectra (Fig. 2b), the peaks at 881; 1,105; 1,600 and 
2,926 cm–1 in both of BC and CuFe/BC were assigned to 
aromatic C–H, C–O stretching vibrations, the stretching 
vibration of C=O or C=C and long linear aliphatic chain 
–CH2 groups [27,30,46], indicating the presence of these 
characteristic groups remained in a hydrothermal system. 
The band at 2,349 cm–1 in BC represented CO2 asymmetric 
stretching vibrations, which indicated that BC absorbed 
CO2 from the air [46]. Interestingly, compared with the FTIR 
spectra of BC, the band at 2,349 cm–1 disappeared and the 
band at 577 cm–1 appeared in that of CuFe/BC. The band at 
577 cm–1 in FTIR spectra of CuFe2O4 and CuFe/BC justified 
metal-O stretching mode [47].

XPS was employed to evaluate the chemical charac-
terization and surface chemical state of CuFe/BC, and the 
result was shown in Fig. 3a. As can be seen from Fig. 3a, 
atomic ratio of C, O, Fe and Cu elements in CuFe/BC were 
19.55%, 69.53%, 8.65% and 2.27%, respectively. The atomic 
ratio of Fe and Cu elements was approximately 4 and 
bigger than 2. It illustrated that iron oxides presented in 
CuFe/BC composite since the atomic ratio of Fe and Cu 
elements in CuFe2O4 was 2. These results are similar to 
those of EDS. The regional C 1s, O 1s, Fe 2p and Cu 2p 
XPS spectra of CuFe/BC are displayed in Fig. 3b–e. Four 
peaks of C 1s at 284.80, 285.80, 287.20, and 292.20 eV are 
observed in Fig. 3b, which were assigned to the sp2 gra-
phitic carbon C–C, C–OH, C=O, and p‒p*, respectively 
[48,49]. The O 1s XPS spectra in Fig. 3c are resolved in 
to two peaks centered at 530.3 and 531.2 eV, which rep-
resented metal oxide bond (M–O, M: Cu or Fe) and C=O 
bonds, respectively [48,50]. According to previous reports 
[51–54] and the Cu 2p spectrum (Fig. 3d), the peaks cen-
tered at 934.32 eV for Cu 2p3/2 and 953.76 eV for Cu 2p1/2 
suggested the existence of Cu(II) in CuFe/BC and their 
vibrating satellites at 941.57 and 961.76 eV illustrated Cu2+ 
ions [51,52]. Another peak at 933.14 eV was attributed to 
Cu+ on the surface of CuFe/BC [52]. Fig. 3e displays the 
Fe 2p XPS spectra of CuFe/BC and the peak at around 
724.25 eV could be assigned to Fe 2p1/2 when other one 
at around 711.13 eV could be correspond to Fe 2p3/2 [54]. 
The fitted curve of Fe 2p3/2 could be de-convoluted into 
three peaks. The peak located at 709.2 corresponds to 
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Fig. 2. (a) XRD patterns and (b) FTIR spectra of BC, CuFe2O4, and 
CuFe/BC.
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Fe(II) when the peaks at 710.81 and 712.14 eV indicate 
Fe(III) [52,54]. Moreover, the 712.14 eV also is the stan-
dard spectrum of Fe–O–Cu, representing the existence of  
CuFe2O4 [54].

3.2. Catalytic performance

To demonstrate the remarkable ability of the CuFe/
BC/PS system, the degradation experiments were carried 
out with BC alone, CuFe/BC alone, PS alone Fe2O3 alone, 
CuFe2O4 alone, BC/PS, Fe2O3/PS, CuFe2O4 and CuFe/BC 
with PS for 90 min. The result is shown in Fig. 4 and the 
pseudo- first-order model was evaluated to simulate AOII 
elimination as described in Eq. (3):

dC
dt

k C� � 1  (3)

where C (mg/L) represents the AOII concentration at reac-
tion time t (min), and k1 (min−1) represents the pseudo-first- 

order rate constant of AOII removal. As shown in Fig. 4b 
and Table S2, the plot data of AOII removal in BC/PS, Fe2O3/
PS, CuFe2O4/PS, and CuFe/BC systems were well fitted to 
the pseudo-first-order kinetics model, which was verified 
by the very high correlation coefficients R2 ranged from 
0.930 to 0.998.

From Fig. 4a, it can be illustrated that the Fe2O3 alone, 
PS alone, and CuFe2O4 alone exhibited negligible degra-
dation ratio of AOII, while the adsorption of BC, CuFe2O4, 
and CuFe/BC for AOII were almost less than 10%. However, 
the addition of PS greatly improved the AOII degradation 
ratio. The AOII removal ratio in BC/PS was 51.43% with 
the reaction rate constants of 0.013 min−1, which illustrated 
that PS could be activated by BC to produce active spe-
cies. It can be associated with the oxygen-containing func-
tional groups (C–OH, C=O and –COOH) on the surface of 
BC, which could activate PS to produce SO4

•‒ as shown in 
Eqs. (4)–(5) [48,55,56]. Moreover, C=O on the surface of BC 
could promote PS self-decomposition and electron-transfer 
to generate 1O2 [12,18,57–59].
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Fig. 3. XPS spectra of (a) whole XPS spectra of CuFe/BC and typical elements (b) C 1s, (c) O 1s, (d) Fe 2p and (e) Cu 2p.
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BC OOH S O SO HSO BC OO≡ + → + + ≡− •− − •
2 8

2
4 4  (4)

BC OH S O SO HSO BC O≡ + → + + ≡− •− − •
2 8

2
4 4  (5)

In Fe2O3/PS and CuFe2O4/PS system, the AOII removal 
reached 71.19% and 75.95% with the reaction rate constants 
of 0.022 and 0.029 min−1, respectively. It illustrated that PS 
could be activated by Fe2O3 and CuFe2O4 to produce active 
species [52]. Compared with Fe2O3 and CuFe2O4, CuFe/
BC exhibited satisfactory catalytic activities for PS and the 
AOII removal reached 95.79% with the reaction rate con-
stants of 0.106 min−1, which suggested that CuFe/BC cat-
alyst could be a promising candidate for the AOII removal.

In order to further proved the catalytic degradation reac-
tions of AOII in CuFe/BC/PS system, the synergistic effect 
between Fe2O3, CuFe2O4 and PS was evaluated based on 
the synergy factor (SF) as described in Eq. (6) [12,18]:

SF
AOII removal rate in CuFe/BC/PS

AOII removal rate mi
=

( )−min 1

nn in

BC/PS CuFe O /PS Fe O /PS4 3

−( )
+ +( )

1

2 2  (6)

Considering Eq. (6) and Table S2, the value of SF was 
found to be 1.66 for the AOII degradation in CuFe/BC/
PS system, indicating the synergistic effect for this system 
[12]. Clearly, BC provided a suitable carrier for Fe2O3 and 
CuFe2O4, which prevented the particulate aggregation of 
Fe2O3 or CuFe2O4 and improved their catalytic performance.

3.3. Effects of catalyst dosage, PS addition, pH, 
and coexistent anion

The following experiments were conducted to study 
the effect of CuFe/BC addition on the AOII degradation 
in the CuFe/BC/PS system when pH = 6, the initial con-
centration of AOII (C0) was 50 mg/L, and the initial con-
centration of PS was 10 mmol/L. As shown in Fig. 5a, 
when the dosage of CuFe/BC increased from 0.5 to 1 g/L, 
the AOII degradation efficiency increased from 76.88% to 
95.89%, and the degradation rate increased from 0.018 to 
0.106 min–1 (Table S2). Obviously, the AOII degradation 
was mainly dependent on the active sites on the surface of 
CuFe/BC, the AOII degradation efficiency was enhanced 
with the increasing dosage of CuFe/BC due to more active 
sites by the increasing catalysts for free radical genera-
tion from PS [60]. Therefore, the degradation rate of AOII 
increased with the increasing CuFe/BC addition. However, 
the degradation rate and the degradation efficiency were 
nearly the same when the dosage of CuFe/BC increased 
to 1.2 g/L. Because the free radical came from the decom-
position of PS and the totality of free radicals was very 
constant when the PS addition was fixed.

Initial PS concentration among 4–12 mmol/L with 
a controlled condition (CuFe/BC loading was 1 g/L, 
pH = 6, the initial concentration of AOII was 50 mg/L) 
was explored for AOII removal and the result is shown in 
Fig. 5b and Table S2. The AOII degradation rate improved 
approximately from 0.044 to 0.106 min–1 with the increas-
ing PS concentration among 4 to 10 mmol/L. It was 
attributed to the fact that PS was the source of radicals in 
the CuFe/BC/PS system and the increment of PS concen-
tration was conducive to the catalytic oxidation, conse-
quently accelerating the AOII degradation rate. Then, the 
AOII degradation rate kept nearly invariable when the PS 
concentration further increased to 12 mmol/L. This phe-
nomenon may be caused by the constant active sites on the 
surface of CuFe/BC, which limited the activation speed of 
PS and the AOII degradation rate.

As is known to all, the values of zero charge point on the 
surface of the catalyst and solution pH played an import-
ant role in the generation of free radicals and degradation 
of pollutants. Nevertheless, the zeta potentials of CuFe/BC 
at varying pH were measured, from which the pH of point 
of zero charge (pHPZC) was calculated to be 6.24 (Fig. S1). 
Meanwhile, it is necessary to evaluate the effect of solution 
pH on the AOII degradation. The AOII degradation per-
formance was investigated at different pH when CuFe/BC 
addition was 1 g/L, the initial concentration of AOII was 
50 mg/L, and the initial PS concentration was 10 mmol/L. 
As can be seen in Fig. 5c and Table S2, the AOII degrada-
tion rate reached maximum (0.106 min–1) when the initial 
pH was 6 closed to pHPZC. Interestingly, the similar degra-
dation rates (about 0.098 min–1) were obtained when pH 

0 20 40 60 80 100
0.0

0.2

0.4

0.6

0.8

1.0

C/
C 0

t (min)

 PS
 BC
 Fe2O3

 CuFe2O4

 CuFe/BC
 BC/PS
 CuFe2O4/PS
 Fe2O3/PS
 CuFe/BC/PS

(a)

0.00

0.02

0.04

0.06

0.08

0.10

CuFe/BC/PSCuFe2O4/PSFe2O3/PS

k 
(m

in
-1
)

BC/PS

(b)

Fig. 4. Decolorization efficiency of AOII in different system (a, b) 
(C0 = 50 mg/L, pH = 6, PS = 10 mmol/L, BC = 1 g/L, Fe2O3 = 0.7 g/L, 
CuFe2O4 = 0.7 g/L, CuFe/BC = 1 g/L).



Y. Wang et al. / Desalination and Water Treatment 256 (2022) 314–327320

changed from 3 to 9. It is due to the fact that CuFe/BC has 
high catalytic activity and owns a wide pH range. Moreover, 
the surface charge of CuFe/BC was little impact on the AOII 
degradation rate. The result indicated that the system was 
suitable for a relatively wide range of pH and was consis-
tent with the past study reported by Wang et al. [61].

Different coexisting inorganic anions in actual water 
bodies could react with active species came from PS 
activation, and then produced an important effect on 
the degradation efficiency of organic pollutants [62,63]. 
Therefore, the effect of 10 mmol/L inorganic anions (Cl−, 
NO3

−, SO4
2− and PO4

3−) on the AOII degradation was evalu-
ated when CuFe/BC addition was 1 g/L, pH = 6, the initial 
concentration of AOII was 50 mg/L, and the initial con-
centration of PS was 10 mmol/L and the result is revealed 
in Fig. 5d. Compared with the CuFe/BC/PS system, AOII 
degradation efficiencies exhibited no significant change 
in presence of 10 mmol/L Cl−, NO3

−, or SO4
2− after 90 min 

reaction and AOII degradation rate decreased. However, 
the presence of PO4

3− inhibited obviously the oxidation 
activity of the CuFe/BC/PS system. The decrease could be 
attributed to the fact that inorganic anions would react 
with the active species (such as SO4

•‒ and •OH) and gen-
erate new reactive radical with slower oxidation capac-
ity [63–65], ultimately reduce the AOII degradation rate 
and the AOII degradation efficiency.

3.4. Reusability of CuFe/BC

The potential reusability of catalyst is a key character-
istic. Further experiments were conducted to evaluate the 
reusability of CuFe/BC on AOII degradation and the result 

is shown in Fig. 6. It can be seen from Fig. 6 that the AOII 
degradation efficiencies in the four times were 95.79%, 
73.83%, 74.35%, and 73.58%, respectively. Compared with 
the first use of CuFe/BC, the AOII degradation rates for 
the next three times were decreased. The reusability and 
the adsorption of BC were investigated when BC addition 
was 1 g/L, pH = 6, the initial concentration of AOII was 
50 mg/L, and the initial PS concentration was 10 mmol/L 
and the result is shown in Fig. S2. The adsorption of AOII 
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by used BC compared with fresh BC did not decrease sig-
nificantly, indicating that the decrease of the AOII degra-
dation rates for the next three times could not be explain 
fully by the adsorption of BC. But the AOII degradation 
rate decreased from 54.27% (in fresh BC/PS system) to 
18.19% (in used BC/PS system), indicating that the decline 
of catalytic performance of BC played a contribution sig-
nificantly to the decline of the AOII degradation efficiency 
in the CuFe/BC/PS system. Because most of oxygen func-
tional groups of BC surface (such as –COOH or –OH) were 
consumed for the first use to active PS or electron transfer 
[56,59]. However, it can be seen in Fig. S3 that the change 
of the functional groups of the supporter (BC) did not 
impact significantly on the structure of CuFe/BC. In addi-
tion, the stability of the metal on CuFe/BC was determined 
by dissolution test at pH 3–9 and negligible iron and cop-
per was examined in the solution, illustrating that CuFe/
BC remained the satisfactory stability and reusability.

3.5. Identification of reactive radical 
species and catalytic mechanism

ESR (with DMPO and TEMP as the trapping agent) was 
conducted to identify free radicals generated from PS, BC/
PS and CuFe/BC/PS system. As shown in Fig. 7a, the obvi-
ous characteristic peaks of DMPO-OH (a relative inten-
sity of 1:2:2:1, αN = αH = 14.9 G) and DMPO-SO4 (a six-line 
signal of 1:1:1:1:1:1, αN = 1.58 G, αH = 2.58 G) adducts were 
successfully observed in BC/PS and CuFe/BC/PS system, 
confirming the existence of •OH and SO4

•‒ [66–68]. But they 
were absent in alone PS system. Meanwhile, the noticeable 
signals of TEMP-1O2 were also identified and are shown in 
Fig. 7b, proving the presence of 1O2 in BC/PS and CuFe/BC/
PS system [69,70]. Finally, both free radical and non-free 
radical oxidation were included in the AOII degradation 
process by BC/PS and CuFe/BC/PS.

To shed light on the contribution of the active species 
for AOII degradation, three free radical quenchers (TBA, 
EtOH and NaN3) were added in CuFe/BC/PS system. TBA 
was used as mainly specific •OH quencher due to the rate 
constants ((3.0–3.9) × 109 M/s) while it was a weak quencher 
for SO4

•‒ (kSO4
•‒ = 4 × 105 M/s) [71,72]. EtOH was the univer-

sal quencher for •OH and SO4
•‒ (kSO4

•‒ = (1.6–7.7) × 107 M/s, 
k•OH = (1.2–2.8) × 109 M/s) [71] when NaN3 was used as the 
1O2 scavenger (k•OH = 1.2 × 107 M/s) [70]. As shown in Fig. 8, 
the degradation efficiencies of AOII in presence of TBA, 
EtOH, NaN3, and no quencher were 89.44%, 67.97%, 91.58% 
and 95.79%, respectively. The addition of TBA quenched 
•OH to consequently remove AOII and the removal rate was 
reduced by 6.35%, while the addition of EtOH quenched 
both •OH and SO4

•‒ and reduced the overall efficiency of 
AOII degradation by 27.82%, suggesting SO4

•‒ contributed 
to about 21.37% and SO4

•‒ played the more importer role 
in AOII degradation compared with •OH. The result indi-
cated that 1O2 was produced in the CuFe/BC/PS system and 
had effect on the degradation efficiencies of AOII.

The presence of •OH, SO4
•‒ and 1O2 could be confirmed 

by radical scavenging tests and ESR analysis, which illus-
trated that AOII degradation included the radical pathway 
and non-radical pathway. According to the results above, 
the possible mechanisms of catalytic oxidation of AOII by 

CuFe/BC activated PS are proposed as follows in Eqs. (4)–
(5), (7)–(17) and shown in Fig. S4. For the radical-degrada-
tion pathway, PS in solution was adsorbed on the surface 
of CuFe/BC and catalytically activated by CuFe/BC to yield 
radicals [52,58,68,73]. PS could react with ≡Cu2+ to produce 
≡Cu3+ and SO4

•‒ (Eq.(7)). Then, hydrolysis of SO4
•‒ could gen-

erate •OH through Eq. (8). Meanwhile, PS could hydrolyze 
to produce HSO5

− under acidic conditions [Eq. (9)]. Due to 
the unstable state of ≡Cu3+ in CuFe/BC composite, it was 
difficult to identify by XRD and XPS. ≡Cu3+ would quickly 
react with H2O or HSO5

− to regenerate Cu2+ and •OH or 
SO5

•‒ through Eqs. (10) and (11). Interestingly, ≡Cu2+ could 
react with HSO5

−, resulting in the generation of ≡Cu+ and 
SO5

•‒ by Eq. (12). Apart from these, ≡Fe3+ could be reduced to 
≡Fe2+ while ≡Cu2+ regeneration could be realized [Eq. (13)]. 
Meanwhile, ≡Fe2+ also could active HSO5

− to produce SO5
•‒, 
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and regenerate ≡Fe3+ by Eq. (14). As the supporter, BC 
also could decompose PS to generate SO4

•‒ through the 
electron-transfer due to oxygen functional groups of BC 
surface, such as –COOH or –OH [58,59].

Besides, non-free radicals in AOII degradation process 
also played an important role through Eqs. (15)–(17). Fe2+ 
reacted with O2 and simultaneously produced O2

•‒ as shown 
in Eq. (15) [57]. Then, O2

•‒ under acidic conditions was trans-
formed to 1O2 [Eq. (16)] [70]. In addition, C=O on CuFe/BC 
surface could activate PS to generate 1O2 [Eq. (17)] [57,73,74].

≡ + → ≡ + ++ − + •− −Cu S O Cu SO SO2
2 8

2 3
4 4

2  (7)

SO H O SO OH H4 2 4
2�� � � �� � � �  (8)

S O H O HSO HSO2 8
2

2 5 4
� � �� � �  (9)

≡ + → ≡ + ++ − + •− +Cu HSO Cu SO H3
5

2
5  (10)

≡ + →≡ + ++ + • +Cu H O Cu OH H3
2

2  (11)

≡ + → ≡ + ++ − + •− +Cu HSO Cu SO H2
5 5  (12)

≡ + ≡ → ≡ + ≡+ + + +Fe Cu Fe Cu3 2 2  (13)

≡ + → ≡ + ++ − + •− +Fe HSO Fe SO H2
5

3
5  (14)

≡ + → ≡ ++ + •−Fe O Fe O2
2

3
2  (15)

O H O H O2
1

2 2 22�� �� � �  (16)

S O OH O H O SO2 8
2 1

2 2 4
24 2 2� � �� � � �  (17)

3.6. Toxicity assessment and mineralization of effluent

As we all know, the degradation of organic pollutants 
did not mean that it was mineralized completely to small 
molecular substances such as CO2 and H2O. Thus, the 
mineralization of AOII was monitored through the TOC 
change of AOII effluent and the result is shown in Fig. 9. 
It can be seen that the TOC removal was only 41.78% after 
90 min treatment, illustrating most intermediates did not 
be mineralized.

The variation of the acute toxicity of AOII mixture 
samples was monitored by the inhibition on the inten-
sity of luminescence from Photobacterium phosphoreum T3 
spp. As shown in Fig. 9, the inhibition of luminescence by 
AOII degradation effluent firstly increased and reached 
maximum (about 80%) after 20 min treatment, indicat-
ing the more toxic intermediate-products were produced 
at the early stage of the oxidation. Then, the inhibition 
gradually dropped to 6% at 90 min. The similar results 
were reported by Liu et al. [1] and Yu et al. [75]. These 
results indicated that highly toxic intermediates could be 
further degraded into harmless products.

4. Conclusions

A novel bimetallic carbonaceous catalyst with CuFe2O4 
and Fe2O3 was successfully synthesized and demonstrated 
the high catalytic activity and reusability for remediation 
of dye wastewater. AOII degradation rate was promoted by 
higher initial PS concentration, higher CuFe/BC addition, 
but was inhibited by Cl–, NO3

–, SO4
2– and PO4

3–. AOII degra-
dation rate kept high in a wide range of pH. Both the free 
radicals (•OH, and SO4

•‒) and non-free radical (1O2) existed 
in the CuFe/BC/PS system and participated in AOII deg-
radation. In addition, the acute toxicity of the effluent 
during AOII degradation process firstly increased to 80% 
after 20 min reaction, and then gradually decreased to 6%. 
In sum, CuFe/BC is an effective catalyst for PS activation 
towards the remediation of dye wastewater.
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Table S1
Specific surface area and pore volume of catalysts

Catalyst BET surface area (m2/g) Total pore volume (mL/g) Micropore volume (mL/g) Average pore diameter (nm)

BC 29.46 91.80 10.41 12.46
CuFe2O4 109.72 139.98 37.61 5.21
CuFe/BC 93.93 132.98 35.95 5.66
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Fig. S1. Zeta potential of CuFe/BC composites as a function 
of pH.
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Fig. S4. Proposed mechanism of PS activation for AOII degrada-
tion on CuFe/BC.
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