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ABSTRACT: Designing a novel Fenton catalyst as a degradation membrane is meaningful in the fields of environmental
science and materials chemistry. Herein, the Fe;g,0/activated carbon (AC) composite degradation membrane was
successfully prepared by using FeCl, - 6 H,0 and hydroxypropyl cellulose as raw materials. The experimental results
demonstrate that Fe,4,0/AC composite exhibits excellent photo-Fenton catalytic performance under indoor light
conditions. Specifically, the photo-Fenton catalytic activity of the Fe,5,0/AC is 2.1 times and 25.5 times higher than
that of pure iron oxide and AC, respectively. Additionally, we have also prepared a Fe, 3,0/AC degradation membrane,
which shows outstanding catalytic performance similar to Fe,g,0/AC composite. Both the content of Fe, 4,0 in the
Fe, 4,0/AC composite and the Fe?* content in Fe 4,0 are key factors contributing to its high catalytic performance. The
excellent surface adsorption properties of Fe, 4,0/AC, along with indoor lighting, further enhance the improvement of

Fenton catalytic performance.
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INTRODUCTION

The scarcity of clear water resources is further exac-
erbated by water pollution. In response, a plethora
of water treatment technologies have been developed.
Among these, Fenton catalysis has increasingly gained
attention due to its cost-effectiveness and high ef-
ficiency [1,2]. By employing water-insoluble iron
compounds as catalysts, heterogeneous Fenton cat-
alytic technology effectively mitigates the generation
of iron sludge [3]. Although nanometer-sized iron
compounds exhibit higher catalytic activity compared
to their bulk counterparts, they present challenges in
catalyst recovery.

Iron oxides, such as Fe,O,, Fe,O,, and FeOCl,
are the most extensively utilized heterogeneous Fenton
catalysts [4-6]. The rate-determining step in the
heterogeneous Fenton reaction is the transformation
of Fe*" to Fe?'. Consequently, the development of
Fe2+ doped iron oxide (FexO) and its composites has
emerged as an effective strategy to enhance the cat-
alytic efficiency of heterogeneous Fenton [7]. Adsorp-
tion and degradation constitute the two primary mech-
anisms through which Fenton technology addresses
water pollutants [8]. Given the short lifespan of the
hydroxyl radicals generated during the Fenton catalysis
process, their migration distance remains very limited.
Thus, augmenting the surface adsorption of pollutants
on the catalyst significantly aids in boosting catalytic
efficiency. Activated carbon (AC), characterized by its
high specific surface area and porosity, is a carbon ma-
terial that is widely employed in wastewater treatment
and drinking water purification owing to its superior
adsorption capabilities [9].

To elevate Fenton catalytic activity, researchers
have focused on the preparation of Fe?>* doped iron ox-
ide and activated carbon composites, including FexO/-
graphitic carbon/N-doped biochar and FexO/biomass
AC, Fe doped TiO, photocatalysts, etc [10-12]. These
AC materials facilitate the surface adsorption of pollu-
tants and enhance the exposure of the catalyst’s active
sites. Our preceding studies have also delved into
the synthesis of Fe?* doped Fe,0,/C,N, nanosheets,
revealing that the inclusion of Fe?* promotes the de-
composition of H,O, to yield hydroxyl radicals [13].
However, recovering the catalyst remains a challenge
due to its micro-nano dimensions. In recent years,
the fabrication of heterogeneous Fenton catalysts into
degradation membranes has proven to be an effective
solution for circumventing secondary pollution arising
from the residual presence of micro-nano catalysts in
water [14]. As such, it is logical to anticipate that the
amalgamation of FexO/AC with a degradation mem-
brane holds promise as a potent photo-Fenton catalytic
material.

In this manuscript, we report the successful syn-
thesis of Fe,4,0/AC through a straightforward one-
step calcination method, utilizing FeCl,-6H,0 and
hydroxypropyl cellulose as raw materials. During the
formation of AC, Fe** ions undergo partial reduction
to Fe?" ions, thereby accelerating the decomposition of
H,0, to generate hydroxyl radicals. Concurrently, the
integration of natural indoor light further bolsters the
Fenton catalytic performance of Fe; 3,0/AC. Moreover,
to preclude the residual presence of the Fej4,0/AC
composite in water, we have additionally engineered a
degradation membrane of FexO/AC, which manifests
exceptional catalytic degradation capabilities. The
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study also elaborates on the impact of the Feyg,0
content in the Fe,g,0/AC composite and the Fe?*
content in Feg ,0.

MATERIALS AND METHODS
Chemicals

All chemicals utilized in our experiments were ac-
quired from Sinopharm Chemical Co., Ltd. (China) and
employed without undergoing any additional purifica-
tion processes.

Characterization

The crystal structures of the samples were charac-
terized using X-ray diffraction (XRD, MiniFlex 600,
Rigaku, Japan). The scanning electron microscope
(SEM, SU8010, Hitachi, Japan) and transmission elec-
tron microscope (TEM, 2100E JEM, Japan) were em-
ployed to examine the morphology of the samples. The
surface areas of the samples were measured through
nitrogen adsorption-desorption isotherms utilizing a
N, adsorption-desorption apparatus (Micromeritics,
ASAP2460, USA). X-ray photoelectron spectroscopy
(XPS, ESCALAB250Xi, Thermo Fisher Scientific, USA)
analyses were conducted at an photoelectron spec-
trometer. The detailed structure was investigated
using a Fourier transform infrared spectroscopy (FT-
IR, Bruker Tensor II, Germany), which adopts solid-
state infrared testing method with a range of 400-
4000cm™!. The ultraviolet visible diffuse reflection of
the catalyst was measured using a UV-2550 ultravio-
let spectrophotometer (Cary300, Agilent, USA). Ad-
ditionally, an F-4600 fluorescence spectrophotometer
(Hitachi, Japan) was utilized to study the photolumi-
nescence (PL) spectra.

Synthesis of FexO/AC composite

FeCl,-6H,O and cellulose with different mass ratio
(1:1, 1:2 and 1:3) were mixed in water evenly, which
was added into a crucible and calcined in a muffle
furnace at 240°C for 1 h. The black sample was
obtained, which was washed three times by acetone.
The obtained samples were marked as FexO/AC-L,
FexO/AC and FexO/AC-H, where the mass ratio of Fex-
O/AC were 1:1, 1:2 and 1:3, respectively. Meanwhile,
FeCl, - 6 H,0 and cellulose were calcined individually
under the same conditions for comparison. The prod-
uct was washed with acetone for several times.

Catalytic test method

The Fenton catalytic performance of the prepared cat-
alyst was tested with rhodamine B as pollutant sub-
strate. Rhodamine B solution (12.5 mg/1, 20 ml) and
100 mg of FexO/AC composite were stirred for 1 h in
the dark and then be put under the indoor sunlight.
Then, 0.4 ml of H,0, was added and recorded as the
initial time. Next, 3 ml of supernatant was taken out
every 2 min, and UV-Vis spectrophotometer was used
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to measure the change of concentration of supernatant.
The rhodamine B concentration was determined at
550 nm. The FexO/AC was dispersed in acetone to
form a suspension, which was then placed between
two layers of filter paper and dried to obtain the
degradation membrane.

RESULTS AND DISCUSSION
Structural analysis

To analyze the crystal structure of the sample, an XRD
measurement was conducted, as depicted in Fig. 1a.
The sample derived from the direct calcination of ferric
chloride hexahydrate is identified as FeOCl (No. 39-
0612) [15]. During the calcination process, cellulose
was converted into amorphous AC. The sample ob-
tained by calcination of FeCl, and cellulose is amor-
phous. The FexO in FexO/AC is a composite of Fe,O,
and Fe;O0,. The diffraction peaks at 31° and 44°
correspond to the (220) and (311) crystal planes of
Fe,O,, respectively [16,17]. The presence of carbon
in the composite may facilitate the reduction of Fe**
to Fe?* in iron oxides.

Fig. 1b shows the FT-IR spectrum of iron ox-
ide, FexO/AC and AC. The peaks at 3450 cm™ and
1600 cm™! for FexO/AC and AC samples represent
—OH group, indicating abundant —OH in the FexO/AC
and AC. However, the surface hydroxyl groups (—OH)
in iron oxide are significantly less abundant than those
in FexO/AC and AC. The peak at 540 cm™" in the iron
oxide and FexO/AC corresponds to the Fe—O vibration
mode [18]. The peak at 1378 cm™' in AC represents
the characteristic C—H bond, which is absent in the
FexO/AC composite. This disappearance indicates
a high degree of carbonization within the FexO/AC
composite.

Fig. 1c presents the SEM image of the FexO/AC
composite, revealing that the FexO nanoparticles are
embedded within the AC matrix. The average size
of the FexO particles is approximately 300 nm. Con-
versely, the morphology of the iron oxides is micron-
sized dimensions (Fig. S1). This suggests that the
presence of AC in the composite inhibits the growth
of iron oxides. The morphology of AC is amorphous
(Fig. S2). Fig. 1d displays the HRTEM image of the
FexO/AC composite. The observed lattice spacing of
0.25 nm corresponds to the (311) crystal plane of
Fe,0, [19,20].

Owing to the short migration distance and tran-
sient lifespan of free radicals, the swift adsorption
of pollutant molecules onto the catalyst’s surface is
advantageous for enhancing the catalytic degradation
efficiency. Thus, the surface area of the sample has
been measured (Fig. 2a). The specific surface area of
FexO/AC composite is 1.84 m?/g, which is larger than
that of iron oxides (0.94 m?/g) and AC (0.86 m?/g)
(Fig. S3). The optical properties of the prepared sam-
ples were characterized by UV-Vis reflectance spectra,
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Fig. 1 (a) XRD patterns and (b) FTIR spectra of iron oxide, FexO/AC and AC, (c¢) SEM image and (d) TEM image of FexO/AC.
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Fig. 2 (a) N, adsorption-desorption isotherms of FexO/AC, (b) ultraviolet-visible diffusive reflectance spectra and (c) the

band gap value of iron oxide and FexO/AC.

as shown in Fig. 2b. The absorption edge band of the
FexO/AC clearly shifts to a higher absorption range.
The FexO/AC exhibits a broad absorption spectrum,
suggesting that the FexO/AC possesses a high effi-
ciency in utilizing solar light. According to references,
the calculated optical band gap values for iron oxides
and FexO/AC are 1.90 eV and 1.51 eV, respectively
(Fig. 2¢) [21, 22].

The XPS spectrum of the FexO/AC composite,
depicted in Fig. S4, exhibits strong signals for iron (Fe),
oxygen (0O), and carbon (C) elements, confirming the
successful integration of the two components. Fig. 3a
is the Fe 2p XPS spectrum of the pure iron oxide. The

Fe 2p3/2 and Fe 2p1/2 peaks locate at 710.9 eV and
724.5 eV, respectively. The peak at 718.7 eV indicates
the Fe3* state in the iron oxide [23,24]. However, the
Fe 2p XPS spectrum of FexO/AC composite in Fig. 3e
distinctly differs from that of iron oxide. There are
four peaks in the XPS spectrum of Fe 2p in Fig. 3e,
which are 710.3 €V, 714.2 eV, 718.7 eV and 723.7 eV
respectively. The peaks at 710.3 eV and 718.7 eV are
the characteristic peaks of Fe?* [25,26], which are
consistent with the results in Fig. 1a. Meanwhile, the
significantly reduced peak values of Fe 2p3/2 and Fe
2p1/2 in FexO/AC compared with iron oxide further
indicates the partial reduction of iron ions [27,28].
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Fig. 3 XPS spectra of (a) Fe 2p and (b) O 1s in iron oxide, (c) C 1s and (d) O 1s in AC, (e) Fe 2p, (f) O 1s and (g) C 1s in
FexO/AC composite, (h) schematic diagram of FexO/AC composite.
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According to the XPS calculations, the content of Fe?*
in the FexO/AC is 56%. Thus, the x in FexO/AC
should be 0.82 (Fey,0/AC). The presence of Fe>" in
the FexO/AC could be advantageous for promoting the
production of hydroxyl (-OH) radicals.

The Ols spectra of iron ions, shown in Fig. 3b,
exhibit two peaks at 529.9 eV and 531.4 eV, which
are attributed to Fe—O bonds and hydroxyl oxygen,
respectively. The Ols spectra of the FexO/AC com-
posite in Fig. 3f demonstrate decreased peak values at
529.3 eV and 531.2 eV. This shift is due to the presence
of AC in the composite, leading to an increased content
of hydroxyl oxygen in FexO/AC. In contrast, the pure
AC displays O1s peaks at 531.7 eV and 535.5 eV} as
seen in Fig. 3d. The peak at 535.5 eV is associated
with chemisorbed water or O, [29,30]. As illustrated
in Fig. 3c, the Cls spectra in AC can be deconvoluted
into three peaks at 284.0 eV, 285.6 eV, and 287.7 €V,
signifying the presence of C—C, C—H, and C—O bonds,
respectively. The C1s peaks in the FexO/AC composite
are located at 284.0 eV, 285.2 eV, and 288.2 eV, as
observed in Fig. 3g. A comparison between Fig. 3¢ and
Fig. 3g reveals a noticeable decrease in the content
of C—H and C—O in the FexO/AC composite. As de-
picted in Fig. 3h, the FexO nanoparticles are embedded
within the AC matrix, creating an interface structure
composed of —Fe—O—C— bonds. The presence of AC in
the composite facilitates the reduction of Fe3* to Fe?"
and inhibits the crystal growth of iron oxide.

Fenton catalytic performance

The Fenton catalytic performance was evaluated using
Rhodamine B (RhB) as a model pollutant under neutral
solution conditions (pH 7) and indoor lighting. Fig. 4a
illustrates the Fenton catalytic activities of iron oxide,
FexO/AC-L, FexO/AC-H, and AC. It can be observed
from Fig. 4a that AC exhibits the weakest Fenton cat-
alytic activity among these samples. The degradation
rate of AC remains almost unchanged over 14 min,
suggesting that AC primarily functions through adsorp-
tion. Both FexO/AC-L and Fe; 4,0/AC display higher
Fenton catalytic activities than iron oxide, indicating
that the composite structure of FexO and AC enhances
the Fenton catalytic performance. However, the Fenton
catalytic activity of FexO/AC-H is inferior to that of
iron oxide, further confirming that AC predominantly
contributes to adsorption during the catalytic process.
The corresponding kinetic plots of these samples are
also depicted in Fig. 4b. The degradation constants (k)
of the iron oxide, FexO/AC-L, Fe;4,0/AC, FexO/AC-
H and AC are 0.24 min~!, 0.49 min~', 0.51 min~},
0.11 min~! and 0.02 min™!, respectively. The photo-
Fenton catalytic activity of the Fe; 3,0/AC composite is
enhanced by factors of 2.1 and 25.5 compared to that
of pure iron oxide and AC, respectively.

Under indoor lighting conditions (Fig. 4c), the
degradation rate of Fe,g,0/AC achieved 96% after
6 min. In contrast, the Fenton degradation rate under

dark conditions reached 83.5% after 6 min, which is
lower than that observed under indoor light. This
suggests that indoor light enhances the Fenton catalytic
activity. It is important to note that the photocatalytic
activity of Fej g,O/AC under indoor light without the
addition of H,0, is minimal, indicating the limited
photocatalytic efficiency of the Fey g,0/AC composite.
Therefore, the role of indoor light in the degradation
process is secondary.

To optimize the synthetic conditions for the
Fe( 3,0/AC composite, a detailed study was conducted
to examine the effects of calcination temperature and
time on the Fenton catalytic activity of the resulting
samples. This investigation aimed to determine the op-
timal parameters for achieving enhanced catalytic per-
formance. As observed in Fig. 4d, there is a minimal
difference in the Fenton catalytic activity of FexO/AC
when calcined at temperatures of 220 °C, 240 °C and
260 °C. However, the calcination time has a significant
impact on the catalytic activity, as shown in Fig. 4f.
According to the literatures, the Fe,O, can be reduced
from Fe*' to Fe?™ by carbon at high temperature,
which is also closely related to the calcination time
[31]. When the calcination time is short, less FexO
is generated, the catalytic activity is low. When the
calcination time is extended, the size of FexO in the
FexO/AC composite can expand quickly. The rapid
increase in particle size of FexO causes a decrease in
catalytic activity. The optimal calcination time is 1 h.
It can be seen from Fig. 4e that the catalytic efficiency
of the Fe;g,0/AC composite shows a trend of first
increasing and then decreasing with the increase of hy-
drogen peroxide content. As the content of hydrogen
peroxide increases from 0.1 ml to 0.4 ml, the catalytic
efficiency of Fej g,0/AC composite does not increase
significantly. However, when the amount of hydrogen
peroxide increased to 0.5 ml, the catalytic efficiency
significantly decreased. With the increase of H,0,,
the generation of -OH in the system is accelerated
and the degradation efficiency is improved. Limited
by the number of active sites in Fe;g,0/AC, excess
H,0, cannot fully react with active sites. Besides, the
produced -OH radical can also be partially consumed
by the excessive H,0, [32,33].

Performance of degradation membrane

Fig. 5a shows the schematic diagram of Fe;4,0/AC
degradation membrane and degradation unit. The
Fe( 3,0/AC catalyst was bonded between two layers of
filter paper, which was then placed in the filter. The
H,0, was added to the RhB solution, which entered
the degradation membrane through a syringe. The
H,0, in solution was decomposed by Fe; 4,0/AC cat-
alyst into hydroxyl radical, further realizing the degra-
dation of RhB. Under the action of external force, the
solution of RhB (12.5 mg/ml) and H,0, (30% 0.4 ml)
in the syringe were flowed through the Fe;g,0/AC
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Fig. 4 (a) Catalytic degradation activity and (b) the corresponding kinetic plots of the prepared samples, (c) catalytic
degradation under different light conditions and (d) calcination temperatures, (e) effect of H,0, dosage and (f) different

calcination time on Fenton catalytic activity.

degradation membrane. After the solution of RhB
passed through the membrane, rapid degradation was
achieved. It only needs to stay in the filter head for 3 s,
and then RhB was dropped at the rate of 2 drops/s. In
Fig. 5b, the left figure shows the degradation process
without catalyst. RhB was flowed out as it was passed
through the degradation membrane, indicating that
the filter paper had little effect on the degradation of
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RhB in the device. The diameter of the used filter
membrane is 50 mm. When the amount of catalyst
is less than 0.15 g, that is, less than 0.76 g/cm?, RhB
cannot be completely degraded (the middle figure in
Fig. 5b). When the dosage is more than 4.59 g/cm?,
the pore diameter of the catalyst is easy to be blocked,
and RhB is difficult to be flowed out. Therefore, the
optimal amount of catalyst is about 0.76-4.59 g/cm?.
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Fig. 5 (a) Schematic diagram of FexO/AC degradation membrane and degradation unit, (b) effect of different amount of

FexO/AC catalyst on the degradation membrane.
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Fig. 6 Photoluminescence spectra of Fe;g,0/AC (yellow
line), FexO/AC-L (red line) and FexO/AC-H (blue line).

Catalytic mechanism

According to the results in Fig. 4, the indoor light plays
a secondary role in the degradation process, while the
Fenton catalysis plays a major role. In order to further
study the key factors affecting the catalytic activity
of Fey g,O/AC composite, the photoluminescence (PL)
spectrum measurements have been adopted as seen
in Fig. 6. The results demonstrate that the PL peak
intensity of the FexO/AC is between FexO/AC-L and
FexO/AC-H, which indicates that the interfacial charge
transfer in Fe;g,O/AC is also between the others.
However, according to the results in Fig. 4ab, the
indoor light induced photo-Fenton catalytic activity of
the Fe( ,O/AC is the highest among them. Therefore,

the interfacial charge transfer is not the key reason for
high photo-Fenton catalytic activity of Fey g,0/AC.

In addition, the specific surface area of Fey g,O/AC
composite (1.84 m?2/g) is larger than FexO/AC-L
(1.30 m?/g) and less than FexO/AC-H (4.30 m?/g).
Although the FexO/AC-H has the biggest surface area,
the Fenton catalytic activity is not the highest. The rea-
son is that the carbon materials in the composite only
have the function of adsorption but without Fenton
catalytic activity. Therefore, the high specific surface
area is not the key factor in high catalytic activity of
the Fe, g,0/AC composite.

As seen in Fig. 4, the -catalytic activity of
theFeyg,0/AC is the highest while that of the
FexO/AC-H is the lowest among them. The low con-
tent of FexO in the FexO/AC-H is the main reason for
low catalytic activity. However, the catalytic activity
of the FexO/AC-L with high content of FexO is lower
than that of FexO/AC. According to the XPS results,
the Fe?™ content in FexO of FexO/AC-L is 46%, while
that of Fe, g,0/AC is 56% and that of FexO/AC-H is
21%. Thus, the Fe>* content in Fey 4,0/AC is the main
reason for the high catalytic activity.

Based on the above analysis, the Fenton catalysis
reaction of the Fejg,0/AC plays a major role in the
degradation process, followed by adsorption interac-
tion, and finally indoor light. In Fenton catalysis,
the content of FexO in the Fe, g,O/AC composite and
the Fe?™ content in Feyg,0 are the key factors to
determine its high catalytic performance. Additionally,
a degradation membrane composed of Fe; g,O/AC has
been fabricated, demonstrating exceptional catalytic
performance, which is is consistent with the results
reported in the literature (such as NH,-MIL-88B(Fe)-
decorated ceramic membrane, etc.) [34].
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CONCLUSION

The Fe, g,O/AC composite has been successfully syn-
thesized through a straightforward one-step calcina-
tion method. During this process, Fe*' ions are
partially reduced to Fe?* ions, which enhances the
production of hydroxyl radicals, thereby amplifying
the catalytic activity. The Fenton catalysis reaction of
the Fej 4,0/AC composite plays a pivotal role in the
degradation process.

Appendix A. Supplementary data

Supplementary data associated with this article can be found
at https://dx.doi.org/10.2306/scienceasial513-1874.2025.
071.
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Appendix A. Supplementary data

Fig. S2 The morphology of AC as analysed by SEM.
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Fig. 83 N, adsorption-desorption isotherms of iron oxide and AC.
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Fig. S4 The XPS spectrum of the FexO/AC composite.
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