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Abstract: Carbon coated iron-based Fenton-like catalysts are now widely studied in wastewater
treatment. However, their poor stability is still a big challenge and the related regenerative performance
is seldom investigated. Herein, a carbon-coated Fe3O4 on carbon cloth (cc/Fe30,@C) was prepared
with glucose as carbon source via electrodeposition and ethanol solvothermal methods. An amorphous
carbon layer with polar C-groups covers the surface of Fe30y4, which presents a flaky cross-linked
network structure on the carbon cloth (cc). The cc/Fe;0,@C exhibits an improved catalytic activity
with nearly 84% phenol was removed within 35 min with polar C-groups. What’s more, around 80%
phenol can still be degraded in 120 min after 14 degradation cycles. After the regeneration treatment,
the degradation performance was restored to the level of the fresh in the first two regenerations.
The enhanced cycle stability and regeneration performance of the catalyst are as follows: Firstly, the
catalyst’s composition and structure were recovered; Secondly, the reduction effect of the amorphous
carbon layer ensuring timely supplement of Fe?* from Fe®**. Also, the carbon layer reduces Fe
leaching during the Fenton-like process.

Keywords: cc/Fe;04@C Fenton-like catalyst; regeneration; ethanol solvothermal; cycle stability;
phenol degradation

1. Introduction

The increasingly prominent issue of water pollution has become a worldwide environmental
problem [1]. Advanced oxidation processes (AOP) are some of the most powerful technologies to
treat organic pollutants by virtue of the potent oxidizing hydroxyl radicals (¢OH) they produce [2].
Among them, researchers have favored heterogeneous Fenton catalysts due to their advantages of
overcoming the strict pH requirement and reducing the Fe?* losses which occur in traditional Fenton
oxidation [3,4].

Iron-based Fenton-like catalysts such as zero-valent iron (ZVI) [5], iron oxides [6,7],
and surface/structure modified catalyst [8,9] have attracted more and more attention due to their easy
preparation, high efficiency, and reusability [10,11]. Liang et al. [12] showed that FeY could degrade
98% of rhodamine B (RhB) in 60 min. Xue et al. [13] revealed that the iron leaching rate was low
under neutral conditions and there was no performance loss in the secondary reaction. Moreover,
the structural design or surface modification can further improve the catalytic activity of the iron-based
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Fenton-like catalysts [14]. The Cu/Fe mesoporous silica hollow sphere as a heterogeneous Fenton-like
catalyst could remove 99% orange II (O II) within 120 min [15]. Zhong et al. [16] used Fe304-Mn3O4
nanocomposites as a Fenton-like catalyst and removed more than 99% sulfamethazine in 50 min.
Zhang’s group [17] found that the rate of generating hydroxyl radicals with FeS, was 1-3 orders
of magnitude greater than that of commonly used metal-doped iron-based catalysts, which also
broadened the applicable range of pH value (3.2-9.2). The introduction of carbon materials, such as
activated carbon [18], graphene [19,20], carbon nanotubes [21], carbon quantum dots [22] is an ideal
way to optimize iron-based Fenton-like catalysts. Carbon coating can weaken the iron leaching from
the catalysts, their unpaired 7 electrons can also become catalysts that react with H,O, to generate
hydroxyl radicals to facilitate the catalytic process [23,24]. Besides, the reducibility of carbon material
can promote the conversion of Fe3* to Fe?", adjust the composition of catalyst, and improve the
circulation stability of catalyst. [9]. Table 1 summarizes the degradation performances of various
carbon-modified iron-based catalysts. Generally, most of the carbon-coated catalysts exhibit excellent
degradation performance for the first cycle. Particularly, Fe@C yolk-shell has the same degradation
performance after three cycles [25], while that performance of core-shell Fe304@C remains unchanged
after five cycles [26]. However, as for most catalysts, their activity gradually declines with the number
of cycle times. Given the practical application, the regeneration of the catalyst is a great strategy
to improve cycle stability. However, fewer reports are focusing on the regeneration of iron-based
Fenton-like catalysts.

Table 1. The performance of different carbon-modified iron-based catalysts.

. Cycles;
Catalyst Preparation Degradable pH Time . Last Ref.
SubStances Degradation Degradation
. . . . 40-50 min
Fe-AC (activated impregnation of ferrous  Chicago Sky 3 889 3 [18]
carbon) sulfate Blue (CSB) (pH _0 3) 88%
L . Orange II 10 min 6
«-FeOOH@GCA in-situ hydrolysis (o) 3-10 23,79, 6% [19]
) high temperature Acid Orange . 120 min 5
CoFe;041GO thermal decomposition 7 (AO7) 39 76.9% 67.85% (201
120 min 3
FepsCuys/CNT wetness impregnation ~ paracetamol 3-6.6 87.8% 72 8% [21]
. o
(pPH=3)
solvothermal 10 min 4
Fe@Fe30,/0Vs@CQDs electrodeposition phenol 4-6.5 (pl9{9 204) 99% [22]
12 min
Fe@C yolk-shell hydrothermal apd 4-chlorophenol 4 100% 30 [25]
thermal calcination (pH = 4) 100%
60 min
core-shell Fe;0,@C ydrothermal octane 5 83.55% 43 050, [26]
yars (pPH=7.5) o
28 min
. hydrothermal methylene 8
Fe30,/Si0, /C . 3.5-9.5 96% o [27]
dehydrogenation blue (MB) (pH = 7.5) 82.0%
240 min
g one-step aerosol-based methylene g o 5
¥-Fez05/C procession blue (MB) 3-9 (pllgo_/°7) 84.0% (28]
co-precipitation 120 min
Fe;0,@C NPs hydrothermal E‘l‘ji‘(yﬁgf 38 99.4% . 4‘20/ [29]
dehydrogenation (pH=23) =
codeposition and Acid Orange 7
GO-Fe304 hummer method 7 (AO7) / / 98%-99% (301
140 min
. hydrothermal methylene o 8
Fes04/T0,/C dehydrogenation blue (MB) 49 (p]filzf 6) >60% (311

One of the major factors for the attenuated catalytic activity in the cycling experiment is the
limited conversion rate from Fe3* to Fe?*, which leads to the growing amount of Fe** during the
degradation process. Therefore, the process of regenerating a catalyst is the enhancing conversion
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of Fe3™ to Fe?" to a certain degree. Inspired by the reducibility of carbon materials, we proposed
a regeneration strategy for carbon-modified iron-based Fenton-like catalysts through the ethanol
solvothermal method. The formed carbon layer after the regeneration treatment not only prevents
the iron leaching but also maintain a timely supplement of Fe?" through the reduction of Fe>* by
the carbon layer during the catalytic process. Therefore, we prepared a carbon-coated iron oxide
catalyst by a compound strategy of electrodeposition and ethanol solvothermal treatment with the
glucose served as a carbon source. After a certain number of cycles, the catalyst regenerated by ethanol
solvothermal treatment showed the same catalytic activity as the fresh. The degradability of the
catalyst has been restored, indicating an excellent regeneration performance. This work realizes the
regeneration of carbon-coated iron-based catalysts and provides a way for the regeneration of various

types of catalysts.
2. Results and Discussion

2.1. Characterization of Iron Oxide Fenton-Like Catalysts

Figure 1 shows XRD patterns and the SEM images about the surface morphologies of iron oxide
Fenton-like catalysts. In Figure 1a, it can be judged that the main phase of iron oxide prepared by
the electrodeposition method is Fe,O3. However, the Fe,O3 coated on the surface of carbon cloth is
discontinuous and inhomogeneous in Figure 1c, this sample is named as cc/Fe,Os. Figure 1b revealed
that after adding glucose to ethanol solvothermal reaction, the main phase of the carbon-coated
iron oxide catalyst turns into Fe3O4, which is due to the reducibility of carbon produced by the
decomposition of glucose [32,33].
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Figure 1. XRD patterns: (a) cc/Fe;O3, (b) cc/Fe3s0,4@C, and SEM images: (c) cc/Fe, O3, (d) cc/Fe304@C.

According to the EDS spectra (Table S1), the increased carbon content and the decreased iron
content confirmed the carbon is deposited on the surface of Fe304 densely (Figure 1d). As the amount
of deposition increased, a carbon layer with a flaky cross-linked network structure formed, thereby the
specific surface of cc/Fe304@C is expanded. The carbon layer might exist in an amorphous state, so it

doesn’t appear in XRD.
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In order to further study the composition and the valence state of each element, cc/Fe304@C was
analyzed by XPS, with the results shown in Figure 2. It can be seen from Figure 2a that the cc/Fe;0,@C
is mainly composed of three elements: C, O, and Fe, which is consistent with the EDS result in Table S1.
In Fe 2p XPS spectrum (Figure 2b), Fe 2p1y, and Fe 2p3/, peaks are clearly presented. The Fe 2p3»
peak is divided into 709.4 eV (Fe?*) and 710.8 eV (Fe®*), 713.7 eV and 722.7 eV are corresponded to
Fe?* and Fe®* of Fe 2py; peak, separately [34]. Figure 2c is the Ols spectrum, which can be fitted into
six characteristic peaks: 529.2 eV, 529.7 eV, 530.3 eV, 530.9 eV, 531.6 eV, and 532.4 eV, attributed to the
electronic binding energy of O-H, O-Fe (Fe3*), O-Fe (Fe?*), C-O, C = O, in turn [30]. In addition, the C
1s XPS spectrum (Figure 2d) indicates that carbon atoms are in the chemical stages of C-OH (285.2 eV),
C =0 (286.6 eV), COO- (288.6 eV), sp2C (284.4 eV), and sp3C (284.7 eV) [35], these polar C-groups
were derived from the thermal decomposition of ethanol and glucose. The sp?C and sp>C belonged to

the carbon cloth.
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Figure 2. XPS spectrums of cc/Fe30,@C: (a) Full spectrum; (b) Fe 2p; (c) O 1s; (d) C 1s.

In all, cc/Fe;O3 was obtained through electrodeposition. After ethanol solvothermal treatment,
cc/Fe;04,@C was produced successfully with an amorphous carbon layer coated on it. Its flaky
cross-linked network structure contributes to the enlarged specific surface area, and the polar C-groups
on the carbon layer strengthen the ability to adsorb phenol and H,O,. Therefore, the prepared
cc/Fe30,@C is expected to ensure a better degradation performance.

2.2. Degradation Performance of Iron Oxide Fenton-Like Catalysts

The degradation test of phenol evaluated the catalytic activities of cc/Fe;O3 and cc/Fe;0,@C.
Figure 3 presents the degradation curves and kinetic curves of cc/Fe;O3 and cc/Fe;0,@C. When Hy O,
or catalyst is added to the system alone, the phenol concentration hardly changes with time, and almost
no degradation occurs. When cc/Fe;O3 and H,O; are added simultaneously, it takes 80 min to degrade
80% phenol. While, in the system of cc/Fe304@C and H,O,, the degradation time can be significantly
shortened. It takes 40 min to eliminate 84.3% phenol. In Figure 3b, phenol’s degradation by different
iron oxide Fenton-like systems corresponds to the first-order kinetic curve. The kinetic parameter
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of cc/Fe; O3 is 0.0219, and that of cc/Fe;O4@C is extended to 0.0498. After degradation, phenol is
oxidized to hydroquinone, benzoquinone, et al., firstly. After that, some intermediates such as maleic
acid, oxalic acid, succinic acid, acetic acid, and formic acid are formed by ring opening. Finally, it is
completely degraded to CO, and H,O [36-38]. In the cc/Fe304@C system, the TOC of phenol solution
at different reaction times was measured with the result shown in Figure S1. The removal rate of the
TOC is 32.77% in 30 min, and up to 40.41% when the reaction time is prolonged to 40 min.
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Figure 3. (a) Phenol degradation by different systems, (b) the kinetic curves of Fenton-like degradation
of phenol by cc/Fe;O3 and cc/Fe304@C. Experimental conditions: 35 ppm phenol, 6 mmol HyO,,
pH=4.

Generally, Fe304 has more catalytic activity than Fe;O3, and the carbon layer can reduce the
produced Fe®* to Fe?* during degradation to immediately supplement the Fe?" in the system.
Therefore, the catalyst exhibits higher catalytic activity and stability. In addition, the carbon layer
with polar C-groups can adsorb more phenol and H,O,, and its flaky cross-linked network structure
expands the specific surface area of the catalyst [39]. It also helps to improve catalytic degradation
performance further.

Figure S2 illustrates the total iron dissolution of the two different systems, the iron dissolution of
cc/Fe; O3 is 2.76 ppm. After carbon coating with ethanol solvothermal (cc/Fe304@C), it is reduced to
0.83 ppm. The coated carbon layer can not only change the phase composition of the catalyst but also
lessen iron dissolving from the inside to improve the stability of the catalyst. Under this condition
we studied the evolution of 6 mmol H,O, with time, the result is shown in Figure S3. The content
of HyO; in the system decreased gradually, in the first 40 min, 65% H,O; in the system is consumed.
Subsequently, the content of H,O, is hardly changed until 80 min. Therefore, the concentration of
H,0, remains a proper level during the Fenton-like process.

2.3. Cyclic Stability of Iron Oxide Fenton-Like Catalyst

In Fenton reactions, cycle stability is also an essential factor. In Figure S2, the cycle stability of
cc/Fe; O3 is inferior and still less than 10% after 360 min in the second cycle. Without the protection of
the carbon layer, the Fe,Oj5 is easy to leach during the first phenol degradation process, which can be
verified by the surface morphologies of cc/Fe;O3 before and after phenol degradation (Figure S4).

However, cc/Fe30,@C shows superior cycle stability. The catalyst was cyclically tested when
phenol’s degradation rate reaches about 80 % each time, and the results are shown in Figure 4.
Figure 4a is the degradation curves of cc/Fe304@C, Figure 4b is the statistics of degradation time and
removal rate of each degradation. With the addition of the cycles, the time required for each process
gradually extends, which increases linearly in the first three cycles. The degradation time can be
roughly divided into three platforms: it grows to 60 min from the 3rd to the 6th cycles, 90-100 min
is required for the 7th to 10th degradations, when the number of cycles is 11 or more, it takes over
120 min to remove around 80% phenol.
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Figure 4. (a) cyclic stability of cc/Fe304@C to activate HyO, for phenol degradation, (b) degradation
time for each cycle and corresponding phenol removal efficiency. Experimental conditions: 35 ppm
phenol, 6 mmol H,O,, pH = 4.

The change of catalyst cycle stability is closely related to the shift of catalyst composition and
morphology. The surface morphologies of cc/Fe304@C before and after 14 cycles of phenol degradation
can be clearly seen in SEM images (Figure 5). The flaky cross-linked network structure on the surface
can still be observed, but the surface seems to be polished. This result indicates that the carbon layer is
lost during the repeated tests, which will weaken the generation rate of Fe?* from Fe®* and enhance
the iron dissolution. In the meantime, the decrease of active groups attached to the carbon layer will
reduce the adsorption capacity. Consequently, the time required for degradation will be prolonged
with the increasing number of cycles. It seems that the three platforms in Figure 4b may be related
to the consumption of the carbon layer, which contributes to the results that the Fe?" is unable to be
replenished timely and the total iron dissolution is enhanced.

Figure 5. SEM images of cc/Fe304@C: (a) before phenol degradation (fresh), (b) after 14 cycles of phenol
degradation. Experimental conditions: 35 ppm phenol, 6 mmol H,O,, pH = 4.

2.4. Renewability of Iron Oxide Fenton-Like Catalyst

Combined with the result analysis of 3.3, it can be seen that the decline of catalyst degradation
performance is related to the loss of carbon layer, which in turn causes iron dissolution and the
attenuation in the activity of the catalyst. Therefore, the carbon layer coating by ethanol solvothermal
treatment should be an effective method to obtain a robust catalyst. The fresh cc/Fe30,@C had
undergone four regeneration treatments in total, and the obtained catalyst was subjected to a cycle
stability test after each regeneration. When more than 80% of phenol was degraded each cycle, the next
cyclic test was carried out. The specific test results are shown in Figure 6. Fresh CC/ Fe;0,@C
is recycled for seven times phenol degradation, at the 7th degradation, the time required for 80%
degradation is extended to 80 min. Then, the first carbonization was carried out. Similarly, 35 ppm
phenol is cycle degraded for 7 times, the degradation performance and cycle stability are restored.
The above operations were repeated for 4 times carbonizations, consecutively. After each carbonization,
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the cyclic stability of the material decreases slightly, but the first degradation rate in each cycle is almost
the same.
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Figure 6. Cyclic stability of the regenerated cc/Fe;O,@C with different carbonization times to activate
H,O; for phenol degradation: (a) Oth carbonization (cc/Fe30,@C); (b) 1st carbonization; (c) 2nd
carbonization; (d) 3rd carbonization; (e) 4th carbonization; (f) the performance comparison of the
first phenol degradation derived from the cyclic test of the regenerated cc/Fe30,@C. Experimental
conditions: 35 ppm phenol, 6 mmol H,O,, pH = 4.

Figure 7 is the first and last degradation kinetic curves of the fresh and the re-carbon coated
cc/Fe;0,@Cs. The kinetic constant of the fresh cc/Fe;0,@C is 0.0505 min~! for the first time.
In the seventh cycle, the degradation time increased to 80 min and the kinetic constant decreased to
0.0044 min~!. After that, the first regeneration treatment was carried out, 83.6% phenol is degraded in
40 min, the kinetic constant goes back to 0.0516 min~!, and the cycle stability is still favorable.
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Figure 7. The kinetic curves of Fenton-like degradation of phenol by the regenerated cc/Fe;O4s@C
with different carbonization times. (a) the first degradation; (b) the last degradation, Experimental
conditions: 35 ppm phenol, 6 mmol H,O,, pH = 4.

According to Figures 6f and 7a, after the first two carbonizations, the first cycle’s degradation
performance can be restored to the previous level. As for the third and fourth regenerations,
the degradation time required for the first cycle is extended. The kinetic parameters dropped to half of
the fresh cc/Fe;0,@C system, and the related cycle stability is also decreased. Ethanol solvothermal
treatment can indeed achieve catalyst regeneration. Still, after multiple regenerations, the catalytic
performance is significantly reduced, which is associated with the decrease of iron oxide catalyst,
which happens in numerous regenerations and cycle tests.

To clarify the reproducibility of cc/Fe;O04@C, XPS was used to analyze the composition of the
degraded and regenerated cc/Fe3O,@C. Figure 8 is the Fe 2p3) spectra and Cls spectra. The iron
element exists as Fe?*(710.4 eV) and Fe?*(711.7 eV), and the ratio between them is 60:40 before the
degradation. After the 7th degradation, the ratio of Fe?* and Fe3* decreases to 41:59, which corresponds
to the decrease of catalytic activity and the prolonged degradation time. By subjecting the catalyst
to the first regeneration treatment, the catalyst’s proportion of Fe?* in the catalyst comes back to
61%. When measured by the amount of Fe?*, it can be considered that the catalytic activity can be
restored to the equivalent level. Amorphous carbon can be obtained with glucose as a carbon source
by a high-temperature solvothermal method, which can exert a reducing effect to convert Fe3* to Fe?*
and thereby ensure the stability of cc/Fe;O0,@C.

(a) Cls Before degradation (b)
Polar groups:59%

After degradation

Fe''  Fe'':41%

After degradation
Polar groups:33%

Intensity(a.u.)
Intensity(a.u.)

Regeneration Regeneration

Polar groups:54% § E , Fe'':61%
280 282 284 286 288 290 292 294 704 706 708 710 712 714 716 718 720
Binding Energy(eV) Binding Energy(eV)

Figure 8. The high-resolution (a) C 1s and (b) Fe 2p XPS spectra of the fresh, the used and regenerated
CC/Fe304@C.
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3. Experimental

3.1. Preparation of Carbon-Coated Iron Oxide Fenton-Like Catalyst

The iron-based catalyst was prepared by electrochemical deposition through a three-electrode
system, among which carbon cloth served as the working electrode. Simultaneously, Pt foil and
Ag/AgCl were the counter electrode and reference electrode, respectively. Ferric nitrate solution
(0.12 mol/L) was regarded as the electrolyte to provide the iron. After electrodepositing 20 min,
the carbon cloth covered with iron oxide was rinsed repeatedly in deionized water and dried in air.

Carbon-coated iron oxide catalyst was prepared via ethanol solvothermal method with glucose as
carbon source. 2 cm? iron oxide catalyst supported by carbon cloth, 0.5 g glucose, and 40 mL solvent
(volume ratio of ethanol and deionized water is 7:1) were added into the PTFE liner in turn, the reaction
was carried at 160 °C for 12 h. And then, the sample was cooled to room temperature, rinsed repeatedly,
and dried in air. In the regeneration experiments, the operation of each carbonization treatment was
the same as above.

3.2. Characterization Methods

The phase composition of carbon-coated iron oxide Fenton-like catalysts was detected and
analyzed by X-ray diffraction (XRD, Cu Ka, A = 0.15406 nm, Rigaku D/max-yB diffractometer, Tokyo,
Japan). The samples’ surface morphologies were determined by scanning electron microscopy (Helios
Nano Lab 600i SEM, Hillsboro, OR, America). X-ray photoelectron spectroscopy (XPS, Al K« radiation
at 1486.6 eV) was used to determine the chemical composition, valence state, and content of elements
on the sample surface (PHI 5400 ESCA, Waltham, MA, America).

3.3. Catalytic Performance Test

The degradation experiment was carried out at T = 303 K, the pH of the phenol solution
(35 ppm) was adjusted to 4 with H,SO,4 before degradation. The catalyst and 6.0 mmol/L H,O, were
immersed in the phenol solution in turn for degradation. The phenol concentration was measured with
4-aminoantipyrine at 510 nm on a UV/Vis spectrophotometer (Lambda XLS, PerkinElmer, Waltham,
MA, America). And the concentrations of total irons leaching from the catalysts was evaluated by the
1,10-phenanothroline method. Total organic carbon (TOC) values were obtained using an Multi NIC
3100 total organic carbon analyzer (Analytik Jena, Jena, Germany) when the degradation of phenol
degradation was 30 min and 40 min, respectively. HO, concentration was determined by adding
1 mL of a 0.5 M H,SOy solution and 0.1 mL of TiO(SO4) (15 wt. % in diluted H,SOy) to 1 mL of the
liquid sample and measuring the respective absorbance at 405 nm by UV-Vis spectrophotometer (V-560,
JASCO, Tokyo, Japan).

To measure the catalyst’s cyclic stability, it was washed after each degradation with deionized
water, and then the degradation test was repeated under the same conditions. After repeating a
certain number of tests, the catalyst was regenerated through the ethanol solvothermal method. The
regeneration performance was evaluated by the time required for the degradation rate around 80 % in
each degradation process.

4. Conclusions

In summary, an amorphous carbon-coated iron oxide Fenton-like catalyst was synthesized
successfully on a carbon cloth through a two-step method of electrodeposition and ethanol solvothermal
treatment. The catalyst’s composition and structure, catalytic activities and regenerated performance
have been investigated, and the following conclusions are drawn as follows:

(1) Glucose works as a carbon source during the ethanol solvothermal treatment, which both
transforms Fe, O3 into Fe;Oy, through reduction effect, and coats on FezOy in a flaky cross-linked
network structure with polar C-groups.
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(2) The cc/Fe;04@C shows excellent catalytic activities, the removal rate of 35 ppm phenol reaches
84% within 35 min when HyO; is 6 mmol and pH is 4. The degradation process corresponds to
the first-order kinetic curve (k = 0.0498 min~!). The catalysts present the enhanced cycle stability.
Although the degradation time is prolonged to 120 min, the removal rate is still around 80 % in
the 14th cycle.

(3) Ethanol solvothermal treatment with glucose as carbon source for the used catalysts can realize
the regeneration. The kinetic constants of the first two regenerated catalysts are consistent with
that of the fresh one. However, the last two regenerations’ constant is lowered to half of the
original, which may originate from the inevitable iron oxide loss.

(4) The formation of the amorphous carbon layer on catalysts’ surface determines the enhanced cycle
stability and regenerative performance. The carbon layer makes the consumed Fe?* replenished
in time by reducing the Fe3* while cutting back the iron leaching. Besides, polar C-groups of
the carbon layer are conducive to the adsorption of phenol and H,O,, further promoting the
catalyst’s degradation performance.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/12/1486/s1,
Figure S1: Total iron dissolution of cc/Fe;O3 and cc/FesO4@C, Figure S2: Cyclic stability of cc/Fe;O3, Figure S2:
SEM image of cc/Fe,Os: (a) before degradation, (b) after 1st degradation, Table S1: EDS of iron oxide catalyst
before and after carbon-coated.
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