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Cu(I) doped nano-Fe3O4 were synthesized and loaded on ordered porous carbon materials using a facile
co-precipitated. The synthesized catalysts were characterized by XRD, XPS, HRTEM, FESEM-EDX mapping
and N2 adsorption-desorption. The results showed that the crystal unit cell of Fe3O4 was enlarged due to
the implantation of small amount of Cu(I) into the Fe3O4 structure (Fe2.85Cu0.15O4). With increased Cu
content, the catalyst was dominated with Cu2O and the Fe3O4 phase disappeared, the catalytic perfor-
mance of Fe-Cu bimetal oxide became worse. The Cu(I)-Fe3O4/C composite was enriched with Fe(II), Fe
(III) and Cu(I) sites. The prepared Cu-Fe bimetal oxide/C composite exhibited higher specific TOF and oxi-
dation efficiency E on carbamazepine oxidation than Fe2.85Cu0.15O4 and Fe3O4. The enhanced catalytic
reactivity was attributed to the synergetic effect of surface Fe and Cu species on the H2O2 activation.
The dissolved metals induced catalytic reaction at pH 4.5–8.1 was ignorable. Thus, the catalytic decom-
position of H2O2 by Cu-Fe3O4/C at near neutral pH was controlled by interface reactions. The CBZ in the
close proximity to the interface was attacked by the generated ROS and formed urea, 2-hydroxybenzyl
alcohol and other oxidative products.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

The emerging contaminants caused pollution in aquatic envi-
ronment has attracted worldwide attention [1]. The effective and
efficient degradation of emerging pollutants is being a challenge
for water treatment technology. Among different advanced oxida-
tion processes (AOPs), the heterogeneous catalytic oxidation with
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H2O2 is a promising oxidation technology for organic pollutants
removal [2,3]. The development of efficient catalysts is the key fac-
tor to promote the practical application of heterogeneous H2O2

oxidation technology.
Iron and iron-containing oxides are the most often studied H2O2

catalysts, especially Fe3O4 [4,5]. The surface Fe(II)/(III) species of
Fe3O4 can catalyze the generation of �OH and HO2

� from H2O2

(Eqs. (1) and (2)) [6]. However, iron oxides catalysts suffer a rela-
tively low rate in H2O2 activation and loss of catalytic reactivity
during the reaction [7,8]. It has been found that introducing other
transition metal, such as Cu, Co, Ce, Mn, Cr, Ni, and V, into Fe3O4

could promote the catalytic reactivity [9–13]. Among various tran-
sition metals, the impregnation of Cu2+/Cu+ into iron oxides shows
significant advantages in catalytic activation of H2O2. The reaction
kinetics of Cu2+/Cu+ with H2O2 (Eqs. (3) and (4)) was faster than
Fe3+/Fe2+ [6,14], and the redox potentials of Cu2+/Cu+ is lower than
Fe3+/Fe2+, which means a stronger reducibility of Cu+ than Fe2+.
Thus, the enhanced reactivity of Fe-Cu bimetal catalyst was attrib-
uted to the existence of dual catalytic sites and the synergy effect
between the bimetal catalytic sites (Eqs. (5) and (6)) [9,11,12,15].

BFe(II) + H2O2 ! BFe(III) + �OH + OH� ð1Þ

BFe(III) + H2O2 ! BFe(II) + HO2
� + Hþ ð2Þ

BCu(I) + H2O2 ! BCu(II) + �OH + OH� ð3Þ

BCu(II) + H2O2 ! BCu(I) + HO2
�� + Hþ ð4Þ

BFe(III) + BCu(I) ! BFe(II) + BCu(II) ð5Þ

BCu(II) + HO2
�� ! BCu(I) + O2 + Hþ ð6Þ

Fe and Cu bimetal oxides, such as Cu incorporated iron oxide
[15,16], copper ferrite (CuFe2O4) [17–19], and CuOx-FeOOH com-
posite [20] was found to be efficient for catalytic H2O2 oxidation
of organics. However, the catalytic decomposition of H2O2 by
Cu2+/Cu+ may lead to an excess consumption of H2O2 than Fe3+/
Fe2+, due to the fast reaction of Cu2+ with H2O2 and the competitive
oxidation of Cu+ by H2O2 and oxygen [21]. Moreover, Cu ions are
toxic and Cu is more expensive than Fe. Therefore, the develop-
ment of Fe-Cu bimetal catalyst may need further study to improve
the overall catalytic performance.

Another strategy for the enhancement of catalytic reactivity is
supporting the metal oxides on carriers with high surface area to
improve the dispersion of catalytic sites [22–24]. Various inorganic
and organic porous materials have been used as catalyst support,
including carbon materials, SBA, MCM, and zeolites [25–28].
Among these carriers, ordered porous carbon materials are com-
petitive catalyst support due to their good chemical stability and
advantageous porous structural characteristics. Wang et al. [29]
reported an interesting work on Fe and Cu bimetal nanoparticles
encapsulated in the matrix of mesoporous carbon (CuFe-MC) as
H2O2 catalyst. The high mineralization efficiency for various
organic compounds of the CuFe-MC catalyst was attributed to
the good adsorption capacity and large amount of catalytic sites
at the surface, and the better catalytic performance of CuFe-MC
than Fe-MC and Cu-MC was attributed to the reduction of Fe3+

by Cu+ [29]. However, the oxidation of Fe and Cu sites was consid-
ered to be the essential steps, which caused the consumption of
H2O2. Nevertheless, the interactions between Fe, Cu and the carbon
materials support and their relation to the surface properties are
still need to be explored to understand the effect of Cu on the prop-
erties of Fe [15,30].

Considering the fact that the surface Fe0 and Cu0 sites need to be
oxidized to Fe2+/Fe3+ and Cu+/Cu2+ to react with H2O2 for HO� gen-
eration [23,30], the metal oxides contains Fe(II) and Cu(I) species
may be more benefit for the utilization of H2O2. Therefore, in this
work, a composite of ordered porous carbon supported Cu(I) doped
Fe3O4 nanoparticles was synthesized using a facile co-precipitation
method. Carbamazepine (CBZ), one of the refractory PPCPs that fre-
quently detected in aquatic environment [31,32] was chosen as the
target organic compound to evaluate the performance of the syn-
thesized H2O2 catalyst. Based on the characterization of surface
changes and ROS species and the reaction kinetic results, the effect
of Cu doping on the enhanced catalytic reactivity was discussed to
elucidate the interface reaction mechanism.
2. Experimental

2.1. Chemicals

All chemicals were at least analytical grade and used without
further purification. H2O2 (30%, w/w), titanium potassium oxalate,
n-butanol, ethanol, H2SO4, HCl and NaOH were purchased from
Sinopharm Chemical Reagent Co. Ltd. 5,5-Dimethyl-1-pyrroline-
N-oxide (DMPO), carbamazepine (CBZ) and phenol were supplied
by J&K Scientific Ltd. FeCl2�4H2O, CuCl, formaldehyde solution
(37 wt% in H2O) and Pluronic F127 (Mw = 12600, EO106-PO70-
EO106) were supplied by Sigma-Aldrich. HPLC-grade acetonitrile
were obtained from Fisher Scientific Corporation (Fair Lawn, NJ).
Milli-Q ultrapure water (18.2 MX) was used throughout the study.
2.2. Preparation of the catalysts

Fe-Cu bimetal oxides nano-particles were prepared by a facile
co-precipitation method. A desired molar ratio of FeCl2�4H2O and
CuCl were dissolved into 0.41 mol/L hydrochloric acid with a total
metal amount of 0.03 mol. The mixture solution was dropwise
added into 0.9 mol/L NaOH solution under vigorous stirring and
N2 protection at 80 �C. The formed precipitate was stirred for extra
20 min and was then separated, washed and frozen dried. Nano-
Fe3O4 was also prepared by co-precipitation [33].

The supported Fe-Cu oxides were prepared by a similar co-
precipitation method. The porous carbonaceous support, denoted
as C, was synthesized by a soft template method described by
Meng et al. [34] (detailed in Text S1). FeCl2�4H2O and CuCl mixture
solution was then added into NaOH solution containing the pre-
pared carbonaceous material. Nano-Fe3O4, Fe3O4/C and Cu2O/C
were synthesized using similar co-precipitation routine (detailed
in Text S2). All the synthesized materials were stored in an anaer-
obic chamber.
2.3. Characterization of the catalysts

The crystal phase and morphology of the catalysts were ana-
lyzed by XRD (PANalytical, Netherlands), field emission scanning
electron microscopy (FESEM) (Hitachi, Japan) and high-resolution
transmission electron microscopy (HRTEM) (JEOL, Japan). The con-
tent of Fe and Cu of the catalysts were determined by ICP-OES
using Optima 2000 (PerkinElmer, USA) after microwave digestion
with aqua regia. X-ray photo-electron spectroscopy (XPS) mea-
surements were performed using a PHI Quantera SXM (ULVAC-
PHI, Japan) with Al Ka X-ray radiation (1486.6 eV). The binding
energy of the surface elements was calibrated using the C 1s peak
at 284.8 eV. XPSPEAK4.1 software was used for data analysis. The
surface area and pore structure were analyzed by N2 adsorption-
desorption on ASAP 2020HD88 (Micromeritics, USA) using BET
and BJH methods.
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2.4. Heterogeneous Fenton experiments

The synthesized catalyst powder was dispersed in CBZ solution
and stirred for 1 h to achieve pre-adsorption equilibrium. The oxi-
dation reaction was initiated by the addition of H2O2 to the suspen-
sion. Unless indicated otherwise, the catalyst concentration was
0.1 g/L. Less than 10% of CBZ were pre-adsorbed on the synthesized
catalysts. During the reaction, pH was not controlled but moni-
tored. The initial pH of the reaction solution ranged from 5.7 to
6.3, and changed slightly in the range of pH 6.0 and 7.0 in all the
experiments. At given time intervals, 1 mL aliquots were collected
and added with excess n-butanol to quench �OH. After immediate
centrifugation, the supernatant was collected for analysis. All
experimental runs were performed in duplicate at ambient tem-
perature in the absence of light.
2.5. Analysis

The concentration of CBZ was analyzed by HPLC with a Waters
2487 UV Detector and a C18 column (5 lm, 250 mm � 4.6 mm).
The mobile phase was water/acetonitrile (60/40) with a flow rate
of 1.0 mL/min. The wavelength of detection was set at 285 nm.
The concentration of H2O2 was measured using titanium sulfate
method [35]. The concentration of dissolved Fe and Cu in solution
was measured by ICP-MS (Thermo Fisher iCAP Q, USA).

Oxidation products of CBZ were analyzed by GC/MS. ROS radi-
cals were identified using DMPO by ESR spectroscopy (Bruker
model ESP 300E), which was operated at 3514 G center field and
9.85 GHz microwave frequency. In order to obtain obvious ESR sig-
nals, the concentration of the catalyst and H2O2 in the reaction
solution were 10 g/L and 1 mol/L, respectively.

Unless indicated otherwise, the reaction kinetic data were fitted
by the pseudo-first-order kinetic equation as in our previous work
[36] with correlation coefficient R2 > 0.85. The apparent pseudo-
first-order rate constants kCBZ (h�1) were calculated accordingly.
Catalytic activity per active sites or specific turnover frequency
(TOF) at time t was calculated as D[CBZ]/([Fe] + [Cu])/t, where D
[CBZ] (mol/L) represented the concentration variation of CBZ after
oxidation time of t (s), and [Fe] and [Cu] (mol/L) represented the
active sites concentration of Fe and Cu in the catalysts. The oxida-
tion efficiency (E) was calculated as D[CBZ]/D[H2O2], where D
[CBZ] (mol/L) and D[H2O2] (mol/L) represented the concentration
variation of CBZ and H2O2 after oxidation [36].
3. Results and discussion

3.1. Catalysts characterization

The synthesized Fe-Cu oxides with low Cu doping showed the
same XRD patterns as Fe3O4 (ICSD No. 084098) (Fig. 1a), including
Fe2.7Cu0.3O4, Fe2.85Cu0.15O4, and C supported Fe2.85Cu0.15O4/C. No
obvious XRD patterns of copper compounds were observed in
Fe2.7Cu0.3O4, Fe2.85Cu0.15O4, and Fe2.85Cu0.15O4/C, indicating copper
was doped into the crystal structure of iron oxides. The d-spacing
of Fe2.85Cu0.15O4 and Fe2.85Cu0.15O4/C calculated from the diffrac-
tion rings were slightly larger than those of Fe3O4 (Table S1). That
is to say, the crystal unit cell of Cu doped Fe3O4 (Cu-Fe3O4) was
enlarged due to the implantation of Cu into the Fe3O4 structure.
However, when the amount of Cu further increased, Cu2O appeared
as the dominant phase of FeCuOx other than CuFe2O4 or CuFeO2

phase (Fig. 1a), suggesting a solid solution structure of the mate-
rial. The disappearance of iron species XRD peaks was presumably
due to the small particle sizes and high dispersion of iron oxide in
FeCuOx. No characteristic peaks of carbon in the XRD pattern of
Fe2.85Cu0.15O4/C indicated the amorphous state of the carbon sup-
port [22].

The pore size distribution showed that C support possessed
pores with diameters less than 110 nm (Fig. 1b). The HRTEM image
in Fig. 2a shows pore channels of C support were approximately
1 nm in diameter, and Fe2.85Cu0.15O4 were quasi-sphere particles
with diameter ranging from 30 to 60 nm in the composite
(Fig. 2b), in consistent with the FESEM image in Fig. 2c. The BET
surface areas were determined as 208.15 ± 6.56 m2/g for the car-
bon support and 9.71 ± 0.14 m2/g for Fe2.85Cu0.15O4/C. The deposi-
tion of Fe2.85Cu0.15O4 on C diminished the small pores in C
support and formed larger pore diameters due to the stack of
Fe2.85Cu0.15O4 nano-particles. EDX mapping images of Fe2.85Cu0.15-
O4/C in Fig. 2d illustrated that the surface was unevenly covered
with Fe and Cu elements but the Fe and Cu elements were highly
dispersed at the surface.

XPS spectra of Fe 2p and Cu 2p were very similar for Fe2.85-
Cu0.15O4 and Fe2.85Cu0.15O4/C, respectively (Fig. 3). As shown in
Fig. 3a, the Fe 2p3/2 appeared at 710.3 eV for Fe2.85Cu0.15O4 and
slightly shifted to 710.6 eV for Fe2.85Cu0.15O4/C, and the Fe 2p1/2

at 724 eV without a Fe 2p3/2 satellite at around 719 eV for both
materials. The XPS spectra features of Fe from Fe2.85Cu0.15O4 and
Fe2.85Cu0.15O4/C were in good agreement with those for magnetite
[37], indicating the existence of surface Fe(II) and Fe(III) species.
The surface Cu 2p3/2 peak of Fe2.85Cu0.15O4 and Fe2.85Cu0.15O4/C
were located below 933 eV, i.e., at 932.4 eV and 932.6 eV respec-
tively, without shakeup satellite at ca. 943 eV (Fig. 3b), precluding
the existence of Cu(II) [38,39]. The calculated Auger parameters for
Fe2.85Cu0.15O4 and Fe2.85Cu0.15O4/C were 1848.9 and 1849 eV,
respectively. All these characterization information suggested the
presence of Fe(II), Fe(III) and Cu(I) at the surface of Fe2.85Cu0.15O4

and Fe2.85Cu0.15O4/C. Comparing Fe and Cu atomic ratio in the bulk
solid and on the surface of Fe2.85Cu0.15O4 and Fe2.85Cu0.15O4/C
(Table 1), the surface atomic ratio of Cu was higher than bulk for
both materials. Therefore, by deposition of Fe-Cu-oxide on the por-
ous carbon support, more Fe and Cu atoms were dispersed on the
surface of the synthesized Fe2.85Cu0.15O4/C composite at a fixed
total content of Fe and Cu.
3.2. Catalytic reactivity and efficiency

As shown in Fig. 4, less than 30% of 1 mg/L CBZ were oxidized
after 4 h with H2O2 alone, and 45.7% of CBZ were removed within
2.5 h by nano-Fe3O4 and H2O2. The synthesized Fe and Cu bimetal
oxides catalysts could significantly increase the removal rate of
CBZ. Almost all the CBZ were degraded with the presence of Fe2.85-
Cu0.15O4 or Fe2.7Cu0.3O4 within 30 min. The removal curve could be
well fitted by pseudo-first-order kinetic and the fitting R2 for
Fe2.85Cu0.15O4-H2O2 and Fe3O4-H2O2 was 0.997 and 0.984, respec-
tively. The fitted apparent pseudo-first-order rate constants of
CBZ degradation, kCBZ in Fe2.85Cu0.15O4-H2O2 system was
2.25 � 10�1 min�1, which was 50.5 times higher than in Fe3O4-
H2O2 system (4.45 � 10�3 min�1) and 4.9 times higher than nitrilo-
triacetic acid (NTA) enhanced Fe3O4-H2O2 system (4.58 � 10�2 -
min�1) reported by Sun et al. [38]. The catalyst with higher
content of Cu (FeCuOx) did not show higher catalytic activity. The
removal of CBZ decreased to 81.8% in the system of FeCuOx-
H2O2, however, the catalytic decomposition of H2O2 by FeCuOx

was as quick as Fe2.85Cu0.15O4 and Fe2.7Cu0.3O4. Therefore, the
effective utility of H2O2 was reduced in the FeCuOx catalyzed reac-
tion, and excess amount of Cu in catalyst was not beneficial for the
organics degradation. In addition, the CBZ removal by FeCuOx-
H2O2 did not fit the pseudo-first-order kinetic equation, implying
a different reaction mechanism from Fe2.7Cu0.3O4 or Fe2.85Cu0.15O4

catalyzed oxidation. Thus, the modification of Fe3O4 with small



Fig. 1. (a) XRD patterns of the synthesized Fe-Cu oxides catalysts and (b) pore size distribution curves of C and Fe2.85Cu0.15O4/C calculated from N2-adsorption branches via
BJH method.

Fig. 2. (a) HRTEM image and SAED pattern of Fe2.85Cu0.15O4 and (b) HRTEM image of Fe2.85Cu0.15O4/C, (c) FESEM image of Fe2.85Cu0.15O4/C and (d) the corresponding EDX
mappings.
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amount of Cu(I) is advantageous for the productive decomposition
of H2O2 and catalytic oxidation of CBZ.

The catalytic reactivity of Fe2.85Cu0.15O4, Fe2.85Cu0.15O4/C and a
mixture of Fe3O4/C and Cu2O/C were further compared in Fig. 5.
The carbon support alone could only remove less than 35% of
CBZ by oxidation and less than 4% of CBZ by adsorption, indicating
that the main catalytic reactivity was attributed to the Fe-Cu-
oxides. When decreased the catalyst dosage from 1 g/L (Fig. 4a)
to 0.1 g/L (Fig. 5a), the degradation rate of CBZ was reduced due
to the reduced catalytic sites. About 97% and 80% of CBZ was
removed after 2 h of oxidation catalyzed by Fe2.85Cu0.15O4 and
Fe2.85Cu0.15O4/C, respectively. The mixture of Fe3O4/C and Cu2O/C
showed a much slower removal rate for CBZ, indicating a syner-
getic effect of surface Fe and Cu species on the catalyzed oxidation
of CBZ with H2O2. The decomposition of H2O2 by the Fe2.85Cu0.15O4/
C composite was also slowed down compared to Fe2.85Cu0.15O4

(Fig. 5b). Considering the Cu-Fe3O4 weight loading of Fe2.85Cu0.15-
O4/C was about 32.5%, the increased amount of surface sites by sur-
face dispersion probably was still less than Fe2.85Cu0.15O4, under
the same dosage of catalyst (0.1 g/L).

The calculated specific turnover frequency (TOF) and oxidation
efficiency E values of different catalysts were compared in Table 2.
The specific TOF of Fe2.85Cu0.15O4/C and Fe2.85Cu0.15O4 was higher
than Fe3O4, and the value of the composite was slightly higher than



Fig. 3. XPS spectra of Fe 2p (a) and Cu 2p (b) of Fe2.85Cu0.15O4 and Fe2.85Cu0.15O4/C.

Table 1
Atomic ratio of Fe and Cu in the synthesized catalysts.

Catalyst Fe/Cu Atomic percentage of surface
Fe and Cub

(Fe + Cu)/(Fe + Cu + C + O + N) � 100%
Bulka Surfaceb

Fe2.85Cu0.15O4 18.9 4.1 16.9
Fe2.85Cu0.15O4/C 19.6 3.8 21.6

a Samples were analyzed by ICP-OES after microwave digestion with aqua regia.
b Samples were analyzed by XPS.
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Fe2.85Cu0.15O4. Taking the H2O2 utility into consideration, the oxi-
dation efficiency E was also higher for Fe2.85Cu0.15O4/C than Fe2.85-
Cu0.15O4 and Fe3O4. The higher specific TOF and E of Fe2.85Cu0.15O4

and Fe2.85Cu0.15O4/C than Fe3O4 indicated the important role of
incorporated Cu in the catalyst.

To evaluate the homogeneous reaction contribution, the disso-
lution of Fe and Cu ions was measured during the oxidation. The
dissolution of Fe is very low for Fe2.85Cu0.15O4 at pH 5.8 and slightly
higher for Fe2.85Cu0.15O4/C, which was in the range of 2–18 lg/L
(Fig. S1). The dissolution of Cu was higher than iron for both mate-
rials, and the dissolved Cu concentration from Fe2.85Cu0.15O4 was
4–5 times higher than Fe2.85Cu0.15O4/C. The dissolved Cu from
Fe2.85Cu0.15O4/C was kept at about 175 mg/L (i.e., 2.76 � 10�6 mol/
L) and Cu2+ was the predominant Cu species in solution due to
the immediate oxidation of Cu(I) by excess H2O2 and oxygen
[40]. Control experiments showed that the dissolved Cu ions initi-
ated catalytic oxidation of CBZ and decomposition of H2O2 was
Fig. 4. (a) Oxidation of CBZ and (b) the corresponding H2O2 decomposition with di
rather slow in the homogeneous reaction (Fig S2). Therefore, the
dissolved Cu ions were not responsible for the fast oxidation of
CBZ by Fe2.85Cu0.15O4/C under the conditions.

3.3. Effect parameters on reaction kinetics

3.3.1. Effect of Cu-Fe3O4 loadings
The increased dosage of catalyst could accelerate the oxidation

of CBZ (Figs. 4 and 5). As shown in Fig. 6a, when the loading of Cu-
Fe3O4 in Fe2.85Cu0.15O4/C increased, both the oxidation of CBZ and
the decomposition of H2O2 were enhanced, due to the increased
amount of Fe and Cu sites. The kCBZ was fitted using pseudo-first-
order kinetics and the R2 was 0.87, 0.996, and 0.99 respectively
for the increased Cu-Fe3O4 loading of Fe2.85Cu0.15O4/C. The catalyst
with 4.6% loading of Fe2.85Cu0.15O4 possessed the highest E due to
the minor decomposition of H2O2, but only oxidized 24% of CBZ
in 5 h. With the increased loading of Cu-Fe3O4, the overall oxida-
tion efficiency E did not increased accordingly, mainly due to the
simultaneously increased consumption of H2O2.

3.3.2. Effect of initial H2O2 concentrations
Fe2.85Cu0.15O4/C alone showed limited adsorption capacity for

CBZ, only less than 8% of CBZ were removed in 5 h without H2O2.
The removal of CBZ was greatly enhanced by the increased dosage
of H2O2 (Fig. 6b) and could be well fitted using pseudo-first-order
kinetics (R2 > 0.99). The fitted kCBZ increased almost linearly with
[H2O2]0, indicating that more effective ROS generated from H2O2.
However, the calculated oxidation efficiency E values decreased
slightly and varied in the range of 0.0009–0.0013, due to the excess
fferent Fe-Cu-oxides. [catalysts]0 = 1 g/L, [CBZ]0 = 1 mg/L, [H2O2]0 = 0.01 mol/L.



Fig. 5. (a) Oxidation of CBZ and (b) the corresponding H2O2 decomposition with different catalysts. [C]0 = [Fe2.85Cu0.15O4]0 = [Fe2.85Cu0.15O4/C]0 = [Fe3O4/C + Cu2O/C]0 = 0.1 g/L,
[Fe3O4]0 = 1 g/L, [CBZ]0 = 1 mg/L, [H2O2]0 = 0.01 mol/L.

Table 2
Specific TOF and E values of the catalytic oxidation of CBZ by different catalysts.

Catalysts specific TOF (s�1) E

Fe3O4 0.26 � 10�7 3.23 � 10�4

Fe2.85Cu0.15O4 8.69 � 10�7 6.28 � 10�4

Fe2.85Cu0.15O4/C 10.6 � 10�7 10.4 � 10�4

Experimental parameters: [Fe2.85Cu0.15O4]0 = [Fe2.85Cu0.15O4/C]0 = 0.1 g/L, [Fe3-
O4]0 = 1 g/L, [CBZ]0 = 1 mg/L, [H2O2]0 = 0.01 mol/L.
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consumption of H2O2 with increased [H2O2]0, although the decom-
position rate of H2O2 decreased. However, the excess amount of
H2O2 didn’t inhibit the oxidation of CBZ. All these information
implied the catalytic reaction may obey the Eley-Rideal
mechanism [41]. The ROS formed from the dissociation of the
Fig. 6. Oxidation of CBZ under different conditions. (a) Fe2.85Cu0.15O4 loadings, (b) H2O2 d
constant of CBZ and E is the oxidation efficiency. Except the varied parameter, the
[H2O2]0 = 10 mmol/L, pH0 = 5.8.
adsorbed H2O2 and reacted with the adjacent CBZ molecular in
the interfacial region other than the adsorbed CBZ.
3.3.3. Effect of initial CBZ concentrations
The removal of CBZ under different initial concentration could

be fitted using pseudo-first-order kinetics with R2 > 0.99. As shown
in Fig. 6c, the kCBZ decreased as [CBZ]0 increased, although more of
CBZ were removed finally for higher [CBZ]0. The decomposition
rate of H2O2 was also slowed down with the increased initial
concentration of CBZ, resulting in an increased oxidation efficiency
E. According to the Eley-Rideal mechanism, the adsorption
of H2O2 at the surface is the essential step, the kinetic rate of CBZ
oxidation (rCBZ) could be given by the following rate expression
(Eqs. (7) and (8)),
osage, (c) initial CBZ concentrations, and (d) initial pH. kCBZ is the fitted removal rate
fixed conditions in each experiments are: [catalyst]0 = 0.1 g/L, [CBZ]0 = 1 mg/L,
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rCBZ ¼ �d CBZ½ �
dt

¼ kCBZ
0hH2O2CCBZ ð7Þ
hH2O2 ¼ b � c
1þ b � c ð8Þ
rCBZ ¼ kCBZ
0 � b � c � CCBZ ¼ kCBZ � CCBZ ð9Þ

where hH2O2 is the surface coverage of H2O2 as given by the Lang-
muir isotherm, b is the adsorption constant and c is the concentra-
tion of H2O2. kCBZ0 is the kinetic rate constant of CBZ oxidation and
kCBZ is the corresponding apparent rate constant. Since the adsorp-
tion of H2O2 on the surface was relatively weak, if assume that
b � c� 1, thus the rate expression could be simplified as Eq. (9).
According to Eq. (9), with excess H2O2, the rate of CBZ oxidation
should be first order with respect to CCBZ. However, as shown in
Fig. 6c, the oxidation rate of CBZ decreased with CCBZ. The reason
could be the competition of surface sites between H2O2 and CBZ,
which became significant with the increased CBZ concentration.
The adsorption of intermediates on iron sites will also compete
the catalytic sites for H2O2. The decreased hH2O2 resulted in a reduced
rate of H2O2 decomposition and CBZ oxidation, although the CBZ
adsorption was not the rate limited step for oxidation.
3.3.4. Effect of initial pHs
pH is a vital factor affecting heterogeneous catalytic oxidation

kinetics. The final pH almost did not change for initial pH (pH0)
in the acidic range except pH0 8.1, which was dropped and main-
tained at pH 6.9 (Fig. S2). As shown in Fig. 6d, the fitted apparent
kCBZ increased by 6 times when pH0 decreased from 8.1 to 3.0,
and increased slightly when pH reduced from 8.1 to 4.5. The R2

of fitting was 0.85, 0.89, 0.996, and 0.999 for pH 3.0, 4.5, 5.8, and
8.1. The obtained kCBZ was 0.060 min�1 at pH0 3.0 and 0.016 min�1

at pH0 4.5, which was very close to the kCBZ catalyzed by homoge-
neous Fe-NTA complexes [42]. At pH0 3.0, the leaching of Cu and Fe
was significant and kept in a relative stable level in the first 50 min
and increased afterwards, corresponding to the rapid removal of
CBZ and the initially slow decomposition of H2O2 within 1 h of
reaction (Fig. S2). The dissolution of Fe and Cu from the catalyst
was reduced with solution pH increase. The Fe leaching was only
significant at pH 3.0 and reduced to below 10 lg/L at higher pHs.
The leached Cu ions concentration was above 1000 lg/L at pH
4.5 and about 100 lg/L at pH 5.8, respectively. Thus, there was pos-
sibly no synergetic effect of Fe and Cu ions in solution on catalytic
oxidation at pH 4.5–8.1.
Fig. 7. ESR spectra of DMPO adducts (a) in aqueous dispersions and (b) in methanol di
Fe2.85Cu0.15Ox/C + H2O2. Experiments in each graph were conducted under identical inst
The homogeneous oxidation of CBZ catalyzed by Cu ions
showed that the Cu+/2+ initiated catalytic oxidation at pH 5.8 was
slow and speeded up at higher pH (pH 6.4) (Fig S3), which is con-
sistent with previous studies [18,40,43,44]. This could be attribu-
ted to the competitive oxidation of Cu+ to Cu2+ by oxygen at
acidic pH and the accelerated reduction of Cu2+ by H2O2 at near
neutral pH [14,40]. The homogeneous oxidation catalyzed by Cu
ions was more efficient at near neutral pHs. However, the results
in Fig. 6d showed that the oxidation rate at pH 5.8 was not higher
than pH 4.5. Therefore, the dissolved metal ions were not respon-
sible for the CBZ oxidation at pH 4.5–8.1. However, at pH 3, there
may be synergetic effect of dissolved Fe and Cu on the homoge-
neous catalytic decomposition of H2O2 and oxidation of CBZ. Thus,
the catalytic decomposition of H2O2 by Cu-Fe3O4 catalyst at near
neutral pH was controlled by interface reactions, although the
reaction mechanism may be different at very acidic pHs.
3.4. Surface reaction mechanism

ESR results in Fig. 7a confirmed the formation of �OH from the
catalytic decomposition of H2O2 [45]. The DMPO-OH signal inten-
sity is consistent with the catalytic reactivity of the catalysts.
DMPO-OOH/O2

� adducts were detected in methanol dispersions
of different catalysts (Fig. 7b) [46,47]. The spectra intensity of
DMPO-OOH/O2

� adducts detected from nano-Fe3O4 was slightly
stronger than from Cu-Fe3O4 and FeCuOx, implying that O2

�� were
not the major oxidant for CBZ oxidation. Urea and 2-
hydroxybenzyl alcohol were detected as the main oxidation prod-
ucts of CBZ using GC/MS (Table S2), although other oxidation prod-
ucts could not be excluded yet due to the limitation of analysis
method. It was proposed that �OH initially attacked CBZ and caused
the hydroxylation of either azepine ring or benzene ring [42]. The
CAN bond and C@C bond of CBZ were probably attacked by �OH as
shown in Fig. S4.

The XPS spectra of surface Fe, Cu and O elements confirmed the
surface reaction mechanisms (Fig. 8). The Fe 2p3/2 peak and Fe
2p1/2 peak of Cu-Fe3O4/C after use shifted to higher binding ener-
gies compared to fresh sample (Fig. 8a). By peaks fitting, the peak
component area ratio of Fe(II)/Fe(III) decreased dramatically com-
pared to fresh materials, indicated the oxidation of surface Fe(II)
species after use [12,48]. However, Cu 2p peaks hardly shifted after
use (Fig. 8b) and the Auger parameter of the used Fe2.85Cu0.15O4/C
was calculated as 1848 eV, confirming the presence of surface Cu(I)
again [49]. The O 1s peak also shifted to higher binding energy
after oxidation reaction (Fig. 8c). The O 1s peak of Fe2.85Cu0.15O4/
C before and after use was all asymmetric and could be fitted by
spersions: 1 H2O2 only, 2 Fe3O4 + H2O2, 3 FeCuOx + H2O2, 4 Fe2.85Cu0.15Ox + H2O2, 5
rument parameters.



Fig. 8. XPS spectra of Fe 2p (a), Cu 2p (b), and O 1s (c) of Fe2.85Cu0.15O4/C before and after use.
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two or three components (Fig. 8c, Table S3), suggesting the pres-
ence of more than one type of oxygen in the surface layer [50].
The low binding energy oxygen (530, 530.6 eV) was probably due
to oxygen in Fe2.85Cu0.15O4 lattice, while the high energy oxygen
was due to adsorbed oxygen (531.2, 531.7 eV) or another
oxygen-containing molecule (532.9 eV) [51,52]. The relative inten-
sity of the peak component at 532.9 eV which was assigned to the
adsorbed oxygen increased after use, such as CBZ or its oxidation
products. The decreased O 1s peak area could possibly be attribu-
ted to the increased amount of oxygen vacancies due to the leach-
ing of surface metals, and the increased percentage ratio of lattice
oxygen after use could be attributed to the oxidation of the metal
oxide surface layer (Table S3). The increased oxygen vacancies
could contribute to the Cu(I) species stabilization due to the sur-
face charge compensation effect [53].

The enhanced catalytic reactivity of Cu(I)-Fe3O4 was attributed
to the feature of surface Fe(II) and Cu(I) species, which facilitated
the electron donation to H2O2. However, the Fe species were prob-
ably still the dominant catalytic sites for ROS generation consider-
ing the small amount of surface Cu(I) although the Cu(I) species
played a vital role in the superior catalytic reactivity. The effect
of Cu(I) on the structure of iron oxides was determined by the rel-
ative amount of Fe and Cu. With a small amount of Cu(I), namely
the Fe:Cu molar ratio at 19:1, the micro-structure of Fe3O4 was
changed and the surface catalytic reactivity was enhanced. The
exposed Fe(II) and Cu(I) at the interface initiated H2O2 reduction
and production of �OH, and be oxidized to Fe(III) and Cu(II). The
Cu(I) at the surface could supply electron to adjacent Fe(III) and
accelerate the regeneration of Fe(II), due to the redox potential dif-
ferences [54]. The surface Cu(II) species could be reduced also by
HO2

� /O2
�� (Eq. (6)). A small fraction of the oxidized Fe(III) and Cu

(II) would detach and dissolve into the solution, especially Cu(II)
species.

4. Conclusions

Cu(I) doped nano-Fe3O4 particles were dispersed on ordered
porous carbonaceous support using a facile co-precipitation
method and used as catalyst for H2O2 oxidation of carbamazepine
(CBZ). The synthesized Cu-Fe3O4 exhibited higher catalytic reactiv-
ity than nano-Fe3O4 for the degradation of CBZ. The removal rate of
CBZ by Fe2.85Cu0.15O4 was 50 times faster than nano-Fe3O4. How-
ever, the Fe-Cu bimetal oxide with higher content of Cu (FeCuOx)
did not show higher catalytic activity. The Cu-Fe3O4/C composite
exhibited higher specific TOF and oxidation efficiency E than Fe2.85-
Cu0.15O4 and Fe3O4. The mixture of Fe3O4/C and Cu2O/C showed a
much slower removal rate for CBZ, indicating a synergetic effect
of surface Fe and Cu species on the catalyzed generation of ROS
from H2O2. The dissolved metals induced catalytic reaction was
ruled out for pH 4.5–8.1 and the catalytic decomposition of H2O2

by Cu-Fe3O4 catalyst at near neutral pH was controlled by interface
reactions. The ROS formed from the dissociation of the adsorbed
H2O2 and reacted with CBZ and other possible intermediates in
the interfacial region. The HO� radicals were detected as the major
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ROS for CBZ oxidation by attacking CAN bond and C@C bond of CBZ
and caused the hydroxylation of either azepine ring or benzene
ring.
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