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Abstract: Iron based heterogeneous Fenton catalysts are attracting much attention for its economic
and environmental friendly characteristics. In this study, iron oxides loaded carbon cloth (assigned
as Fe@CC) was prepared using hydrothermal hydrolysis of Fe(NO3)3. The specific surface area
of Fe@CC determined by N2 adsorption–desorption Brunauer–Emmett–Teller method was up to
1325.5 m2/g, which increased by 81.8% compared with that of native carbon cloth mainly due to the
loading of iron oxide. XPS (X-ray photoelectron spectroscopy) spectra confirmed that the iron oxide
on the carbon surface included mainly FeOOH. Its heterogeneous Fenton-like activity was determined
using Acid Red G as a model substrate for degradation. Fe@CC maintained high and relatively stable
activity during 11 tests, and it showed high COD (Chemical Oxygen Demand) removal efficiency
and high apparent H2O2 utilization efficiency. The homogeneous Fenton reaction using the amount
of leached Fe(III) suggested that the surficial reaction on Fe@CC was dominant. The stability and the
mechanism for gradual decrease of activity during the first 4 tests were also discussed.
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1. Introduction

Fenton reaction is one of the extensively studied advanced oxidation process that is effective
for pollutants treatment [1–5]. This process shows obvious advantages on oxidizing recalcitrant
substances, and it is usually used as pretreatment process to increase the biodegradability of the
wastewater by increasing the B/C value [6–8]. However, it also shows some inevitable drawbacks
mainly in formation of ferric hydroxide sludge above pH 4.0 [9], and difficulty in catalyst recovery
from the sludge. Therefore, the heterogeneous Fenton-like process, in which the production of ferric
hydroxide sludge could be avoided and the recovery of the catalysts could be easily implemented by
separation, is attracting much attention.

However, the heterogeneous Fenton-like process also shows clear shortage of lower reaction
rate comparing with the homogeneous Fenton process. Therefore, one of the main topics of these
studies focused on increasing the reaction rate by optimizing the components, morphology, supports,
preparation methods and reaction parameters. Among the rapid growth of literatures reported,
iron-based heterogeneous Fenton-like catalysts, which is mainly composed of environmental friendly
element and low cost, are intensively studied [10–12].

For the heterogeneous catalysts, a significant issue that could affect its activity was the surficial
concentration of its active components. Therefore, the catalysts were usually prepared in high surface
area morphology or loaded on the materials with high surface area to form a highly dispersed
status to enhance the contacting opportunity among the catalysts and reactants [13]. The treatment
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efficiency on textile wastewater using Fe2O3/carbon as the catalyst for heterogeneous Fenton
reaction was studied [14]. The results showed that the composites with high Fe2O3 content were
effective to adsorb contaminants in textile wastewater, and the adsorptive capacity increased with
the surficial iron concentration. While the dosage of catalyst used in this study was as high as
100–300 g/L for the low surface area of around 4.9 m2/g. The high catalyst dosage limits its industrial
utilization. It is well accepted that the supports highly affect the catalytic activity of the active
components [15–17]. The α-Fe2O3@porous hollow carbonaceous microspheres (α-Fe2O3@PHCMs
(Porous Hollow Carbonaceous Microspheres)) prepared by calcination and hydrothermal reaction
showed high Fenton-like catalytic activity and absorption capacity of 539.8 mg/g. The adsorption
capacity could be regenerated with Fenton-like reaction efficiently [18]. However, the size of PHCMs
was around 1–2 µm, which is hard to be separated. The active carbon in Fe/active carbon showed
positive effects on the Fenton-like reaction by offering high adsorption capacity [19]. The localization
of Fe fine particles in the micropores of the active carbon could facilitate the oxidation process and
therefore improved the TOC removal rate. However, the stability of the catalysts on heterogeneous
Fenton reaction was not evaluated. Three commercial active carbon materials were used as supports
of iron oxides for preparing Fenton-like catalysts [20]. The Norit commercial active carbon was found
to be the best support for its high surface area and large micropores that favors the adsorption of
molecules and the Fe dispersion. However, the high dispersion in this catalyst also facilitates the iron
leaching, and the stability of the catalysts was not studied. Fe2O3 loaded active carbon fiber catalyst
(Fe2O3/ACF) was prepared for Fenton reaction by calcining the impregnated active carbon fiber with
Fe(NO3)3 at 500 ◦C [21], and the result indicated that Fe2O3/ACF showed relatively low activity on
Fenton reaction. This result could be attributed to the improper selection of ACF support.

According to the above literatures, iron oxides-based catalysts are potential candidates for
heterogeneous Fenton reaction. Among these catalysts, a support that could highly disperse the
iron oxides particles on its surface and be easy to separate should be its important features. Most of
these reported active components reported were loaded on powders that are still difficult to be
separated. Furthermore, most of the studies used impregnating method followed with calcination, in
other words, the separability or stability of the reported results need to be improved further. In this
study, carbon cloth (CC), which possesses high specific surface area, higher chemical stability and
easy to be separated and regenerated once deactivated, were used as a support to prepare high
active iron oxides (mainly FeOOH) loaded catalysts to improve the exposure of surficial active sites
for heterogeneous Fenton reaction. The results suggested that the prepared Fe@CC showed higher
specific surface area by 81.8% compared with that of carbon cloth, which suggested that FeOOH
was dispersed/covered on the surface with high specific surface area. The effects of experimental
parameters, including hydrothermal temperature for catalyst preparation, pH value, H2O2 dosage,
and the stability of the catalytic activity were studies. The Fenton-like reaction results showed that this
catalyst was highly active and stable.

2. Results and Discussion

2.1. Characterization of Catalysts

During hydrothermal reaction, Fe(NO3)3 could be hydrolyzed according to the Equation (5).
HNO3 could be decomposed as shown in Equation (1), and Fe(OH)3 stacked on the surface of carbon
cloth could also be dehydrated to form FeOOH and Fe2O3 according to Equations (2) and (3). Therefore,
the hydrolysis process shown in Equation (5) could be promoted. The consequence of these reactions
might lead to the formation of Fe@CC catalysts.

Fe(NO3)3 + 3H2O→Fe(OH)3 + 3HNO3 (1)

HNO3 + C→NOx + CO2 (2)
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Fe(OH)3→FeOOH + H2O (3)

2Fe(OH)3→Fe2O3 + 3H2O (4)

X-ray diffraction patterns (Figure S1) did not show any specific diffraction peaks of Fe oxides,
which could be explained by the high dispersity of the Fe oxides particles and the relatively low
Fe loading content (around 1.5% determined by ICP-9000) [22]. The XPS (X-ray photoelectron
spectroscopy) spectra of Fe@CC were shown in Figure 1. The peaks at 710.98 eV and 724.50 eV
correspond to the binding energy of Fe 2P3/2 and Fe 2P1/2 respectively in Fe2O3 according to the
literatures [23]. As shown in Figure 1A, the spectra peaks at 712.20 eV correspond to the binding energy
of Fe 2P3/2 in FeOOH [24–27]. In Figure 1B, the O 1s peak of binding energy at 530.20 eV represents
the lattice oxygen in iron (III) oxide, and the peak at 531.50 eV represents the hydroxyl group linked
with Fe(III) [28]. According to the relative larger peak area at 712.2 eV than that of 710.98 eV, the Fe
element on the surface of carbon cloth was mainly in the form of FeOOH.
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Figure 1. (A) Fe 2p XPS spectra of Fe@CC, and (B) O 1s XPS spectra of Fe@CC. 
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Figure 1. (A) Fe 2p XPS spectra of Fe@CC, and (B) O 1s XPS spectra of Fe@CC.

Temperature is an important factor that dominates the hydrothermal reactions. Figure 2A shows
the N2 isothermal adsorption desorption curves of the untreated carbon cloth and the Fe@CC prepared
in 160 ◦C, 180 ◦C and 200 ◦C hydrothermal reactions, respectively. The N2 isothermal adsorption
desorption curves of untreated carbon cloth belongs to the type I curve. It is the microporous type
isothermal. As shown in Table 1, the total pore volume of carbon cloth is 0.379 mL/g, in which
the microporous volume contributes 0.332 mL/g. When the carbon cloth was hydrothermal treated
in 0.1 M Fe(NO3)3, the isothermal curves turned to be type IV, which suggests the coexistence of
micropores and mesoporous in the corresponding sample. The mesoporous feature was becoming
more obvious when the hydrothermal temperature was increased from 160 ◦C to 200 ◦C. As shown in
Table 1, the mesoporous volume increased from 0.095 mL/g to 0.224 mL/g. The micropore volume
also increased from 0.377 mL/g to 0.627 mL/g. The specific surface area (SBET) of the as-prepared
Fe@CC increased from 826.4 to 1325.5 m2/g when the temperature increased from 160 ◦C to 200 ◦C
with 0.1 M Fe(NO3)3. The SBET of Fe@CC obtained at 200 ◦C increased by 81.8% compared with
that of raw carbon cloth (728.9 m2/g). In order to check whether the increase of SBET of Fe@CC was
attributed to the hydrothermal acidification of HNO3 produced by the hydrolysis of Fe(NO3)3, or
the formation of FeOOH/Fe2O3 particles loaded on the surface of carbon cloth, the carbon cloth was
hydrothermal treated at 200 ◦C with different concentration of HNO3, and the isothermal adsorption
desorption curves were shown in Figure 1B. It increased to 682.5 m2/g and 740.6 m2/g when the HNO3

concentration was 0.1 M and 0.3 M, respectively. These data were close to that of untreated carbon
cloth. The microporous volumes of these two samples were close to that of the untreated carbon cloth,
and the mesoporous volumes increased slightly. These data suggested that the acidification of carbon
cloth with HNO3 was not the reason responsible for the dramatic increase of specific surface area of
the iron oxides loaded carbon cloth. When the Fe(NO3)3 concentration was 0.04 M, the corresponding
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Fe@CC was 823.3 m2/g, which was clearly higher than that of the untreated carbon cloth. Meanwhile,
the microporous volume and mesoporous volume increased clearly. The increase of microporous
and mesoporous volumes could be positive to the catalytic capacity [20]. The specific surface area
of FeOOH/Fe2O3 nanoparticles prepared by the same hydrothermal reactions without using carbon
cloth as the support was 25.3 m2/g determined by N2 adsorption and desorption curves (Figure S2).
These data suggested that the increase of SBET was due to the highly dispersed FeOOH/Fe2O3

nanoparticles. Figure 3A,B showed the scan electronic microscope images of Fe@CC obtained at 160 ◦C
and 200 ◦C, respectively. It is clearly shown that the loading number of FeOOH/Fe2O3 particles is
clearly higher at 200 ◦C, and it is consistent with the SBET data shown in Table 1.
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Figure 2. Isothermal adsorption and desorption curves of (A) untreated carbon cloth, hydrothermal
treated carbon cloth in 0.1 M Fe(NO3)3 at 160 ◦C, 180 ◦C and 200 ◦C, and (B) hydrothermal treated
carbon cloth at 200 ◦C in 0.1 M HNO3, 0.3 M HNO3 and 0.04 M Fe(NO3)3 respectively.

Table 1. Parameters of samples determined by Brunauer–Emmett–Teller N2 adsorption and
desorption method.

Reagents T
◦C

SBET
m2/g

TPV
mL/g

MPV
mL/g

MesoPV
mL/g

- - 728.9 0.379 0.332 0.047
Fe(NO3)3 0.1 M 160 826.4 0.472 0.377 0.095
Fe(NO3)3 0.1 M 180 1047.6 0.713 0.498 0.215
Fe(NO3)3 0.1 M 200 1325.5 0.850 0.627 0.224
Fe(NO3)3 0.04 M 200 823.3 0.605 0.394 0.210

HNO3 0.1 M 200 682.6 0.437 0.331 0.106
HNO3 0.3 M 200 740.6 0.518 0.354 0.164

TPV: Total pore volume; MPV: Micropore volume; MesoPV: Mesoporous volume.
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2.2. Effect of pH Value on Catalytic Activity

In heterogeneous Fenton-like reaction, pH value affects the reaction activity dramatically as
shown in previous reports. Figure 4A shows the decolorization curves of Acid Red G (ARG) at the
pH value range of 1.54–4.11. The degradation rate of ARG at lower pH value was faster than those
at higher pH values. When fitting the data in Figure 4A with the first order reaction equation [29],
the data points obtained as shown in Figure 4B were linear when the pH value was lower than 3.01.
These results suggest that the degradation of ARG followed first order reaction equation. But the data
were not linear perfectly. This could be attributed to the adsorption of ARG on the surface of Fe@CC.
Furthermore, at higher pH value (>3.01), the decolorization rates of the solution were still relatively
high. The data points are not linear, and the decolorization of ARG did not fit the first order reaction
anymore. These results also suggest that the adsorption dominated the decolorization at the beginning.
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Figure 4. Effect of pH value on the degradation of ARG (C0 = 50 mg/L) (A), and the first order
simulation of the data (B).

At lower pH value, the leaching amount of iron ions was higher than those at higher pH value [30].
The leached iron ions dissolved in solution take part in Fenton reaction, and therefore could promote
the reaction rate [19]. In this work, the rate constant k1 decreased from 0.0516 min−1 to 0.0266 min−1

when the pH value was increased from 1.54 to 3.01. In addition, the reaction rate decreased clearly
at pH 3.48. considering the reaction rate and acidification of the solution, the pH value for most of
the iron-based heterogeneous Fenton-like reactions were set around 2.0–3.0 [29,31], therefore, the pH
value was set at 2.50 for further study in this work.

2.3. Effect of H2O2 Dosage on Catalytic Activity

In Fenton and Fenton-like reaction, H2O2 is the oxidant used for pollutants removal. In theory,
one mole of H2O2 equals to half a mole of oxygen molecules according to the reaction equations [32].
However, in Fenton and Fenton-like reactions, H2O2 could react with hydroxyl radicals, which leads
to the low H2O2 utilization efficiency [33]. Therefore, it is significant to study the effect of H2O2

concentration on the degradation efficiency of pollutants. Figure 5A shows the ARG degradation
curves at the H2O2 dosage ranging from 2 mM to 8 mM. The degradation rate of ARG increased along
with the increase of H2O2 concentration. As shown in Figure 5B, the reaction rate constant k1 almost
increased linearly with the increase of H2O2 concentration. The results suggest that at this range
of H2O2 concentration, the reaction between hydroxyl radicals and H2O2 could be negligible [34].
Considering the close decolorization rate using 4, 6 and 8 mM H2O2, 4 mM H2O2 was chosen for
further study.



Catalysts 2018, 8, 207 6 of 14
Catalysts 2018, 8, x FOR PEER REVIEW    6 of 13 

 

Figure 5. Effect of H2O2 dosage on the degradation activity of ARG (C0 = 50 mg/L, pH = 2.50) (A), and 

the first order reaction simulation of the data (B). 

2.4. Heterogeneous and Homogeneous Fenton Reaction 

Methanol is a commonly used radical scavenger to determine the contribution of the hydroxyl 

radical during heterogeneous Fenton‐like reaction (KHO∙=1.2 − 2.8 × 109 M−1∙s−1) [32,35,36]. As shown 

in Figure 6A, the addition of 0.1 M and 0.5 M methanol reduced the decolorization rate by 18.2% and 

38.7%. These  results  suggested  that HO∙in  the  solution played  important  role  on decolorization. 

However,  since  the  mole  ratios  of  methanol  to  ARG  were  1000:1  and  5000:1,  the  decrease  of 

decolorization rate was relatively low. It suggests that large amount of ARG was degraded on the 

surface of Fe@CC benefiting from the high specific surface and the adsorption of ARG. The Fe ions 

leached  in  the  reaction  solution  is determined  to  be  0.20–0.40 mg/L  by  ICP‐9000. The  results  of 

homogeneous Fenton reaction with 0.20 ppm and 0.40 ppm Fe3+ (FeCl3 as the Fe(III) source) for ARG 

decolorization is shown in Figure 6B. The data showed that the decolorization rates of ARG solution 

were 58.5% and 82.2%, which were lower than that of 99.1% with the Fe@CC. When 0.1 M methanol 

was added,  the decolorization  rates of  the homogeneous  reactions with 0.2 ppm or 0.4 ppm Fe3+ 

decreased to 0.8% and 2.6%, respectively. These results further confirmed that the decolorization of 

ARG with Fe@CC occurred on the surface of the catalyst, and the homogeneous Fenton reaction in 

the tests using Fe@CC as catalyst was not dominated. 

The decolorization profile using 8.8 mg FeOOH/Fe2O3 prepared with  the same hydrothermal 

method using for Fe@CC preparation is shown in Figure 6A. The iron content in 8.8 mg FeOOH/Fe2O3 

was the same with that in 0.2 g Fe@CC used for catalysis. In addition, the decolorization rate was 

14.1%, which was  clearly  lower  than  that of  99.1% using Fe@CC. The  results  suggested  that  the 

loading of Fe oxide on carbon cloth with high dispersity enhanced the activity. In this work, the high 

specific surface area also promotes the reaction via adsorption [20]. 

The  significance  of  homogeneous  reaction  with  leached  iron  ions  was  further  studied  by 

sampling  the  reaction  liquid after Fenton‐like  reaction with Fe@CC as  shown  in Figure S3A. The 

reaction rates reduced clearly after the Fe@CC was removed from the solution, and the rate constant 

was at the range of 0.0038–0.0111 as shown in Figure S3B, which were lower than that of 0.0399 min−1 

obtained with Fe@CC. The concentration of iron ions leached in the solution increased along with the 

extension of reaction time as shown in Figure S4, and reached 0.33 mg/L, which was lower than that 

of 0.84 mg/L–1.008 mg/L obtained by Guo et al. [37] and that of 0.85 mg/L–0.95 mg/L obtained by Du 

et al.[38], and it is close to that obtained by Rache et al. [30]. The results suggested that the Fe@CC 

showed higher stability than the previous results. 

It  is  reported  that  carbon materials  could  promote  the  production  of  hydroxyl  radicals  in 

Fe(III)/H2O2 Fenton reaction system [39]. However, in this work, the native carbon cloth did not show 

any Fenton‐like reaction activity as shown in Figure S5. The decolorization efficiency of around 20% 

at the first run was attributed to the adsorption of ARG on the carbon cloth. The oxidation activity of 

the heterogeneous catalyst is acknowledged to occur on the surface of the catalyst. This result is not 

consistent with that reported by Kuan et al. Their report result suggested the dissolved metal ions 

(A) 

0 20 40 60 80 100
0

2

4

6

8

10

L
n

(C
0/

C
t)

Reaction Time / min

 C
H2O2

=2 mM

 C
H2O2

=4 mM

 C
H2O2

=6 mM

 C
H2O2

= 8 mM

0 2 4 6 8 10

0.00

0.02

0.04

0.06

0.08

0.10

 k
1

 k 1 /
 m

in
-1

H
2
O

2
 concentration / mM

(B) 

0 20 40 60 80
0

20

40

60

80

100
D

ec
ol

or
iz

at
io

n
 r

at
io

 / 
%

Time/min

 CH2O2
= 2 mM

 CH2O2
= 4 mM

 CH2O2
= 6 mM

 CH2O2
= 8 mM

Figure 5. Effect of H2O2 dosage on the degradation activity of ARG (C0 = 50 mg/L, pH = 2.50) (A),
and the first order reaction simulation of the data (B).

2.4. Heterogeneous and Homogeneous Fenton Reaction

Methanol is a commonly used radical scavenger to determine the contribution of the hydroxyl
radical during heterogeneous Fenton-like reaction (KHO· = 1.2 − 2.8 × 109 M−1·s−1) [32,35,36].
As shown in Figure 6A, the addition of 0.1 M and 0.5 M methanol reduced the decolorization rate
by 18.2% and 38.7%. These results suggested that HO· in the solution played important role on
decolorization. However, since the mole ratios of methanol to ARG were 1000:1 and 5000:1, the decrease
of decolorization rate was relatively low. It suggests that large amount of ARG was degraded on
the surface of Fe@CC benefiting from the high specific surface and the adsorption of ARG. The Fe
ions leached in the reaction solution is determined to be 0.20–0.40 mg/L by ICP-9000. The results
of homogeneous Fenton reaction with 0.20 ppm and 0.40 ppm Fe3+ (FeCl3 as the Fe(III) source) for
ARG decolorization is shown in Figure 6B. The data showed that the decolorization rates of ARG
solution were 58.5% and 82.2%, which were lower than that of 99.1% with the Fe@CC. When 0.1 M
methanol was added, the decolorization rates of the homogeneous reactions with 0.2 ppm or 0.4 ppm
Fe3+ decreased to 0.8% and 2.6%, respectively. These results further confirmed that the decolorization
of ARG with Fe@CC occurred on the surface of the catalyst, and the homogeneous Fenton reaction in
the tests using Fe@CC as catalyst was not dominated.

The decolorization profile using 8.8 mg FeOOH/Fe2O3 prepared with the same hydrothermal
method using for Fe@CC preparation is shown in Figure 6A. The iron content in 8.8 mg FeOOH/Fe2O3

was the same with that in 0.2 g Fe@CC used for catalysis. In addition, the decolorization rate was
14.1%, which was clearly lower than that of 99.1% using Fe@CC. The results suggested that the loading
of Fe oxide on carbon cloth with high dispersity enhanced the activity. In this work, the high specific
surface area also promotes the reaction via adsorption [20].

The significance of homogeneous reaction with leached iron ions was further studied by sampling
the reaction liquid after Fenton-like reaction with Fe@CC as shown in Figure S3A. The reaction
rates reduced clearly after the Fe@CC was removed from the solution, and the rate constant was
at the range of 0.0038–0.0111 as shown in Figure S3B, which were lower than that of 0.0399 min−1

obtained with Fe@CC. The concentration of iron ions leached in the solution increased along with the
extension of reaction time as shown in Figure S4, and reached 0.33 mg/L, which was lower than that
of 0.84 mg/L–1.008 mg/L obtained by Guo et al. [37] and that of 0.85 mg/L–0.95 mg/L obtained by
Du et al. [38], and it is close to that obtained by Rache et al. [30]. The results suggested that the Fe@CC
showed higher stability than the previous results.

It is reported that carbon materials could promote the production of hydroxyl radicals in
Fe(III)/H2O2 Fenton reaction system [39]. However, in this work, the native carbon cloth did not show
any Fenton-like reaction activity as shown in Figure S5. The decolorization efficiency of around 20% at
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the first run was attributed to the adsorption of ARG on the carbon cloth. The oxidation activity of
the heterogeneous catalyst is acknowledged to occur on the surface of the catalyst. This result is not
consistent with that reported by Kuan et al. Their report result suggested the dissolved metal ions
(Fe3+ and Cu2+) contributed significantly on degrading 4-CP [40], especially on neutral pH value, the
leaching of Fe3+ could be suppressed, but the dissolving of Cu2+ could not be suppressed.
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Figure 6. Decolorization of ARG using Fe@CC supplemented with ethanol or using FeOOH/Fe2O3

prepared by hydrothermal (A), and decolorization of ARG by homogeneous Fenton reaction using Fe3+

or Fe3+ supplemented with 0.1 M methanol (B).

2.5. Stability of Catalytic Activity

One of the major advantage of heterogeneous Fenton-like reaction was the reusability of the
catalyst. Therefore, the stability of catalytic activity of the catalyst is significant for practical application.
In this work, repeated tests were conducted to determine the decrease of catalytic activity of the
as-prepared catalyst. As shown in Figure 7A, the decolorization ratio in two-hour reaction decreased
gradually from 96% at the first test to 80% at the seventh test and it kept almost constant at the
following four tests. The catalytic activity could be maintained at relatively high level and kept stable.
The COD (Chemical Oxygen Demand) removal efficiency data during the eleven tests are shown in
Figure 7B. The variation of the data could be attributed to variation of COD determination in low COD
value range (initial C0 of ARG 50 mg/L equals to 66.5 mg-COD/L). However, all of the COD removal
efficiency data are higher than 50%, which suggest that the hydrogen peroxide utilization efficiency
of these tests were quite high (the apparent utilization efficiency was around 45%), and this Fe@CC
catalyst could be a potential product for practical application.
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Figure 7. Stability of the catalytic activity (A) and the COD removal efficiency (B) during 11 repeats,
C0(ARG) = 50 mg/L, C0(H2O2) = 4 mM.
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The moderate decrease of catalytic activity during the several tests at the beginning was also
observed in many literatures [21,35,41]. However, no reasonable explanation for the decrease of
catalytic activity was addressed in these reports. Since Fe@CC possesses high specific surface area, one
hypothesis could be that the initial adsorption capacity of this material enhanced the decolorization rate
of the reaction. The adsorption of the fresh Fe@CC led to 31% of decolorization ratio, and this figure
turned to be 6% after four cycle tests as shown in Figure 8A. As shown in Figure 8B, the decolorization
ratio decreased gradually from 95% at the first test to 90% at the fourth test, and it recovered to 97%
after calcination at 300 ◦C for 1 h. Meanwhile, the adsorption performance of the sample recovered
to that close to the fresh sample. This result indicates that the adsorption of ARG on the surface of
Fe@CC promoted its degradation. In the heterogeneous Fenton-like reaction, the process is of highly
oxidation, and the homogeneous Fenton reaction exists due to the leaching of iron ions. Therefore,
the possibility for the occupation of the catalyst surface by ARG molecules during the reaction is quite
low, and we also did not detect the molecules attached on the surface of Fe@CC by FTIR (Flourier
transformed Infrared Spectroscopy) (data not shown). The decrease of adsorption capacity of Fe@CC
after several tests could be attributed to the change of surface state.
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Figure 8. (A) Adsorption curves of fresh sample, the sample after 4 tests, and the sample calcinated
after 4 tests, (B) repeated tests of Fe2O3@CC and the recovery of activity after calcination at 300 ◦C for
1 h.

The catalytic activity of Fe@CC was higher than the previous report by using fine activated carbon
powders as the supporter and Fe(NO3)3 as the iron source [19], and it is easier to separate compared
with fine activated carbon particles. Iron oxides loaded on activated carbon with iron (II) acetate as the
precursor showed completely decomposition of 0.1 M Orange II dye (6–24 mM H2O2) in 5 h, and its
catalytic activity was apparently lower than the data obtained in the current study [20].

Figure 9 shows the zeta potential of Fe@CC before and after reaction. The carbon cloth without
treatment was negatively charged at the pH range of 2–6. It moved to positive charged status when Fe
oxide was loaded via hydrothermal reaction at the pH range of 2–2.5. The zeta potential data of Fe@CC
were close to zero mV at the pH range of 2–2.5 after four tests, and meanwhile the catalysts showed
reduced activity. ARG is an anionic dye with negatively charged molecule, and therefore the fresh
catalyst showed higher adsorption performance for ARG via electrostatic interactions as shown in
Figure 7A, and after four tests, somehow the zeta potential of the Fe@CC surface was negatively moved
and therefore the electrostatic interactions were reduced and led to lower adsorption performance
for ARG. After calcination, the zeta potential data were recovered to be close to those of the fresh
Fe2O3@CC, and the adsorption capacity was recovered. ARG molecules with negatively charged is
repelled by the electrostatic repulsion due to the negatively charged surface of Fe@CC. In addition,
this could be the reason for the relatively poor adsorption capacity of ARG on Fe@CC based on the
large specific surface area of this material (SBET = 1325 m2/g).
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Figure 9. Zeta potential of the carbon cloth without treatment, Fe@CC after hydrothermal reaction at
200 ◦C, Fe@CC after calcination at 300 ◦C and Fe@CC with reduced activity.

Iron ions leaching is inevitable in the heterogeneous Fenton-like reaction with iron-based catalyst.
The Fe content of the fresh Fe@CC sample used in Figure 5 was 15.4 mg/g, and it reduced to 8.4 mg/g
after 5 tests, and it reduced to 4.80 mg/g after 11 tests. The decolorization ratio only decreased by 12%
after 5 tests, and it reduced by 16.7% after 11 tests. It suggested that the catalytic activity of Fe@CC
could maintain at relatively high level until the iron that loaded on the surface of carbon cloth was
depleted. Figure 10 shows the morphology of carbon cloth and Fe@CC. As shown in Figure 10B, the
Fe oxide particles on the carbon cloth in the fresh catalyst were highly dispersed and tightly attached,
as the surface status was completely changed compared with the native carbon cloth as shown in
Figure 10A. After five tests, the loading amount of Fe oxide on the carbon cloth was less than the fresh
sample as shown in Figure 10C. The loading amount of Fe oxide further decreased after 11 tests as
shown in Figure 10D. The particles on the edge were reduced more quickly than those in the corner.
The raw carbon cloth possesses large amount of micropores as shown in Table 1. These pores could be
filled with Fe oxides as shown in Table 1 that the micropores volume was decreased clearly when Fe
oxide was loaded. These FeOOH/Fe2O3 particles were highly dispersed and could be highly active in
Fenton-like reaction. The leaching of these FeOOH/Fe2O3 might be much slower than those on the
edge, and these features could be the reasons for the high activity and stability of Fe@CC.

The concentration of iron ions in the reaction solution determined by ICP-9000 was around
0.20–0.40 mg/L, and the amount of iron ions leached into the solution during the 11 tests was
1.1 mg/g-CC according to the calculation based on the Fe(III) concentration in the reaction solution.
This datum is quite lower than that of 10.6 mg/g-CC according to the initial and final loading amount
of Fe oxide after 11 tests, and this result suggested that some of the Fe oxide could be peeled off from
the carbon cloth due to the shearing force created by the shaking of the reaction bottle in the table
concentrator. Therefore, reinforce of the attachment between FeOOH/Fe2O3 and the carriers should
be further studied.

Catalysts 2018, 8, x FOR PEER REVIEW    9 of 13 

2 3 4 5 6
-50

-40

-30

-20

-10

0

10

pH

Z
et

a 
P

ot
en

ti
al

 / 
m

V
 

 Carbon cloth
 Fe@CC hydrothermal reaction
 Fe@CC calcination
 Fe@CC with reduced activity

 

Figure 9. Zeta potential of the carbon cloth without treatment, Fe@CC after hydrothermal reaction at 

200 °C, Fe@CC after calcination at 300 °C and Fe@CC with reduced activity. 

Iron  ions  leaching  is  inevitable  in  the  heterogeneous  Fenton‐like  reaction  with  iron‐based 

catalyst. The Fe content of the fresh Fe@CC sample used in Figure 5 was 15.4 mg/g, and it reduced to 

8.4 mg/g  after  5  tests,  and  it  reduced  to  4.80 mg/g  after  11  tests.  The  decolorization  ratio  only 

decreased by 12% after 5 tests, and it reduced by 16.7% after 11 tests. It suggested that the catalytic 

activity of Fe@CC could maintain at relatively high level until the iron that loaded on the surface of 

carbon cloth was depleted. Figure 10 shows the morphology of carbon cloth and Fe@CC. As shown 

in Figure 10B, the Fe oxide particles on the carbon cloth in the fresh catalyst were highly dispersed 

and tightly attached, as the surface status was completely changed compared with the native carbon 

cloth as shown in Figure 10A. After five tests, the loading amount of Fe oxide on the carbon cloth was 

less than the fresh sample as shown in Figure 10C. The loading amount of Fe oxide further decreased 

after 11 tests as shown in Figure 10D. The particles on the edge were reduced more quickly than those 

in the corner. The raw carbon cloth possesses large amount of micropores as shown in Table 1. These 

pores could be filled with Fe oxides as shown in Table 1 that the micropores volume was decreased 

clearly when Fe oxide was loaded. These FeOOH/Fe2O3 particles were highly dispersed and could be 

highly active in Fenton‐like reaction. The leaching of these FeOOH/Fe2O3 might be much slower than 

those on the edge, and these features could be the reasons for the high activity and stability of Fe@CC. 

The concentration of iron ions in the reaction solution determined by ICP‐9000 was around 0.20–

0.40 mg/L, and the amount of iron ions leached into the solution during the 11 tests was 1.1 mg/g‐CC 

according to the calculation based on the Fe(III) concentration in the reaction solution. This datum is 

quite lower than that of 10.6 mg/g‐CC according to the initial and final loading amount of Fe oxide 

after 11 tests, and this result suggested that some of the Fe oxide could be peeled off from the carbon 

cloth due to the shearing force created by the shaking of the reaction bottle in the table concentrator. 

Therefore,  reinforce  of  the  attachment between  FeOOH/Fe2O3  and  the  carriers  should  be  further 

studied. 

 

(A) (B) 

Figure 10. Cont.



Catalysts 2018, 8, 207 10 of 14

Catalysts 2018, 8, x FOR PEER REVIEW    10 of 13 

 

Figure 10. Scan Electronic Microscope patterns of carbon cloth (A) and Fe@CC of fresh prepared with 

hydro‐thermal reaction (B), after 5 times reaction (C), and after 11 times reaction (D). 

3. Materials and Methods 

3.1. Reagents 

The chemicals used in this study were purchased from Sinopharm Chemical Reagent Co. Ltd., 

including Acid Red G (ARG), Fe(NO3)3∙9H2O, hydrochloric acid(HCl), hydrogen peroxide (H2O2, 30 

wt %), Methanol  (CH3OH), nitric acid (HNO3). The carbon cloth was purchased  from commercial 

market  (Shanghai Hesen  Co.  Ltd.,  Shanghai,  China,  derived  from  activated  carbon  fibers).  All 

chemicals were analytical grade without further purification. 

3.2. Catalysts Preparation 

50 mL  Fe(NO3)3 with  concentration  between  0.005 M  and  0.1 M was  set  in  a  stainless  steel 

hydrothermal  reactor with 70 mL Teflon  inner  container, and  the  reactor was  sealed after 1.00 g 

carbon cloth was immersed into the solution. The reactor was heated in an oven set at 160 °C, 180 °C 

or 200  °C  for 3 h,  respectively. The  carbon  cloth was washed with distill water under ultrasonic 

washing for 1 min (40 K, 0.5 W/cm2) to remove the unloaded ferrous oxide. The carbon cloth was 

washed with distill water until the washing liquid was clear and transparent. The washed carbon 

cloth was dried in a 60 °C oven. The obtained samples were assigned as Fe@CC. 

For reference, Fe oxide was prepared using the same hydrothermal reaction at 200 °C for 3 h 

without using carbon cloth as the support. 

3.3. Catalytic Reaction 

The Fenton‐like reactions were conducted in 150 mL narrow neck flasks. In each reaction, 50 mL 

50 ppm Acid Red G (ARG) with proper pH value adjusted using 0.1 M NaOH and 0.1 M HCl, 0.20 g 

Fe@CC, and proper volume of hydrogen peroxide (10–60 μL) were added in the flask. The reactors 

were placed in a table concentrator controlled at 30 ± 0.5 °C and 150 rpm. The reaction was sampled 

in every 10–20 min, and the samples were filtrated by a 0.45 μm syringe filter hydrophilic membrane 

to  eliminate  the  particles  that may  detached  from  Fe@CC.  The  concentration  of  the  ARG was 

determined by spectrophotometry on a spectrophotometer according to the following formula (1). 

%஼ை௅ைோܦ ൌ ሺܣ଴ െ ௧ሻܣ ⁄଴ܣ ൈ 100%  (1) 

where DCOLOR%  is decolorization  ratio of  the ARG  solution during Fenton‐like  reaction. A0  is  the 

absorption of the initial ARG solution (50 ppm) at 504 nm, and At represents the absorption of the 

ARG solution at time t during reaction. 

In order to check the homogenous Fenton reaction conducted by the leached iron ions during 

reaction, 300 mL ARG solution (50 mg/L) with 0.2 g × 6 Fe@CC was used as reaction solution and 

catalyst. At the beginning, ARG solution mixed with 1.2 g Fe@CC and 120 μL H2O2 was reacted in a 

table concentrator controlled at 30 ± 0.5 °C and 150 rpm, and 50 mL mixture and 0.2 g Fe@CC were 

(C) (D) 

Figure 10. Scan Electronic Microscope patterns of carbon cloth (A) and Fe@CC of fresh prepared with
hydro-thermal reaction (B), after 5 times reaction (C), and after 11 times reaction (D).

3. Materials and Methods

3.1. Reagents

The chemicals used in this study were purchased from Sinopharm Chemical Reagent Co. Ltd.,
including Acid Red G (ARG), Fe(NO3)3·9H2O, hydrochloric acid(HCl), hydrogen peroxide (H2O2,
30 wt %), Methanol (CH3OH), nitric acid (HNO3). The carbon cloth was purchased from commercial
market (Shanghai Hesen Co. Ltd., Shanghai, China, derived from activated carbon fibers).
All chemicals were analytical grade without further purification.

3.2. Catalysts Preparation

50 mL Fe(NO3)3 with concentration between 0.005 M and 0.1 M was set in a stainless steel
hydrothermal reactor with 70 mL Teflon inner container, and the reactor was sealed after 1.00 g carbon
cloth was immersed into the solution. The reactor was heated in an oven set at 160 ◦C, 180 ◦C or 200 ◦C
for 3 h, respectively. The carbon cloth was washed with distill water under ultrasonic washing for
1 min (40 K, 0.5 W/cm2) to remove the unloaded ferrous oxide. The carbon cloth was washed with
distill water until the washing liquid was clear and transparent. The washed carbon cloth was dried in
a 60 ◦C oven. The obtained samples were assigned as Fe@CC.

For reference, Fe oxide was prepared using the same hydrothermal reaction at 200 ◦C for 3 h
without using carbon cloth as the support.

3.3. Catalytic Reaction

The Fenton-like reactions were conducted in 150 mL narrow neck flasks. In each reaction, 50 mL
50 ppm Acid Red G (ARG) with proper pH value adjusted using 0.1 M NaOH and 0.1 M HCl, 0.20 g
Fe@CC, and proper volume of hydrogen peroxide (10–60 µL) were added in the flask. The reactors
were placed in a table concentrator controlled at 30 ± 0.5 ◦C and 150 rpm. The reaction was sampled in
every 10–20 min, and the samples were filtrated by a 0.45 µm syringe filter hydrophilic membrane to
eliminate the particles that may detached from Fe@CC. The concentration of the ARG was determined
by spectrophotometry on a spectrophotometer according to the following formula (5).

DCOLOR% = (A0 − At)/A0 × 100% (5)

where DCOLOR% is decolorization ratio of the ARG solution during Fenton-like reaction. A0 is the
absorption of the initial ARG solution (50 ppm) at 504 nm, and At represents the absorption of the
ARG solution at time t during reaction.

In order to check the homogenous Fenton reaction conducted by the leached iron ions during
reaction, 300 mL ARG solution (50 mg/L) with 0.2 g × 6 Fe@CC was used as reaction solution and
catalyst. At the beginning, ARG solution mixed with 1.2 g Fe@CC and 120 µL H2O2 was reacted in a
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table concentrator controlled at 30 ± 0.5 ◦C and 150 rpm, and 50 mL mixture and 0.2 g Fe@CC were
sampled after a set time interval. The sampled 50 mL mixture was filtrated with 0.45 µm syringe filter
hydrophilic membrane to remove the catalyst particles that may remained in the mixture, and the
50-mL filtrated mixture was placed in the same table concentrator for further reaction.

Homogenous Fenton reactions were also conduced to check the significance of leached iron
ions on degradation. According to the iron ions concentration determined by Inductively Coupled
Plasma Optical Emission Spectrometry (ICP-OES-9000, Shimadzu Ltd., Tokyo, Japan), proper amount
of Fe(NO3)3 was mixed with ARG solution and H2O2, and the reactions were conducted at the same
condition described above.

3.4. Characterization

The specific surface area (SSA) of the catalysts were determined on a SSA analyzer (SSA-4300,
Beijing Builder Electronic Technology Co., Ltd., Beijing, China) using nitrogen adsorption-desorption
method at 77 K (Brunauer–Emmett–Teller method), and the pore volumes were calculated by
Barrett–Joyner–Halenda method offered by the equipment. Before the SSA determination, the Fe@CC
samples were degassed at 105 ◦C for 2 h. The XRD (X-ray diffraction spectra) patterns were obtained
on an X-ray diffractor (PANalytical, X’pert MPD Pro X) using Cu Kα radiation at 40 kV and 40 mA.
The surface morphology of the Fe@CC was observed on a scan electronic microscope (JSM-6700F,
Japan JEOL, Co. Ltd., Tokyo, Japan). Zeta potential was determined with Malvern Zetasizer Nano
ZS90 (British Malvern Instruments Ltd., Malvin city, UK). Samples for zeta potential determination
were grinded, and 5 mg of Fe@CC powders was suspended in 10 mL 1 mM NaCl solution, and the
pH value varied from 2 to 6. For Fe content measurement, about 0.02 g Fe@CC was dried in a 105 ◦C
oven until constant weight. The dried sample was then digested with 8 mL nitrohydrochloric acid
assisted by microwave (Multiwave 3000, Anton Paar GmbH) at 160 ◦C for 1 h. The digested solution
was diluted into 100 mL and the Fe concentration was measured using an ICP-OES-9000. The Fe
concentration of the Fenton-like reaction was also determined by ICP-OES-9000.

4. Conclusions

In summary, Fe oxide loaded on carbon cloth (Fe@CC) with high specific surface area was
synthesized. Fe oxide including FeOOH and Fe2O3 were coated on the surface of carbon cloth with
large number of mesoporous pores created by the packing of the particles via hydrothermal hydrolysis
of Fe(NO3)3 and led to an increase of specific surface area by 81.8% compared with the carbon cloth.
The activity of Fe@CC was stable at Fenton reaction. The degradation of ARG dye molecules mainly
occurred on the surface of the catalyst. The gradual decrease of Fenton-like reaction activity during
the first four tests was attributed to the decrease of ARG adsorption capacity of Fe@CC due to its
negatively moved zeta potential. Fe@CC could still maintain relatively high and stable activity during
the 11 tests.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/8/5/207/s1,
Figure S1: XRD patterns of carbon cloth and Fe@CC. 1. Carbon cloth without treatment; 2. Fresh Fe@CC prepared
by hydrothermal reaction; 3. Fe@CC calcinated at 300 ◦C for 1 h; 4. Fe@CC after used for 4 tests; 5. Fe@CC
used for 4 tests and then calcinated at 300 ◦C for 1 h, Figure S2: Isothermal adsorption and desorption curves of
Fe oxide prepared by hydrothermal reaction, Figure S3: (A) Significance of homogeneous reaction, and (B) the
rate constants of homogeneous reaction fitted from the data in (A). HetR: fenton reaction with Fe@CC; HomR:
homogenous reaction with the leached iron ions, Figure S4: The concentration of iron ions leached in the solution
versus reaction time with Fe@CC, Figure S5: Fenton like reaction with carbon cloth as the catalyst.
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