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O–CuFe2O4 microparticles from
Fenton sludge and its application in the Fenton
process: the key role of Cu2O in the catalytic
degradation of phenol

Muhammad Faheem, Xinbai Jiang,* Lianjun Wang and Jinyou Shen *

This paper presents the key role of Cu2O in Fenton catalysis using Cu2O–CuFe2O4 magnetic microparticles,

which were prepared using Fenton sludge as an iron source. The catalytic activity of the as-prepared Cu2O–

CuFe2O4 andCuFe2O4microparticles was evaluated in a heterogeneous Fenton system for the degradation of

recalcitrant phenol. The Cu2O–CuFe2O4 microparticles demonstrated relatively superior catalytic

performance as compared to CuFe2O4 microparticles when used as a Fenton catalyst. The relatively higher

catalytic activity of Cu2O–CuFe2O4 for phenol degradation during the Fenton process could be attributed

to the availability of both monovalent [Cu(I)] and divalent [Cu(II)] as well as Fe(II)/Fe(III) redox pairs, which

could react quickly with H2O2 to generate hydroxyl radicals (HOc). An electron bridge was formed between

Cu(I) and Fe(III), which accelerates the formation of Fe(II) species in order to boost the reaction rate. Highly

reactive and excessively available Cu(I) species for as prepared Cu2O–CuFe2O4 microparticles could be

considered to be rather crucial for the generation of highly reactive HOc radical species. In addition, the as-

prepared Cu2O–CuFe2O4 magnetic microparticles exhibited sound stability and reusability.
1. Introduction

Fenton oxidation technology, which is well known as advanced
oxidation processes (AOPs), has been extensively used to remove
various recalcitrant or non-biodegradable organic pollutants
from industrial wastewater.1,2 During Fenton process, a power-
ful oxidant, hydroxyl radicals (HOc) can be generated efficiently
at near-ambient temperature and pressure by the reaction
between Fe2+ and H2O2.3 The distinct properties of generated
hydroxyl radicals (HOc) such as strong oxidation potential (E0 ¼
2.8 V) and non-selective reactivity are considered to be respon-
sible for the effectiveness of AOPs in the eld of organic
pollutant elimination. These generated radicals can react with
a variety of organic pollutants, causing efficient degradation,
even complete mineralization.4,5 However, in spite of the
simplicity of Fenton process, bulk quantity of iron sludge
generated during neutralization aer Fenton oxidation restricts
its implementation on large scale due to the increasing cost for
Fenton sludge treatment and disposal to avoid environment
deterioration.6

Two approaches have been implemented to reduce the
Fenton sludge generation yield, i.e., development of
n Control and Resources Reuse, School of

g, Nanjing University of Science and

nce, China. E-mail: xinbai_jiang@njust.

: +86 25 84315941; +86 25 84303965;
heterogeneous iron bearing catalyst and reuse of Fenton sludge
as iron source. Various heterogeneous catalysts have been
synthesized, such as nano scale zero-valent iron,7 iron-
containing clays,8 natural minerals,9 iron exchanged zeolite,10

and some solid support immobilized by iron.11,12 Immobiliza-
tion of iron within the interlayer of heterogeneous catalysts
results in relatively high oxidation performance. Moreover,
heterogeneous catalysts have been proven to be superior to
classical homogeneous catalysts i.e., Fe2+, because they are
easily separated from wastewater treatment system through
applied magnetic eld or simple sedimentation. Yoo et al.,
suggested the recycling of iron incorporated sludge produced in
Fenton oxidation system as coagulant during coagulation
process.13 Through the recycling of Fenton sludge as coagulant,
coagulant dosage could be lowered by 50% and sludge disposal
could be decreased by 50%. Recycling of iron incorporated
sludge also follows the 3R's rules regarding integrated solid
waste management, i.e., reduce, reuse and recycle. Iron sludge–
graphene composite with low amount of graphene were
synthesized as a heterogeneous Fenton catalyst by using iron
sludge as the iron precursor. The as-prepared catalyst showed
wide pH operating range, excellent stability, and was efficient
for the degradation of acid red G and metronidazole.14 Zhang
et al. synthesized magnetic biochar catalyst by using ferric
sludge and biological sludge via hydrothermal process. This
catalyst showed excellent characteristics to promote a hetero-
geneous Fenton reaction in methylene blue treatment.15 These
This journal is © The Royal Society of Chemistry 2018
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methods hold promise for ferric sludge waste reclamation and
heterogeneous Fenton catalyst fabrication.

In addition to the recycling of iron incorporated sludge, the
use of low cost heterogeneous catalyst in Fenton treatment
could be another alternative for the reduction of hazardous
ferric sludge. Recently, different approaches have been investi-
gated to boost up the performance of synthesized heteroge-
neous Fenton catalyst, e.g., to reduce the catalyst size up to
nano-scale in order to increase surface energy and available
active sites, to embed appropriate transitionmetal (Cu, Ni, V, Ti,
Cr, Zn, Mn and Co, etc.) into the skeleton of Fe3O4 to improve
the catalyst performance.16 The improvement of heterogeneous
catalyst performance as a result of transition metals embed-
ment into Fe3O4 structure could be attributed to the synergetic
effect between newly inserted transition metal and Fe3+. This
synergetic effect could be described by formation of galvanic
cell between embedded transition metal and Fe3+. The
improvement in catalyst activity could be ascribed to formation
of redox pairs Fe3+/Fe2+ due to rapid electron ow as a result of
transition metal insertion into Fe3O4 structure. A newly devel-
oped material can be implemented in different elds if it holds
the properties of higher reactivity, sound stability and easy
separation from reaction medium.

Mixed iron oxides or ferrites have drawn much more atten-
tion of scientist and researcher due to their ability to apply in
different elds such as microwave devices,17 catalysis or cata-
lyst,18 magnetic uids19 and gas sensors.20 Recently, various
ferrites such as ZnFe2O4 (ref. 21) and CuFe2O4,22 and iron–
copper bimetallic nanoparticles embedded within ordered
mesoporous carbon composite,23 have been utilized as the
catalyst for heterogeneous Fenton like process to remove
organic contaminants from wastewater. In our previous study,
NiFe2O4 were synthesized through co-precipitation method
followed by sintering at 800 �C.24 In the Fenton system using
NiFe2O4 as heterogeneous catalyst, phenol removal efficiency as
high as 95 � 3.4% could be achieved, indicating excellent
catalytic performance of NiFe2O4 in the heterogeneous Fenton
process. Roonasi and Nezhad carried out a comparative study to
investigate the performance of synthetic M-ferrite nanoparticles
(M¼ Cu, Zn, Fe or Mn) in heterogeneous catalysis. Among these
ferrite nanoparticles, CuFe2O4 was found to be the best catalyst
for phenol removal, as 78% of 100 mg L�1 phenol could be
efficiently removed within 175 min.25 In addition, the effec-
tiveness of Cu(I) species as compare to Cu(II) species for the
activation of H2O2 in order to generate HOc radicals for the
degradation of bisphenol has been conrmed in literature.26

Recently, the nanocomposite CuO-CuFe2O4 has been synthe-
sized in a single stage by one pot polyol method. The electrical,
structural and optical properties of the synthesized CuO-
CuFe2O4 were investigated as a function of different annealing
temperatures ranges from 200–1000 �C.27 Furthermore, a novel
and recyclable magnetic catalyst Cu2O/nano-CuFe2O4 has been
reported for the coupling of carbonyl compounds–alkynes–
amines in order to synthesize propargylamines under solvent-
free condition.28 These studies gave us a direction to synthe-
size Cu2O–CuFe2O4 particles with both Cu(I) and Cu(II) species,
resulting in the fast activation of H2O2 to get hydroxyl radicals
This journal is © The Royal Society of Chemistry 2018
HOc for the elimination of recalcitrant organic pollutant such as
phenol.

In this study, we have explored a facile and novel method to
fabricate Cu2O–CuFe2O4 microparticles using Fenton sludge as
iron source, which was further used as a heterogeneous catalyst
in Fenton process for the elimination of recalcitrant phenol.
Thus, the aims of the present study were (1) to fabricate and
characterize Cu2O–CuFe2O4, (2) to assess the catalytic activity of
fabricated Cu2O–CuFe2O4 in Fenton oxidation, (3) to investigate
the synergetic effect of Cu(I)/Cu(II) as well as Fe(III)/Fe(II) redox
pairs in Fenton reaction, and (4) to propose possible catalytic
mechanism involved in efficient Fenton reaction at the presence
of Cu2O–CuFe2O4.

2. Materials and methods
2.1 Characteristics of the Fenton sludge used

The characteristics of iron-containing sludge obtained from
neutralization process aer Fenton oxidation could be
described as follows. As a rich iron source, total iron content of
Fenton sludge used for the synthesis of Fenton catalyst was as
high as 8.65 � 0.78 g L�1. Chemical oxygen demand (COD)
concentration of the Fenton sludge used was about 6700 �
375 mg L�1. The higher COD value exhibited the presence of
abundant organics in Fenton sludge. Moreover, the Fenton
sludge used in this study could be uidized in nature, having
total solid as well as water content of about 87.48%� 0.97% and
12.52 � 0.97%, respectively.

2.2 Synthesis of CuFe2O4 microparticles

CuFe2O4 microparticles were prepared by co-precipitation
technique, i.e., CuSO4$5H2O was dissolved into ultrapure
water and then the prepared CuSO4 solution was mixed with
Fenton sludge at Fe/Cu molar ratio of 2 : 1. Thereaer,
sodium hydroxide solution (5 mol L�1) was added into the
mixture of Fenton sludge and CuSO4 drop by drop under
continuous stirring to raise the pH value to 10.0. The mixture
was stirred continuously at temperature of 65 �C for 2 h. The
obtained precipitate was then separated by centrifugation and
washed with ultrapure water until the pH value of the ltrate
reached 7.0. The resulting product was kept in an oven at
temperature of 105 �C for 3 h to make it dry and then nally
sintered at 850 �C for 3 h under nitrogen atmosphere. The
formation of CuFe2O4 microparticles could be described by
eqn (1)–(3):

Fe3+ + 3(OH�) / Fe(OH)3 (1)

Cu2+ + 2(OH�) / Cu(OH)2 (2)

2FeðOHÞ3 þ CuðOHÞ2 �����!
850 �C

CuFe2O4 þ 4H2O (3)

2.3 Synthesis of Cu2O–CuFe2O4 microparticles

Cu2O–CuFe2O4 microparticles were prepared through modied
hydrothermal technique.29 In this case, CuSO4$5H2O solution
and Fenton sludge were mixed together at Fe/Cu molar ratio of
RSC Adv., 2018, 8, 5740–5748 | 5741
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1 : 1. Sodium hydroxide solution (5 mol L�1) was added drop
wise into the mixture of Fenton sludge and CuSO4 under
continuous stirring to raise the pH value to 10.0 to get colloidal
suspension. Aer this, 0.97 g gallic acid was blended with the
suspension. The obtainedmixture was sonicated for 15min and
then was poured into a 200 mL Teon-line stainless steel
autoclave. The closed autoclave was then allowed to keep at
200 �C for almost 12 h and nally cooled normally to room
temperature. During hydrothermal process the gallic acid
attached with chemical substances as organic ligands. The ob-
tained product was separated and washed several times with
ultrapure water, then dried at 105 �C and nally sintered at
850 �C for 3 h under nitrogen atmosphere. The calcination
temperature was chosen as 850 �C because higher temperature
causes lower reactivity and lower temperature favors severe
leaching from catalysts.30 Moreover, for comparison purpose,
the Cu2O microparticles was synthesized in a similar way by
using CuSO4$5H2O individually as a precursor material. The
formation of Cu2O–CuFe2O4 microparticles could be described
by eqn (4) and (5):

2FeðOHÞ3 þ 2CuðOHÞ2 �����!
850 �C

CuFe2O4 þ CuOþ 5H2O (4)

CuOþ CuFe2O4 ����������!850 �C;gallic acid
Cu2O-CuFe2O4 (5)

2.4 Catalytic degradation experiment

Catalytic degradation of phenol was carried out in a series of
100 mL centrifuge tubes. 50 mL phenol solution at initial
concentration of 250 mg L�1 and initial pH of 4.0 was added
into these centrifuge tubes. Fenton reaction was initiated by
adding H2O2 and magnetic heterogeneous Fenton catalyst into
phenol solution. The initial concentration of H2O2 and
magnetic heterogeneous Fenton catalyst was set at 80 mmol L�1

and 2 g L�1, respectively. The Fenton reaction was carried out
on a rotary shaker at 30 �C and 220 rpm. The heterogeneous
Fenton catalyst was recovered from solution aer the reaction
by applying external magnetic eld for expected reuse. The
control experiments carried out with Fenton catalyst but
without H2O2 or with H2O2 but without Fenton catalyst were
performed in the same manner.
2.5 Characterization and analytical methods

Total iron content of Fenton sludge, copper and iron leaching
were analyzed through Inductive Couple Plasma Optical Emis-
sion Spectrometer (ICP-OES) (Optima 7000DV, PerkinElmer,
USA). A mixture of 2.5 mL HClO4, 2.5 mL HNO3 (69%) and
10 mL HF (40%) was used for wet digestion of Fenton sludge.
The COD concentration of Fenton sludge was analyzed by the
standard potassium dichromate method. SEM (JSM-6380, JEOL,
Japan) and HRTEM (FEI Philips CM300 UT/FEG) were applied to
characterize the surface morphology, size and shape of as
prepared CuFe2O4 and Cu2O–CuFe2O4 microparticles. BET
(Micromeritics, ASAP 2020, USA) surface area was quantied by
nitrogen adsorption data at 77 K. For the investigation of crystal
structure of as-prepared materials, XRD (D8 Advance, Burker,
5742 | RSC Adv., 2018, 8, 5740–5748
Germany) analysis was performed. X-Ray Photoelectron Spec-
troscopy (XPS, ESCALAB 250) technique was implemented to
determine the synthesized materials elemental composition
and different oxidation states of corresponding elements. The
magnetic strength was tested on a vibrating sample magne-
tometer (VSM) (Lake Shore 7410, Lake Shoe Cryotronics, Inc.
USA). Phenol identication and quantication was carried out
by high performance liquid chromatography (HPLC) (Waters
2996, Waters Incorporation, USA). Identication of intermedi-
ates formed during phenol degradation was conrmed by GC-
MS as well as HPLC.

3. Results and discussion
3.1 Characterization of the synthesized microparticles

In this study, the CuFe2O4 and Cu2O–CuFe2O4 microparticles
were synthesized by co-precipitation and modied hydro-
thermal method followed by sintering under nitrogen atmo-
sphere. Fig. 1 showed the SEM and high resolution TEM images
of CuFe2O4 and Cu2O–CuFe2O4 microparticles. It was obvious
that only one type of specic shape agglomerated particles
could be observed in case of synthesized CuFe2O4 microparti-
cles (Fig. 1(a)). However, for Cu2O–CuFe2O4 microparticles, two
different types of agglomerated particles could be observed and
the new types of agglomerated particles were pointed out with
red arrows in SEM image (Fig. 1(b)). Similar evidence was
revealed by high resolution TEM images (Fig. 1(c) and (d)). Two
different particles were existed in case of Cu2O–CuFe2O4

microparticles as compared to CuFe2O4 microparticles, the
results were in agreement with SEM images. Through compar-
ison between both synthesized particles and literature review, it
was speculated that the microparticles with the shape like
chrysanthemum might be Cu2O, which should be further clar-
ied by XRD analysis. The Cu/Cu2O/CuO@C catalyst particles
recently synthesized by Zhao et al., which had excellent catalytic
performance, was also similar to chrysanthemum as in our
case.31 BET surface area analysis was also carried out for the
synthesized heterogeneous catalysts, as indicated in Table 1.
The BET surface area (1.08 m2 g�1) for CuFe2O4 particles was
smaller than that of Cu2O–CuFe2O4 particles (1.65 m2 g�1),
which might be directed towards the generation of additional
chrysanthemum shaped Cu2O particles along with CuFe2O4

particles at the presence of gallic acid. The presence of puffy
ball-like structure particles might result in higher BET surface
area of Cu2O–CuFe2O4 particles. For synthesized Cu2O micro
particles the BET surface area was 1.50 m2 g�1 which was higher
than that of CuFe2O4 (1.08 m2 g�1). It could be referred to puffy
ball like shape of Cu2O particles.

XRD analysis was carried out to examine the crystal phase
and structure of synthesized products (Fig. 2). The diffraction
peaks appeared at 2q of 18.5� (111), 30.2� (220), 35.6� (311),
37.2� (222), 43.0� (400), 57.1� (511), 62.8� (440) and 74.5� (533)
could be assigned to pure cuprospinel CuFe2O4 (JCPDS#25-
0283). In comparison with pure cuprospinel CuFe2O4, newly
originated diffraction peaks positioning at 2q of 36.7� (111),
42.5� (200), 61.6� (220) and 73.7� (311) could be attributed to
rhombic dodecahedral crystal of Cu2O (JCPDS#05-0667) in
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 SEM (a, b) and high resolution TEM (c, d) images of CuFe2O4 and Cu2O–CuFe2O4.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Fe

br
ua

ry
 2

01
8.

 D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 1
0:

13
:2

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
cubic phase, which conrmed the existence of Cu2O in as-
synthesized Cu2O–CuFe2O4.

XPS technique was applied for thorough study of chemical
composition and different oxidation states of constituent
elements of synthesized materials. From XPS wide spectrum in
Fig. 3(a), it was clear that both microparticles were comprised
of same parent constituents, such as Fe, Cu and O elements.
Someone could differentiate between materials having the
same parent constituents on the behalf of different oxidation
states of existed constituent elements. For example, existence
of Cu2+ in CuFe2O4 and the presence of Cu+ in Cu2O–CuFe2O4

materials could be conrmed on the behalf of different binding
energy of Cu2+ and Cu+, respectively. As shown in Fig. 3(b), the
detail XPS spectra of Cu 2p reveals that strong Cu2+ satellites
could be observed at binding energy of 942.5 eV and 962.5 eV
along with peak at 934.3 eV, which conrmed the presence of
Cu2+ in CuFe2O4.32,33 In addition, on the basis of the relatively
weak peak at 932.1 eV,34 there were Cu+ species on the surface
of CuFe2O4, which might come from the reduction of Cu2+

during calcination process due to the abundant organics in
Fenton sludge. In contrast, for Cu2O–CuFe2O4, there was
a relatively strong peak at 932.1 eV in Fig. 3(c), which could be
referred to Cu2O. Similar result was found for Cu/Cu2O/
CuO@C catalyst particles.31 In addition, peak at 934.3 eV and
weak satellite peaks at 942.5 eV and 962.5 eV conrm the
Table 1 Catalyst or catalysts physicochemical properties, their catalytic

Catalyst
BET S. area
(m2 g�1)

Average particle
size (mm) TOC removal

CuFe2O4 1.08 2–3 47.6 � 1.0
Cu2O–CuFe2O4 1.65 0.5–2 85.6 � 0.7
Cu2O 1.50 2–3.5 36.5 � 1.5

This journal is © The Royal Society of Chemistry 2018
formation of Cu2+ along with CuFe2O4 particles for as-prepared
Cu2O–CuFe2O4 microparticles. Moreover, for wide scan of Fe
2p spectra, the peaks raised at 711.4 eV along with shakeup
satellite pointed at 719.9 eV corresponded to the existence of
Fe3+ cations. However, XPS spectrum for Fe 2p and O 1s for
both CuFe2O4 and Cu2O–CuFe2O4 were similar, as shown in
Fig. 3(a) and (d).

The magnetic property of the as-prepared Cu2O–CuFe2O4

and CuFe2O4 was determined by applied eld of �10 000 Oe. As
shown in Fig. (4), the saturation magnetization and coercivity
values for as-prepared Cu2O–CuFe2O4 and CuFe2O4 were
71 emu g�1 and 73 Oe, 61 emu g�1 and 50 Oe, respectively. The
magnetic hysteresis loop exhibited better ferromagnetic
behavior of Cu2O–CuFe2O4 as compared to CuFe2O4. The
material having magnetic features could be easily separated by
external applied magnetic eld for possible reuse. CuFe2O4

nanoparticles synthesized by Phuruangrat et al. through
microwave-hydrothermal method showed a maximum satura-
tion magnetization of about 56 emu g�1.35 Higher saturation
magnetization values of Cu2O–CuFe2O4 observed in this study
could be attributed to the presence of additional Cu2O in
CuFe2O4 particles. Previous study about the magnetic property
of Cu2O has conrmed that Cu2O could act as a diamagnetic to
ferromagnetic depending upon the role of native defects in bulk
Cu2O.36
performance and metals ions leaching

(%) Phenol removal (%)
Iron leaching
(mg L�1)

Copper leaching
(mg L�1)

57.8 � 3.6 1.16 30.18
97.2 � 0.4 1.53 28.60
61.9 � 2.3 — —

RSC Adv., 2018, 8, 5740–5748 | 5743
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Fig. 2 XRD of CuFe2O4 and Cu2O–CuFe2O4.

Fig. 3 XPS spectra for CuFe2O4 and Cu2O–CuFe2O4 (a), strong Cu2+ sate
Fe 2p region for both CuFe2O4 and Cu2O–CuFe2O4 (d).

Fig. 4 Hysteresis curve for Cu2O–CuFe2O4 and CuFe2O4.

5744 | RSC Adv., 2018, 8, 5740–5748
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3.2 Heterogeneous Fenton performance of Cu2O–CuFe2O4

Heterogeneous Fenton performance of the catalyst prepared
was mainly dependent on the potential to generate hydroxyl
radical (OHc) through H2O2 decomposition. As shown in
Fig. 5(a), in the system with H2O2 alone but without CuFe2O4 or
Cu2O–CuFe2O4, phenol removal efficiency within 60 min was as
low as 6.4 � 0.6%, indicating the poor oxidation ability of H2O2

alone toward phenol. In the control experiments without H2O2

but with CuFe2O4 and Cu2O–CuFe2O4, phenol removal effi-
ciencies were 11.4 � 1.7% and 13.8 � 1.0%, respectively, which
could be attributed to the adsorption of phenol by as-prepared
CuFe2O4 and Cu2O–CuFe2O4. When CuFe2O4 and Cu2O were
utilized in the presence of H2O2, phenol removal efficiency
within 60 min was signicantly increased to 57.8 � 3.6% and
llite for CuFe2O4 (b), weak Cu1+ satellite for Cu2O–CuFe2O4 (c), similar

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Catalysts performance for phenol removal (a), TOC removal (b), iron and copper leaching for CuFe2O4 (c) and Cu2O–CuFe2O4 (d). (1):
Cu2O–CuFe2O4 + H2O2; (2): Cu2O + H2O2 (3): CuFe2O4 + H2O2; (4): Cu2O–CuFe2O4 alone; (5) CuFe2O4 alone; (6) H2O2 alone.
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61.9 � 2.3%, respectively, indicating the positive role of
CuFe2O4 and Cu2O in phenol oxidation by H2O2. In case of
Cu2O, slightly higher phenol removal efficiency as compared to
CuFe2O4 could be attributed to more active site availability due
to higher surface area and relatively more generation of HOc
radical than HO2c as a result of monovalent copper Cu(I).
Moreover, When Cu2O–CuFe2O4 was used as Fenton catalyst,
phenol removal efficiency increased sharply within 30 min to
85.5 � 2.8% and further increased to 97.2 � 0.4% within
60 min. When Cu2O–CuFe2O4 was used as the catalyst for
phenol oxidation by H2O2, a remarkable increase in terms of
phenol removal indicated better catalysis performance of Cu2O–
CuFe2O4 than CuFe2O4 and Cu2O.

Moreover, TOC removal observed in heterogeneous Fenton
system followed the similar trend. As indicated in Fig. 5(b), in
the Fenton system with H2O2 alone, with CuFe2O4 alone and
with Cu2O–CuFe2O4 alone, TOC removal efficiencies within
60 min were as low as 1.8 � 0.1%, 2.5 � 0.1%, 3.4 � 0.1%,
respectively. However, in Fenton system catalyzed by Cu2O,
CuFe2O4, and Cu2O–CuFe2O4, TOC removal efficiencies within
60 min were as high as 36.5 � 1.5%, 47.6 � 1.0% and 85.6 �
0.7%, respectively. Nevertheless, no remarkable increase of TOC
removal efficiencies could be observed when reaction time
prolonged to 70 min. TOC removal performance conrmed the
amazing catalytic activity of CuFe2O4 and Cu2O–CuFe2O4

towards H2O2 oxidation, especially for Cu2O–CuFe2O4.
Fenton and Cu2+ coupled system has been studied for the

enhanced mineralization of phenol, with phenol removal effi-
ciency as high as 94% was achieved in Fenton-Cu2+ system at
initial phenol concentration of 100 mg L�1.24,37 In addition,
Stoia et al. preparedMnFe2O4 nanoparticles, which was used for
This journal is © The Royal Society of Chemistry 2018
the oxidative degradation of phenol at initial concentration of
about 50 mg L�1.38 Phenol removal efficiency of 90% could be
achieved at pH of 3.0–3.5 under the catalyst dosage of 3 g L�1. In
this study, phenol removal efficiency as high as 97.2 � 0.4%
could be achieved within 60 min at the presence of Cu2O–
CuFe2O4, even at initial phenol concentration as high as
250 mg L�1. The relatively higher catalytic role of Cu2O–
CuFe2O4 obtained in this study could be attributed to the
coexistence of both monovalent copper [Cu(I)] and divalent
copper [Cu(II)] in the structure of Cu2O–CuFe2O4.
3.3 Sound stability and reusability of Cu2O–CuFe2O4

Leaching study for the as-prepared CuFe2O4 and Cu2O–CuFe2O4

was carried out to investigate their stability and reusability, as
shown in Fig. 5(c) and (d). The concentration of leached iron at
pH 4.0 for CuFe2O4 and Cu2O–CuFe2O4 was 30.18 mg L�1 and
28.60 mg L�1, accounted for 3.22% and 4.77% of the total iron
contents at applied catalyst dosage of 2.0 g L�1. Moreover, for
CuFe2O4 and Cu2O–CuFe2O4, the observed copper leaching was
1.16 mg L�1 and 1.53 mg L�1, accounted for 0.22% and 0.15% of
total copper contents at applied catalyst dosage of 2.0 g L�1.
Although the iron leaching for Cu2O–CuFe2O4 was a little higher
than that of CuFe2O4, the observed copper leaching for Cu2O–
CuFe2O4 was lower than that of CuFe2O4. Therefore, Cu2O–
CuFe2O4 microparticles show good stability as compared to
CuFe2O4 considering the low leaching of copper. In addition,
these values for iron and copper leaching observed in this study
were relatively lower than those reported in the literature. For
example, the iron leaching accounted for 5.08% of the total iron
contents at applied catalyst dosage of 0.24 g L�1 has been
RSC Adv., 2018, 8, 5740–5748 | 5745
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reported in literature, where ferrite particles were applied as
heterogeneous Fenton catalyst for the degradation of Rhoda-
mine B.39 Fontecha-Cámara et al. applied mixed iron oxide as
Fenton catalyst in order to remove gallic acid from aqueous
solutions.40 The observed copper leaching for copper ferrite was
2.85 mg L�1 at pH 4.3, which accounted for 21.50% of the total
copper contents at applied catalyst dosage of 0.05 g L�1. As for
the reusability, Cu2O–CuFe2O4 exhibited a slight decrease in
phenol degradation efficiency (from 97.2 � 0.4% to 85.7 �
0.5%) within ve consecutive runs, as shown in Fig. 6(a).
However, in case of CuFe2O4, a sharp decrease of phenol
removal efficiency (from 57.77 � 3.55% to 32.32 � 1.55%) was
observed even aer three cycles, as indicated in Fig. 6(b). The
decrease in phenol degradation efficiency was due to vanishing
of available active site on CuFe2O4 surface aer reuse, which
could be overcome through the incorporation of Cu2O in
CuFe2O4 structure.

3.4 The possible mechanism involved in Fenton reaction by
Cu2O–CuFe2O4

Based on the above results, the possible mechanism involved in
Fenton reaction by Cu2O–CuFe2O4 could be described in Fig. 7.
In our case, the available Fe(III) on both CuFe2O4 and Cu2O–
CuFe2O4 surface was rstly reduced into Fe(II) due to its reaction
with adsorbed H2O2 on the surface of both microparticles. The
desired HOc radical was produced when the generated Fe(II)
further reacted with H2O2 in a similar way, which was known as
Fig. 6 Reusability study for Cu2O–CuFe2O4 (a) and CuFe2O4 (b).

5746 | RSC Adv., 2018, 8, 5740–5748
Haber–Weiss process.41 Literature study reveals that conversion
of Fe(III) to Fe(II) was very slow when compared with the
conversion of Fe(II) to Fe(III).42 The presence of transition metal
copper in the skeleton of spinel catalyst may enhance phenol
degradation due to availability of Cu(II)/Cu(I) redox pairs, which
causes acceleration of the redox cycle of Fe(III)/Fe(II) ions at
room temperature. Zhang et al. prepared CuFeO2 microparticles
for the degradation of bisphenol A, conrming the effectiveness
of Cu(I) species as compare to Cu(II) species for the activation of
H2O2 to generate HOc radicals.26 As indicated in literature study,
the reaction rate constant (k) betweenmonovalent copper [Cu(I)]
and H2O2 was as high as 1.0� 104 M�1 S�1, as compared to that
between divalent copper [Cu(II)] and H2O2, which was as low as
4.6� 102 M�1 S�1.43 In our study, the generation of reactive HOc
radical may start by ligand displacement between the hydrous
surface of FeIII–OH/CuII–OH and H2O2, with the generation of
FeIII$H2O2 and CuII$H2O2. Then initially generated FeIII$H2O2

and CuII$H2O2 species can produce HO2c and regenerate FeII

and CuI by intramolecular electron transfer, which subse-
quently produced HOc and degraded phenol. The hydroxyl
radicals HOc were considered as major oxidizing species for
phenol mineralization and HO2c radicals as minor oxidizing
species. The generation route for major and minor oxidizing
species, and proposed mechanism for phenol degradation
could be described by eqn (6)–(15):

(^FeIII–OH) + H2O2 / (^FeIII–OH)$(H2O2) (6)

(^FeIII$H2O2)–OH / ^FeII + HO2c + H2O (7)

^FeII + H2O2 / ^FeIII–OH + HOc (8)

^FeIII–OH + HO2c / ^FeII + H2O + O2 (9)

^FeIII + ^CuI / ^CuII + ^FeII (10)

^CuI + H2O2 / ^CuII–OH + HOc (11)

^CuII–OH + H2O2 / (^CuII$H2O2)–OH (12)

(^CuII$H2O2)–OH / ^CuI + HO2c + H2O (13)

^CuII–OH + HO2c / ^CuI + H2O + O2 (14)

Phenol + HOc / intermediates / degradation products (15)

The higher degradation efficiency of phenol for the as-
prepared Cu2O–CuFe2O4 could be attributed to the presence
of both monovalent copper [Cu(I)] and divalent copper [Cu(II)].
The existence of redox pairs Cu(I)/Cu(II) is likely considered as
the key source for the activation of H2O2 in order to generate
HOc radicals. The coexistence of Cu(I) and Cu(II) in Cu2O–
CuFe2O4 resulted in faster reaction with H2O2 as compared to
CuFe2O4 microparticles containing divalent copper [Cu(II)]
alone in the structure. The faster reaction might be due to
rapid electron (e�) transfer or formation of galvanic cell or
electron bridge between [Cu(I)] and Fe(III) along with the
This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Possible mechanisms for phenol degradation in Fenton system based on Cu2O–CuFe2O4.
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production of highly reactive radical HOc as compared to
HO2c species. For the mineralization of carbamazepine, Ding
et al. prepared recyclable CuFeO2 microparticles for hetero-
geneous activation of peroxymonosulfate (PMS) in order to
generate sulfate radicals (SO4c

�). It was concluded that
enhanced activation of PMS by micro-CuFeO2 referred to
synergetic effect of surface Cu(I) and Fe(III).44 The higher
Fenton activity by Cu2O–CuFe2O4 might also be attributed to
faster reaction rate between Cu(I) and H2O2 due to presence of
additional Cu2O particles, which results in faster reduction of
H2O2 in order to generate highly reactive radical species HOc.
The faster reduction of H2O2 due to presence of Cu2O addi-
tional particles in case of Cu2O–CuFe2O4 microparticles cau-
ses the relatively efficient consumption of H2O2 due to more
available and highly reactive Cu(I) species.
4. Conclusion

The present work focus on the synthesis of a heterogeneous
Fenton catalyst, namely Cu2O–CuFe2O4, for the reuse of iron
incorporated in Fenton sludge. In comparison to CuFe2O4,
much higher phenol catalytic degradation was found for Cu2O–
CuFe2O4, indicating the key role of Cu2O in Fenton reaction.
The rapid electron transfer built up galvanic cell between Cu(I)
and Fe(III), which favored the formation of relatively excess Fe(II)
species. The highly reactive Fe(II) species interaction with
adsorbed H2O2 gave abundant HOc radicals for phenol degra-
dation. The higher Fenton catalytic activity of Cu2O–CuFe2O4

could be attributed to the synergetic effect between Cu(I)/Cu(II)
and Fe(II)/Fe(III) redox pairs. The as prepared Cu2O–CuFe2O4 was
stable, recoverable and reusable, offering a promising potential
as a heterogeneous Fenton catalyst.
This journal is © The Royal Society of Chemistry 2018
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