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a b s t r a c t
In order to efficiently deal with environmental pollution caused by industrial wastewater and 
drug molecules, a novel Fenton catalytic system of Fe2O3/C-(1,4-benzoquinone) has been success-
fully developed, which shows obviously enhanced Fenton catalytic activities for organic pollutants 
(Rhodamine B and ibuprofen) degradation than Fe2O3/C composite. The Fenton catalytic activity of 
the Fe2O3/C composite with 1,4-benzoquinone (BQ) as cocatalyst is 10.14 times higher than that of 
Fe2O3/C composite. Furthermore, with BQ as cocatalyst, the catalytic activity of the Fe2O3/C composite 
is 35.5 times and 15.8 times that of Fe2O3 and carbon, respectively. The concentration ratios of carbon 
in the Fe2O3/C composite and BQ in the system are also discussed, demonstrating that the 50 wt% 
carbon in Fe2O3/C composite and 3 wt% BQ in the system are the optimized conditions. The carbon in 
the Fe2O3/C composite acts as an adsorbent of organic pollutants and BQ. The contribution of BQ in 
the Fenton system is reflected in the scavenging of •O2

– radical and photogenerated electrons, which 
promotes the production of FeII and photogenerated hole, resulting in a rapid degradation process. 
Furthermore, the BQ is also degraded with the degradation of organic pollutants, which does not 
cause secondary pollution to the water. This study sheds new light on the design and fabrication of 
novel Fenton catalytic system to solve the environmental crisis. 
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1. Introduction

Recently, great efforts have been made to deal with envi-
ronmental pollution caused by industrial wastewater and 
drug molecules, which inevitably caused and still contrib-
uting great harm to human survival. Among various tech-
niques, advanced oxidation technologies have been proved 
to be an effective solution owing to the advantage of strong 
oxidation, high efficiency, environment friendly, etc. [1–5]. 
The homogeneous Fenton reaction (FeII-H2O2) has high 
catalytic activity by producing reactive hydroxyl radical 
(·OH), which however, is limited by the precipitate of fer-
ric hydroxide [6–8]. To address the problem of iron sludge, 

heterogeneous Fenton reaction (FeIII-H2O2) has attracted 
much attention. Since the kinetics of reaction of FeIII with 
H2O2 to produce FeII is sluggish, rigorous conditions (such as 
acid solution, high temperature or electrical energy) are usu-
ally necessary [9–11]. Hence, the development of efficient 
heterogeneous Fenton catalysis system is still a tremendous 
challenge.

To date, iron oxides have been extensively studied as 
heterogeneous Fenton catalysts, primarily because of their 
cost-effective, environmentally benign and low iron release 
[12–15]. However, the high surface energy of Fe2O3 nanopar-
ticles leads to agglomeration, resulting in the decreased 
number of catalytic active sites. Moreover, the photo-Fenton 
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catalytic activity of Fe2O3 is also hampered by the high elec-
tron–hole recombination rate and the low surface adsorption 
of organic pollutants [16]. At present, the main solution is 
to hybridize Fe2O3 with supports, such as TiO2, SiO2, C3N4, 
porous carbon, diamond, graphene oxide, etc. [17–22]. 
Besides, since the active species (•OH radical) play the most 
important role in catalytic degradation, another possible 
solution is to accelerate the reaction of FeIII with H2O2 to pro-
duce FeII by increasing the consumption of •O2H radicals, 
which will facilitate the production of •OH radical. 

According to the literatures, benzoquinone (BQ) can 
react with •O2H generated by the Fenton reaction very 
quickly, leading to the accelerated catalytic cycling of Fe3+/
Fe2+ in the solution containing iron ions and H2O2 [23,24]. 

Therefore, the benzoquinone may also play the same role in 
the suspension containing solid catalyst and H2O2. Inspired 
by this, we offer a viable solution to prepare Fe2O3/carbon 
(C) composite as heterogeneous Fenton catalyst and BQ as 
cocatalyst. With BQ as a cocatalyst, the Fe2O3/C composite 
demonstrates obviously increased photo-Fenton catalytic 
activity of degradation of organic pollutants (Rhodamine B 
and ibuprofen). The degradation constant (k) of the Fe2O3/C 
composite with BQ addition is 10.14 times as many as that of 
Fe2O3/C composite without BQ addition. The existence of BQ 
as a cocatalyst greatly increased the consumption of •O2H 
radicals and accelerated the reaction of FeIII and H2O2 to pro-
duce FeII. Meanwhile, the carbon in the composite effectively 
increased the adsorption of organic pollutant. Furthermore, 
the Fe2O3/C composite with BQ also shown excellent struc-
ture stability. The enhanced Fenton catalytic performance 
is mainly contributed from the synergistic interaction of 
Fe2O3/C and BQ in the system. Moreover, the BQ is also 
degraded in the photo-Fenton process, which cannot cause 
secondary pollution.

2. Experiments

2.1. Synthesis of Fe2O3/C composite

All the chemicals were of analytical grade (Sinopharm 
Chemical Reagent Co., Ltd.) and used without any further 
purification. As a typical synthetic course (Fig. 1), 0.1 g of 
FeCl3 and 0.05 g of C6H12O6 were added in distilled water 
(3 mL) to form solution by ultrasound. After drying at 30°C, 
the dried product was first calcined at 220°C for 1 h (heating 
rate, 15°C/min), and then at 360°C for 2.0 h (heating rate of 
5°C/min) under N2 atmosphere. The obtained product was 
washed with water for three times, and then dried at 90°C 
in a vacuum oven for 12 h. The preparation of Fe2O3 and 
carbon was similar to the above method. 

2.2. Characterization of catalytic activity

In a typical experiment, 0.05 g of Fe2O3/C and 1.5 mg BQ 
was added into a 100 mL solution (5 mg/L, RhB solution or 
ibuprofen solution), and then was stirred for 60 min. After 
adding 0.5 mL of H2O2 aqueous solution (30 wt%), 5 mL of 
the reaction mixture was taken out at a time interval of 5 min. 
The mixture was centrifuged before measuring the UV-vis 
absorption spectra. Fluorescence technique was carried out 
to measure the decomposition of H2O2 by using terephthalic 
acid as trapping agent [25,26]. 

The dominant reactions related to the photo-Fenton 
catalytic mechanism was represented by the expression: 

Fe2O3/C are: Fe3+ + H2O2 → •O2H + Fe2+ +H+ (1)

C6H4O2 + •O2
– → O2 + C6H4O2

•– (2)

Fe2+ + H2O2 → Fe3+ + •OH + OH– (3)

•OH + RhB → product (4)

•OH + C6H4O2 → product (5)

2.3. Characterization

X-ray diffraction (XRD) technique on a D8 Advance dif-
fractometer was carried out to identify the phase structure 
of the sample at room temperature. The morphology was 
characterized by TEM (JEM-2100) and SEM (S-4800). The 
energy dispersive X-ray spectrometry (EDS) at 15 kV was 
used to perform qualitative chemical analyses. The Fourier 
transform infrared (FTIR) spectra were measured on a 
Nicolet IS 10 spectrometer in the range of 400~4,000 cm–1 by 
KBr pellet method. The Brunauer–Emmett–Teller (BET) sur-
face area was measured by N2 adsorption technique at 77 K 
using a Pore Master-60 analyser. UV-vis spectrophotometer 
(Lambda-35, PerkinElmer) was used to measure the UV-vis 
absorption spectra. Fluorescence was analysed on a fluores-
cence spectrophotometer (F-4600). PerkinElmer PHI-5300 
ESCA was used to measure X-ray photoelectron spectros-
copy (XPS). Photoluminescence (PL) spectra was collected by 
HITACHI (F-2700). Mott–Schottky plots and electrochemical 
impedance spectroscopy (EIS) were obtained by the electro-
chemical analyser (CHI760E) with a standard three- electrode 
configuration in 0.01 M Na2SO4 solution. The Pt wire, 
saturated calomel electrode and fluorine-doped tin oxide 
(FTO) were used as counter electrode, reference electrode 
and working electrode, respectively. Photoelectro chemis-
try experiment was performed in a standard three-electrode 
cell system, which used Pt wire and Ag/AgCl as counter 
electrode and reference electrode, respectively. 

3. Results and discussion

3.1. Characterization of Fe2O3/C composite

The structures of the samples were analyzed by XRD 
(Fig. 2a), which demonstrate that the obvious diffraction 
peaks of Fe2O3 match with the hematite phase (JCPDS no. 

Fig. 1. Schematic illustration of the synthesis of Fe2O3/C 
composite.



337J. Zhou / Desalination and Water Treatment 183 (2020) 335–345

89-0597). However, the XRD pattern of Fe2O3/C composite 
is amorphous, indicating the successful composite of Fe2O3 
and carbon [27,28]. The morphology of Fe2O3/C compos-
ite studied by SEM measurement (Fig. 2b) shows that the 
Fe2O3/C composite consists of nanoparticles with porous 
structure and the Fe2O3 nanoparticles uniformly disperse 
in the carbon skeleton, suggesting the large contact area 
between Fe2O3 and C. In addition, the corresponding EDS 
spectrum of the Fe2O3/C composite was measured, which 
shows that all the Fe, O and C elements were detected. To 
ensure the homogeneity of each element, the correspond-
ing EDS elemental mapping images of Fe, O and C (Fig. 2c) 
indicate that each element in Fe2O3/C composite is uniformly 
distributed in the particles. Compared with the morphology 
of the Fe2O3 composite, the surface of Fe2O3 is smooth and the 
particle size of Fe2O3 is several microns (Figs. S1a and b), sug-
gesting the great contribution of carbon to decrease the size 
and increase the dispersity of Fe2O3. Therefore, the intimate 
contact between Fe2O3 and C in the composite presumably 
facilitates the charge-carrier transport and the adsorption 
for organic pollutant, resulting in the promotion of catalytic 
activity of Fe2O3. 

Fourier transform infrared spectroscopy (FTIR) was 
measured to characterize the detail structure of the Fe2O3/C 
composite (Fig. 3a). Compared with the FTIR spectra of 
Fe2O3 in Fig. S2, the FTIR spectra of the Fe2O3/C exhibits 
the carbon-rich property in the composite. The spectrum 
of Fe2O3/C composite displays a band of strong intensity 
between 3,200 and 3,500 cm–1, which are the signals of O–H. 
The peaks at 1,100 and 1,400 cm–1 are assigned to C–C and 
C–O groups, respectively. The peak at 1,650 cm–1 is due to 
the stretching vibration of the –C=O group. Therefore, the 
carbon contains many C–O groups, which could be propi-
tious to adsorb organic pollutants [29–33]. Since the O and 
C elements observed are dispersed uniformly in the Fe2O3/C 
composite (Fig. 2b), the C–O groups are also packed on 
the product uniformly. For the sake of studying the optical 
absorption and band gap, the ultraviolet-visible diffusive 
reflectance spectra were measured (Fig. 3b), which shows 
that the Fe2O3/C composite has excellent light absorption. 
And the direct optical band gap (Eg) of the Fe2O3/C composite 
is 2.81 eV according to the transformed diffuse reflectance 
spectra (Fig. 3c). As for Fe2O3, the direct optical band gap (Eg) 
is 2.15 eV (Fig. S3), which is smaller than that of the Fe2O3/C 
composite. In addition, the Mott–Schottky plots of the 
Fe2O3/C composite and the Fe2O3 in Fig. 3d reveal that the 

conduction band (CB) of the Fe2O3/C decreased. The Fe2O3/C 
composite and Fe2O3 have the flat potentials of –0.40 V and 
–0.28 V vs. saturated calomel electrode (SCE), respectively, 
indicating that the CB potentials of Fe2O3/C composite and 
Fe2O3 are 0.25 and 0.37 V [34–37]. Accordingly, the corre-
sponding potentials of valence band (VB) of Fe2O3/C com-
posite and Fe2O3 are 3.06 and 2.52 V, respectively. Therefore, 
the composite structure of Fe2O3/C has obviously changed 
the band structure of Fe2O3. 

The Fe2O3/C composite was further investigated by 
XPS analysis (Fig. 4). The result in Fig. S4 of full-range XPS 
spectrum of Fe2O3/C composite clearly demonstrates the 
photoelectron peaks of Fe, O and C elements, further ver-
ifying the coexistence of Fe2O3 and carbon in the compos-
ite. Furthermore, the element content of Fe, O and C in the 
composite shows that the molar ratio of Fe:O:C is 1:1.9:7.1. 
The mole ratio of Fe and O (1:1.9) in the composite is big-
ger than that in Fe2O3 (1:1.5). It indicates that there is excess 
oxygen in the carbon structure (C–O functional groups), 
which is consistent with the results in the FTIR spectrum 
(Fig. 3a). The binding energy peaks centered at 711.8 and 
724.6 eV correspond to Fe2p3/2 and Fe2p1/2, respectively (Fig. 
4a), suggesting the FeIII state in the composite. The appeared 
satellite peak of Fe2p3/2 in Fig. 4a is the characteristic satel-
lite peak of Fe2O3, indicating that the iron oxide in the com-
posite is Fe2O3 [38–41]. The XPS spectrum of O1s in Fig. 4b 
shows two peaks of binding energy at 531.7 and 533.2 eV, 
which are assigned to Fe–O and water species [42]. The 
peaks of binding energy centered at 284.6 and 285.8 eV cor-
respond to C–C and C–O, respectively (Fig. 4c). According 
to the XPS results (Fig. 4d), the CB potential of Fe2O3/C 
composite is 0.24 eV, which is consistent with the result in 
Fig. 3d [43]. Therefore, the abundant surface C–O and Fe–O 
groups in the composite are in favor of the adsorption of 
H2O2 and organic pollutants, which could promote the cat-
alytic activity. 

3.2. Catalytic performance of Fe2O3/C composite

According to the above structure analysis, the Fe2O3/C 
composite should have enhanced catalytic activity compared 
with Fe2O3 and C. A mild test condition (pH = 7, ambient tem-
perature and simulated sunlight) was applied in our exper-
iment. In addition, the catalytic performance of the Fe2O3/C 
composite as heterogeneous Fenton catalyst was studied 
by degrading Rhodamine B (RhB) and ibuprofen, which 

Fig. 2. (a) XRD patterns of Fe2O3 and Fe2O3/C composite, (b) SEM image of Fe2O3/C composite and (c) SEM image and the correspond-
ing EDS elemental mapping images of Fe2O3/C composite.
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are dyes and drug pollutants, respectively, in the solution. 
Therefore, the Fenton catalytic activities of the Fe2O3, C and 
Fe2O3/C composite on RhB degradation were first inves-
tigated (Fig. 5a), which shows that the Fe2O3/C composite 
has the best Fenton catalytic activity than Fe2O3 and C, sug-
gesting the great contribution of the composite structure of 
Fe2O3/C. In Fig. 5b, the plot of –ln(C/C0) vs. irradiation time 
of all the three Fenton catalysts shows that the degradation 
constant (k) of the Fe2O3/C composite (0.014 min–1) is also 
obviously the best than that of the Fe2O3 (0.003 min–1) and 
C (0.006 min–1; Table S1). However, all the degradation over 
the Fe2O3, C and Fe2O3/C composite are incomplete after 
30 min. The degradation activity of the Fe2O3/C composite 
is still unsatisfactory. Notably, the Fenton catalytic activity 
of the Fe2O3/C composite was boosted after using BQ as the 
cocatalyst (Fig. 5c), which indicates that the degradation over 
the Fe2O3/C composite reaches complete after 30 min. The 
degradation constant (k) of the Fe2O3/C composite with BQ 
addition is 0.142 min–1, which is 10.14 times as many as that 
without BQ addition (Fig. 5d, Table S2). But the BQ addition 
has small contribution on the Fenton catalytic activities of the 
Fe2O3 and C (Fig. 5c). 

We further studied the content effect of carbon in the 
Fe2O3/C composite on the catalytic activity with BQ addition 

(Fig. S5a), which indicates that the degradation rates over 
Fe2O3/C composite reach 77% and 86% when the contents 
of carbon in the composite are 30 wt% and 70 wt%, respec-
tively. It indicates that the carbon effectively increases the 
Fenton catalytic activity of Fe2O3. Since the carbon shows 
poor Fenton catalytic activity (Fig. 5), the main contribution 
of carbon in the Fe2O3/C composite is to enhance the adsorp-
tion of RhB. Furthermore, considering the great contribution 
of BQ on the enhanced Fenton catalytic activity, we further 
investigated the effect of BQ content on the catalysis (Fig. 
S5b), demonstrating that the 3 wt% BQ in the solution is 
the optimized condition. The Fenton catalytic activity of the 
Fe2O3/C composite under darkness was also studied, which 
shows that the degradation rate is 70% after 30 min in the 
presence of BQ, indicating the importance of simulated sun-
light in the Fenton catalysis. We further investigated the 
effect of calcination temperature (300°C, 350°C and 400°C) 
on the Fenton catalytic activity (Fig. S6a), indicating that the 
calcination temperature at 350°C is the optimized condition 
in our experiments. To further verify the synergistic reaction 
of Fe2O3/C composite, we also measured the Fenton catalytic 
activity of the mixture of Fe2O3 and carbon (Fig. S6b), which 
indicates that the degradation rate of the mixture just reaches 
55% in the presence of BQ. Meanwhile, the degradation of 

Fig. 3. (a) FTIR spectrum, (b) ultraviolet-visible diffusive reflectance spectra, (c) transformed diffuse reflectance spectra of 
Fe2O3/C composite and (d) Mott–Schottky plots of Fe2O3 and Fe2O3/C composite.
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ibuprofen over the Fe2O3, C and Fe2O3/C composite with 
BQ as cocatalyst was also measured (Fig. S7), which indi-
cates that the catalytic activity of Fe2O3/C composite with 
BQ is highest than that of Fe2O3 and C with BQ. Therefore, 
the Fe2O3, carbon and BQ in the photo-Fenton catalytic sys-
tem provide a synergistic reaction to enhance the catalytic 
activity. Moreover, considering that BQ is also a toxicolog-
ical intermediate [44,45], we also measured the content of 
BQ after degradation (Figs. S8a and b), which indicates that 
the BQ was also degraded in the Fenton catalytic process. 
Therefore, the BQ would not cause secondary pollution to 
water.

To study the structure stability of the Fe2O3/C composite, 
the Fenton catalytic stability was evaluated by cycling deg-
radation experiment (Fig. S9), which shows that the Fe2O3/C 
composite shows significant stability during the repeated 
catalytic reactions. The Fe2O3/C composite maintains an 
efficient and stable catalytic activity even after five cycles. 
Furthermore, we further measured the phase structure and 
morphology of the Fe2O3/C composite after Fenton catalytic 
(Figs. S10a and b), which indicates that the phase structure 
and morphology was basically preserved, indicating the 
super structure stability of the Fe2O3/C composite.

It is worthwhile to note that the surface area is a key fac-
tor in catalytic degradation, which provides abundant active 

sites and strengthens the adsorption amount of organic pol-
lutants [46–48]. According to the Fenton catalytic activity 
measurements in Fig. 5, the Fe2O3/C composite obviously 
adsorbed more RhB molecules than Fe2O3 and C. Therefore, 
we further measured the surface areas of the Fe2O3, C and 
Fe2O3/C composite by Brunauer–Emmett–Teller (BET) mea-
surements (Fig. S11). The surface areas of the Fe2O3, C and 
Fe2O3/C composite are 5.0, 11.0 and 24 m2/g, respectively. 
The composite structure can effectively increase the surface 
area of Fe2O3 and C. The biggest surface area of the Fe2O3/C 
composite than that of Fe2O3 and C indicates that the com-
posite has abundant active sites and strong adsorption abil-
ity. To further prove this viewpoint, we also measured the 
adsorption amount of RhB on the Fe2O3, C and Fe2O3/C 
composite (Fig. S12). Notably, the adsorption amount on the 
Fe2O3/C composite is the biggest, which is 12.3 times and 2.1 
times as many as that on Fe2O3 and C, respectively. 

The charge separation plays an important role on the 
photo-Fenton catalytic process. Therefore, we further mea-
sured the photocurrents response of the Fe2O3, C and Fe2O3/C 
composite (Fig. 6a), which demonstrate that the photocur-
rent was increased sharply when the light was on, but 
dropped to minimum in darkness. Although all the three 
samples displayed steady and reproducible on-off cycles, the 
photocurrent density of the Fe2O3/C composite is the highest, 

Fig. 4. XPS spectrums of (a) Fe 2p, (b) O1s, (c) C 1s and (d) Fe2O3/C composite.
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suggesting the highest separation efficiency of charge car-
ries of the Fe2O3/C composite [49–52]. Moreover, the EIS has 
also been carried out to study the charge transfer process on 
the interfacial contact [53–55]. As shown in Fig. 6b, the arc 
radius of the Fe2O3/C composite is the smallest than those 
of Fe2O3 and C, indicating that the Fe2O3/C composite has the 
fastest interfacial charge transfer and the highest separation 

efficiency of photo-generated charge carriers among them. 
The results suggest that the composite structure between 
Fe2O3 and C is beneficial for the enhancement of photo-Fen-
ton catalytic activity.

The •OH radicals produced by the decomposition of 
hydrogen peroxide have strong oxidation capacities to 
degrade organic pollutant, which play a central role in 

Fig. 5. Photo-Fenton catalytic activity of the Fe2O3, C and Fe2O3/C composite (a) without BQ and (c) with BQ on RhB degradation, the 
kinetic plots for the Fe2O3, C and Fe2O3/C composite (b) without BQ and (d) with BQ.

Fig. 6. (a) photocurrents response and (b) electrochemical impedance spectra (Nyquist plot) of the Fe2O3, C and Fe2O3/C composite.
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Fenton catalysis. Therefore, the scavenger (isopropyl alcohol, 
IPA) used as probe was introduced into the Fenton cataly-
sis to detect the •OH radicals in the RhB degradation system 
(Fig. 7a). As shown in Fig. 7a, the degradation rate is sup-
pressed to 44% from 58% over the Fe2O3/C composite without 
BQ addition, indicating that the oxidation process proceeds 
through direct attack of •OH radical to organic compounds. 
In contrast, the degradation rate is obviously suppressed to 
61% with BQ addition. The suppressed degradation degree 
over Fe2O3/C with BQ (39%) is bigger than that without BQ 
(24%). According to the literatures, the suppressed degrada-
tion degree can reflect the production of active species [56]. 
Therefore, the production of •OH radicals over the Fe2O3/C 
composite greatly increased by the introduction of BQ. To 
further prove this viewpoint, the H2O2 conversion to •OH 
radicals was also measured (Fig. S13a), which indicates that 
the production of •OH radicals over Fe2O3/C composite with 
BQ is bigger than that without BQ, suggesting the great con-
tribution of BQ on the conversion of H2O2 to •OH radicals. 
The BQ is the trapping agent of •O2H radicals, which can 
effectively promote the consumption of •O2H radicals and 
further increase the production of FeII. The increased con-
tent of FeII on the composite surface can react with H2O2 to 
produce •OH radicals. Furthermore, since the BQ has strong 
oxidizability, the photogenerated electrons in the Fe2O3/C 
composite maybe captured by the BQ to promote the sepa-
ration of photogenerated electron–hole pairs. Therefore, we 
further detected the holes in the photocatalytic systems of 
the Fe2O3/C composite under solar light by adding ammo-
nium oxalate (AO) as molecular probe (Fig. S13b), which 
indicates that the degradation rate over Fe2O3/C composite 
as photocatalyst decreased to 25% from 32% after adding BQ, 
suggesting that the production of holes in the photocatalysis 
increased by the introduction of BQ. We further measured 
the catalytic degradation rate over Fe2O3/C composite as 
photo-Fenton catalyst in the presence of ammonium oxalate 
(Fig. 7b), which indicates that the degradation rate decreased 
after adding AO as molecular probe. These results imply that 
the separation efficiency of photogenerated electron hole 
pairs in Fe2O3/C composite increased due to the capture of 
electrons by BQ.

Based on experimental results, the enhanced photo- 
Fenton catalytic performance of the Fe2O3/C composite 

with BQ addition may be caused by a synergy mechanism 
(Fig. 8). The heterogeneous Fenton reaction (FeIII-H2O2) 
relies on the catalytic conversion of H2O2 to •OH radicals. 
Unfortunately, the rate-determining step of the reaction 
(FeIII + H2O2→FeII + O2

–) greatly limits the catalytic activity. 
The BQ can trap the •O2

– radical to promote the production 
of FeII, which could further react with H2O2 to generate •OH 
radicals. According to Fig. 8, the contribution of BQ on the 
enhanced photo-Fenton catalytic activity over the Fe2O3/C 
composite is the biggest than that over Fe2O3 and C, indi-
cating the synergistic interaction of surface adsorption and 
radical-scavenging caused by BQ. Although the carbon has 
better surface adsorption ability for BQ than Fe2O3, the car-
bon is unable to decompose hydrogen peroxide to produce 
•OH radicals. Conversely, the Fe2O3 can react with H2O2 to 
produce •O2

– radicals, but the weak surface adsorption for 
BQ on Fe2O3 limits the radical scavenging. Therefore, the addi-
tion of BQ has no significant effect on Fenton catalytic activi-
ties of Fe2O3 and C. Because the reactions of H2O2 decompose 
and RhB degradation mainly occur on the Fe2O3/C compos-
ite surface, the adsorption of BQ on the Fe2O3/C composite 
surface is vitally important. As for Fe2O3/C composite, the 

Fig. 7. (a) Trapping experiment of •OH radicals and (b) catalytic degradation rate in an aqueous solution saturated with air and 
oxygen over Fe2O3/C composite.

Fig. 8. Schematic illustration of the mechanism for the enhanced 
photo-Fenton catalytic performance of Fe2O3/C composite with 
BQ addition.
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high surface area of the composite caused by carbon greatly 
increase the surface adsorption for BQ, which promotes the 
•O2

–radical scavenging, and further promote the production 
of FeII. Furthermore, the Fe2O3/C composite can also produce 
photogenerated electron hole pair in the photo-Fenton catal-
ysis process. The BQ can also react with the photogenerated 
electron to promote the separation efficiency (Fig. S13b). 
Furthermore, the BQ can also be degraded due to the excess 
•OH radicals produced in the Fenton process. The holes with 
strong oxidation can degrade organic pollutant to further 
improve the photo-Fenton catalytic activity.

4. Conclusion

In this work, a novel Fenton catalytic system of Fe2O3/C-
(1,4-benzoquinone) has been successfully developed, which 
shows greatly enhanced Fenton catalytic activities for RhB 
degradation than Fe2O3/C. The carbon in the Fe2O3/C com-
posite effectively promotes the surface adsorption of RhB 
and BQ. The Fe2O3 acts as main Fenton catalyst in the catal-
ysis process. The BQ acts as a trapping agent of •O2

– radical 
and photogenerated electrons in the photo-Fenton catalysis. 
The existence of BQ in the system promotes the production 
of FeII and photogenerated hole, resulting in enhanced deg-
radation activity. The Fe2O3/C-(1,4-benzoquinone) system 
could shed new light on the novel Fenton catalysis in the 
applications of environmental pollution and energy crisis.
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Supporting information:

Boosting photo-Fenton catalytic performance of Fe2O3/C 
composite with 1,4-benzoquinone as cocatalyst

Fig. S1. (a) SEM image and (b) TEM image of Fe2O3.
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Fig. S2. FTIR spectra of Fe2O3.

Fig. S4. Full-range XPS spectrum of Fe2O3/C composite.

Fig. S3. (a) Ultraviolet-visible diffusive reflectance spectra and 
(b) transformed diffuse reflectance spectra of Fe2O3.

Fig. S5. Photo-Fenton catalytic activity of Fe2O3/C composite 
with (a) different carbon content and (b) BQ content.

Fig. S6. Photo-Fenton catalytic activity of Fe2O3/C composite 
with (a) different calcination temperature and (b) of the mixture 
of Fe2O3 and carbon.

Fig. S7. Photo-Fenton catalytic activity of the Fe2O3, C and 
Fe2O3/C composite with BQ on ibuprofen degradation.

Fig. S8. Photocatalytic degradation curves of (a) RhB and (b) ibu-
profen over Fe2O3/C composite with BQ addition.

Fig. S9. Cycling degradation of (a) RhB and (b) ibuprofen over 
Fe2O3/C composite with BQ addition.
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Table S2
Rate constants (k) of Fenton catalytic degradation of RhB over the 
Fe2O3, C and Fe2O3/C composite with BQ

Catalyst k (min–1)

Fe2O3 0.004
C 0.009
Fe2O3/C 0.142

Fig. S13. (a) H2O2 conversion over Fe2O3/C composite with BQ 
and without BQ, (b) trapping experiment of h+ over Fe2O3/C com-
posite with BQ.

Fig. S10. (a) XRD pattern and (b) SEM image of Fe2O3/C composite 
after reaction.

Fig. S11. N2 adsorption–desorption isotherms of Fe2O3, C and Fe2O3/C composite.

Fig. S12. Adsorption amount of RhB on Fe2O3, C and Fe2O3/C 
composite.

Table S1
Rate constants (k) of Fenton catalytic degradation of RhB over the 
Fe2O3, C and Fe2O3/C composite without BQ

Catalyst k (min–1)

Fe2O3 0.003
C 0.006
Fe2O3/C 0.014
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