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To solve the complex processes for the treatment of the wastewater generated from hydrogen peroxide (H2O2)
production and the defects of traditional Fenton reaction, a novel Fe-Cu/ceramic composite was synthesized by a
combustion method and applied as a photo-Fenton catalyst for the degradation of the wastewater under visible-
light irradiation. The enhancement of visible-light absorption, effective separation of electron hole pairs and
stronger redox capacity of Fe-Cu/ceramic could be attributed to the surface electric field and far-infrared
properties of the ceramic, thus greatly promoting its catalytic activity compared to bare Fe-Cu. Under opti-
mized conditions (pH = 5, 50 mM of HyO5, and 4.0 g L ! of Fe—Cu/ceramic catalyst), the COD removal rate of
the wastewater achieved 96.5% within 3 h. In addition, the increased concentration of dissolved oxygen and the
smaller water clusters induced by surface electric field and far-infrared ray were also beneficial for the degra-
dation of pollutants. The excellent reusability could be attributed to the uniformly anchored bare Fe-Cu with
Fe-O-Al and Cu-O-Al bonds, which reduced the leaching of metal ions. This work provides a new idea for the
treatment of practical wastewater with high-efficient natural mineral-based catalysts, which possess unique

performance.

1. Introduction

Hydrogen peroxide (H205) is a common eco-friendly chemical,
which has been widely used in bleaching, wastewater treatment, textile
industry, electronics industry, and chemical synthesis [15]. There are
many methods to produce Hy0,, including direct synthesis [14], pho-
tocatalysis [45], and anthraquinone [9]. Among them, consecutive hy-
drogenation and oxidation of anthraquinone are the most mature
production technologies due to the advantages of low investment, high
yield, and simple operation. However, a large amount of wastewater was
produced in this process, including working liquid washing water, hy-
drogenation tower condensate, and white soil bed wastewater regener-
ation [27]. The wastewater mainly contains residual HyO5, C9-C10
arene, 2-ethyl anthraquinone, and hydroazidation degradation prod-
ucts. These organic compounds are insoluble in water, existing as oil in
wastewater, with light orange color and strong aromatic taste [10]. The
wastewater with complex chemical composition, high oxygen demand,
and poor biochemical performance is difficult to be separated and
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degraded, which will cause great harm to the human body and the
environment without efficient treatment.

At present, the methods for the disposal of the wastewater generated
from Hy0, production include membrane treatment, biological
decompression distillation, catalytic oxidation, etc. However, a single
method is difficult to effectively treat the wastewater, and a combina-
tion of two or more techniques is often required. According to the
characteristics of the wastewater, Fenton disposal process is usually
selected for its advantages of simple operation, low operating cost, and
environmental friendliness. Nevertheless, the traditional Fenton reac-
tion has some inherent disadvantages, including narrow working pH
conditions, low utilization efficiency of HyOo, incomplete degradation of
pollutants, and the production of iron sludge [32]. Photo-Fenton
method, referring to the use of light irradiation for rapid generation of
highly active free radicals, can effectively improve the degradation ef-
ficiency of pollutants and overcome the defects of traditional Fenton
method. Thus, it is of great feasibility and significance to develop a new
photo-Fenton catalyst to treat the wastewater.
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Iron-based materials, a widely used photocatalyst, exhibit excellent
magnetic recovery, visible-light response, and good photochemical
stability [46]. However, iron-based nanoparticles exhibit low electron
transfer rate, high charge recombination rate [19], and low Fe3*/Fe?*
conversion rate [7], which greatly limit the practical application.
Doping is commonly used to overcome these shortcomings [20]. It has
been found that the composites exhibit stronger visible-light response,
more oxygen vacancies, narrower band gaps, and faster electron transfer
rates by doping Cu [5], Mn [21], or Ce [13] into iron-based materials.
Among them, Cu and its oxides are narrow-bandgap semiconductors,
which can absorb visible-light well. In addition, Cu?>*/Cu* has excellent
redox ability, which is similar to Fe®t/Fe?" [47]. Lietal. [18] found that
the Cu® could not only promote the reduction of Fe>* and Cu?*, but also
accelerate electron transfer between H209 and catalyst. However, bare
Fe-Cu composites are easily agglomerated and leached in reaction sys-
tem, leading to low catalytic activity and poor reusability. Accordingly,
the loading of Fe-Cu nanoparticles on a support is one of the most
common ways to solve the above problems.

Nowadays, natural minerals are applied as the supports of the nano-
catalysts, and most of them have the advantages of high thermal stability
and chemical stability, low cost, and good reusability [16]. Kaolin [41]
and zeolite [33], widely used as the supports of Fe-Cu composites, can
significantly increase the activity of the catalysts. Unfortunately, the
reported functions of the supports mainly focus on improving the
physical properties of dispersity and recoverability, while the compos-
ites are still suffered from the problems of high recombination rate and
low electron transfer efficiency. It has been proved that the surface
electric field can accelerate the separation of h'/e” and the concentra-
tion of carriers of semiconductors. Tourmaline, a borosilicate mineral,
belonging to the trigonal space group with spontaneous polarity,
far-infrared radiation, and pyroelectric properties [30]. Especially,
tourmaline particles, due to the spontaneous polarity, can generate a
surface electric field of 106~107 V/m [29]. Yu et al. [38] proved that the
surface electric field could guide the directional transfer of photo-
generated electrons to a lower the potential barrier for photo electrons
or holes to readily migrate to the surface. This can realize the rapid
separation of hole-electron pairs and retard their recombination, and
thus increase the service life of carriers. In addition, the synergy of
surface electric field and far-infrared ray can reduce the gap width,
promote the ionization of water, and increase the activity of water [30].
Ceramic is prepared from a unique natural clay, and the ceramic pre-
pared by mechanical activation [22] and bionic mineralization has
similar properties (surface electric field and far-infrared radiation) to
tourmaline. Therefore, in this study, the ceramic with the properties of
surface electric field and far-infrared ray was used as the support of
Fe—Cu bimetallic composites to prevent the aggregation of the catalysts,
change the internal structure of catalysts, and activate the water in re-
action system to improve catalytic efficiency for the degradation of the
wastewater.

Herein, ceramic-supported Fe-Cu nanoparticles (Fe-Cu/ceramic)
composite with the properties of surface electric field and far-infrared
ray was synthesized and applied as a photo-Fenton catalyst to degrade
the wastewater under visible-light irradiation. Different reaction con-
ditions for the degradation of the wastewater in Fe-Cu/ceramic + Hy05
+ Vis (visible-light) system were investigated with COD removal rate as
the evaluation index, including catalyst dosage, HoO, concentration,
reaction time, and initial pH. Based on a series of characterizations and
analyses, the effects of bare ceramics on the morphology and phase of
the composites were studied, and the reasons for improving the photo-
catalytic performance of the composites were discussed. Finally, a po-
tential photo-Fenton catalytic mechanism for the degradation of the
wastewater was also proposed.
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2. Experimental method
2.1. Materials

The wastewater generated from Hy0, production was supplied by
Lanzhou Taibang Chemical Technology Co., LTD. (Lanzhou, China). The
COD content of the wastewater was 4035 mg L, the initial pH was 5,
and the concentration of residual H,O5 was 0.042 mol L. Ceramic was
supplied by Kangyisheng Pottery Manufacture Co., LTD. (Qinzhou,
China). Ammonium ferrous sulfate, copper acetate, potassium dichro-
mate, sulfuric acid, silver sulfate, iron nitrate, copper nitrate, citric acid,
and hydrogen peroxide were supplied by Tianjin Damao Chemical Re-
agent Company, China. The purity of all chemicals was analytical grade,
without other purification.

The main chemical composition of the ceramic is shown in Table S1.
The contents of Si, Al, Ca, Fe, and K in the ceramic were 56.7%, 17.0%,
11.3%, 5.7%, and 3.8%, respectively. The main mineral structures of the
ceramic are shown in Fig. S1, indicating that the ceramic mainly con-
tained SiO4, FeoO3, CaAlySizOg, and other components. The far-infrared
emissivity (8-14 pum) of the ceramic was 0.957, and the surface electric
field intensity calculated by the reported method [39] was 7.932 x 107
V/m.

2.2. Preparation of Fe-Cu/ceramic composites

A combustion method was used for the synthesis of Fe-Cu/ceramic
composites [6]. In a typical preparation experiment, 0.5 g of Cu
(NO3)2.3 H20, 0.845 g of Fe(NOs3)3.9 Hy0, and 1 g of ceramic were
dissolved in 30 mL of deionized water, and then 1 g of Cu(CH3C0O0),.2
H50 and a certain amount of citric acid were added into the above so-
lution and stirred for 2 h at 95 °C to form sticky gel. Then, the sticky gel
was dried at 80 °C and ground into powder. Subsequently, the powder
was calcined for 2 h at 400 °C in a tubular furnace under nitrogen at-
mosphere at a heating rate of 5 °C min . Finally, the Fe-Cu/ceramic
composite with a mass ratio of CuFes04:Cu(CH3COO)».2 HyO:ceramic of
1:2:2 was obtained. The Fe-Cu/ceramic composites and bare Fe-Cu
samples with different proportions were also prepared for comparative
study in the same way.

2.3. Characterizations

The X-ray diffraction (XRD, Rigaku, Tokyo, Japan) with a Cu-Ka (A =
0.154 nm) source was used to measure the crystal phases of different
composites. The Voltage, current, and 26 ranging were held at 40 kV, 30
mA, and 5-80°, respectively. The surface morphologies of the samples
were observed using an S-3400 N scanning electron microscope (SEM,
Hitachi, Japan) operated at 15 kV. The surface chemical composition
and elements states were characterized by X-ray photoelectron spec-
troscopy (XPS) on an ESCALAB 250Xi spectrometer (Thermo Scientific,
X-ray Al Ko, 1486.8 eV, USA). The surface chemical bonds were detected
by Fourier transform infrared (FT-IR) spectroscopy (Thermo, USA). Ny
adsorption—desorption isotherms of the samples were determined using
a nitrogen adsorption instrument (ASAP 2460). The specific surface area
and pore size distribution of the samples were calculated by BET method
and BJH method, respectively. The PPMS-9 vibrating sample magne-
tometer (VSM, Quantum Design, —20-20 kOe, USA) was used to deter-
mine the magnetism of the samples. The UV-Vis diffuse reflectance
spectra of the samples were measured by a spectrophotometer (UV-
3600, Shimadzu Corporation, Japan). The electron spin resonance (ESR)
of the samples were measured by a A300 10/12 spectrometer (Bruck
AXS Company, Germany). Electrochemical impedance spectroscopy
(EIS) and cyclic voltammetry (CV) were determined by an electro-
chemical workstation (Princeton University Applied Research 4000 +).
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2.4. Experimental procedure

Batch photo-Fenton experiments were carried out in 50 mL round-
bottomed glass test tubes, and the specific operations were as follows:
a certain amount of catalyst and HyO5 (30%) were imported into 30 mL
of the wastewater, and then the mixture was transferred to photo-
catalytic equipment for reaction. The initial pH of the reaction solution
was adjusted by HCl and NaOH. The source of visible-light was a 500 W
xenon lamp (CELLB70, Beijing Zhongjiao Jinyuan Technology Co., LTD,
China), with a filter that could filter ultraviolet rays below 420 nm,
equipped with circulating water to keep the temperature of the outer
wall chamber at 25 °C. The light intensity was 1000 W m™2. The COD
value of the solution at a certain time interval was determined by mi-
crowave digestion method, and the catalyst was recycled by an applied
magnetic field and dried directly without any other treatment for the
next cycle. All experimental results were the average of three experi-
ments with an error of less than 5%.

3. Results and discussion
3.1. Structure and morphology characterizations

The crystalline phases of bare ceramic, bare Fe-Cu, and Fe-Cu/
ceramic composites were measured by XRD analysis, as presented in
Fig. 1a. The bare ceramic was mainly composed of SiO, and CaAl,Si»Og
crystal phases. The diffraction peaks at 20 = 35.6° (311), 43.1° (400),
57.1° (511), and 62.7° (440) matched well with the face-centered cubic
CuFe04 phase (JCPDS No0.85-1326). The peaks at 26 = 43.3° and 50.4°
corresponded to the (111) and (200) planes of face-centered cubic
metallic Cu® (JCPDS 85-1326), revealing the good crystallinity and high
purity of Fe—Cu/ceramic [2]. The diffraction peak at 26 = 50.4° and
43.1° were the characteristics of Cu®, indicating the coexistence of
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CuFe,04 and Cu’. Noteworthy, the (400) crystal plane of CuFe;04 in
Fe-Cu/ceramic composite exhibited a slightly negative shift to lower
diffraction angle, which may be ascribed to the formation of new sub-
stances by the doping of Al or other elements of the ceramic into the
lattice of CuFe;Qy4. The results show that the bare Fe-Cu and ceramic in
Fe—Cu/ceramic composite were not just a simple physical combination.

The FT-IR spectra of bare ceramic, bare Fe-Cu, and Fe-Cu/ceramic
(Fig. 1b) were applied to determine the functional groups. The fre-
quency bands at 3440 and 1620 cm™ were attributed to bending O-H
stretch mode and H-O-H mode. Fe-Cu/ceramic composite appeared
obvious red shift at 1580 cm™, ascribed to a slight vibration of lattice
oxygen caused by the formation of new bonds between Fe-Cu and
ceramic. This can be conducive to the absorption of visible-light. For the
bare Fe-Cu sample, the peaks at 565 and 692 cm™! were related to the
stretching vibration of Fe-O bond. The stretching vibration of Si-O-Si
bond could be observed at 1090 cm™. In addition, the absorption in-
tensity at 457, 795, and 1090 cm™! increased, which is resulted from the
increase of group polarity induced by the surface electric field of ceramic
[45]. Noteworthy, the new absorption peaks at 611 and 692 cm™t may
be caused by the formation of metal bonds between bare Fe-Cu and bare
ceramic.

Specific surface area and pore structure are two important factors
affecting the activity of catalysts [17]. The Ny adsorption-desorption
isotherms and pore size distribution plots of bare Fe-Cu, ceramic, and
Fe—Cu/ceramic are displayed in Fig. 1c, and the corresponding param-
eters are presented in Table S2. The isotherms of all samples were type
III adsorption branch with a type H3 hysteresis loop, revealing the
mesoporous structure [24]. This indicates that the samples presented
multilayer adsorption [1], which was consistent with the SEM result.
Compared to ceramic and bare Fe-Cu, the Fe-Cu/ceramic composite
exhibited the highest specific surface area (19.2 m? g1), largest pore
volume (0.106 ¢cm® g’l), and smallest average pore diameter (20.6 nm).
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Fig. 1. (a) XRD patterns, (b) FT-IR spectra, and (c) N, adsorption-desorption isotherms and pore size distribution plots of bare ceramic, bare Fe-Cu, and Fe-Cu/
ceramic; (d) magnetic hysteresis curves of bare Fe-Cu and Fe-Cu/ceramic (inset shows the separation of Fe—Cu/ceramic composite from the solution by a magnet).
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The improvement of specific surface area could be attributed to the
uniform dispersion of Fe-Cu nanoparticles and the increase of pore
volume in ceramic, while the increase of pore volume was due to the
accumulation of ceramic pieces and the pores formed by the pyrolysis of
sol-gel. The high specific surface area and favorable pore structure will
be beneficial for the migration and degradation of target pollutants [36].

Magnetic properties are significant for the recycle of the catalyst

Wt%
(@) 59.07
Al 5.44
Si 28.02
Fe 1.34
Cu 6.13

Element
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[42]. Fig. 1d shows the magnetic hysteresis of bare Fe-Cu and
Fe—Cu/ceramic composite at room temperature under an applied mag-
netic field of 2 T. The saturation magnetization (Ms) of bare Fe-Cu was
18.2 emu g L. After introducing non-magnetic ceramics, the Ms of the
Fe-Cu/ceramic composite decreased to 7.83 emu g !. The residual
magnetization (0.186 emu g'l) and coercivity (0.0200 Oe) of
Fe-Cu/ceramic composite were not obvious, indicating that

Fig. 2. SEM images of (a) bare ceramic, (b) bare Fe-Cu, and (c, d) Fe-Cu/ceramic composite; (e¢) EDX and element (O, Al, Si, Fe, and Cu) mappings of Fe-Cu/ceramic.
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Fe—Cu/ceramic composite had superparamagnetism, which is conducive
to the separation and treatment of catalyst from the reaction system.
The morphologies of bare ceramic, bare Fe-Cu, and Fe-Cu/ceramic
were observed by SEM. As shown in Fig. 2a, the bare ceramic was
comprised of smoothly stacking sheet. The smooth layer was parallel
with single crystal, which is favorable to the uniform dispersion and
loading of Fe—Cu nanoparticles. The bare Fe-Cu nanoparticles exhibited
serious agglomeration, distributing with tightly packed spherules on the
surface (Fig. 2b). As the loading of Fe—Cu nanoparticles on the ceramic,
the auricular-shaped and petal-like nanosheets were spatially inter-
connected and vertically grew on the surface of the ceramic, thus
exposing abundant edges and sharp corners (Fig. 2c). The decrease in
the size of Fe—Cu particles is related to the regulation of surface electric
field [23]. The unique morphology of Fe-Cu/ceramic can provide
abundant active sites for rapid electron transfer between the catalyst and
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H50,. Moreover, this is also beneficial to the reflection of light and the
increase in residence time and utilization rate, resulting in the
improvement of photocatalytic efficiency. The element mapping images
(Fig. 2e) clearly revealed the uniform distribution of O, Al Si, Fe, and Cu
species in the Fe-Cu/ceramic. Additionally, the atomic contents of O, Al,
Si, Fe, and Cu species were 59.07%, 5.44%, 28.02%, 1.34%, and 6.13%,
respectively.

3.2. Surface element composition analysis

The surface element composition of Fe-Cu/ceramic and bare Fe-Cu
were elucidated by XPS analysis. Six elements (C, O, Fe, Cu, Al, and Si) of
the Fe-Cu/ceramic composite could be observed in the full-scan XPS
spectrum (Fig. 3a). The O 1s spectrum (Fig. 3b) of Fe-Cu/ceramic could
be fitted to 533.7, 531.9, 530.9, and 529.3 eV, corresponding to O-H,
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Fig. 3. XPS spectra of (a) survey, (b) O 1, (c) Cu 2p, (d) Fe 2p, (e) Al 2p, and (f) Si 2p for bare Fe-Cu and Fe-Cu/ceramic.



Z. Hong et al.

Si-O, Fe-0, and Cu-O, respectively [3]. Compared with bare Fe-Cu, the
increased strength of hydroxyl peak of the composite was attributed to
the introduction of ceramic with rich hydroxyl groups. The increase of
surface hydroxyl groups could enhance the mass transfer between the
catalyst and pollutants and efficiently activate HyO, to produce more
reactive radicals [6]. In Cu 2p spectrum (Fig. 3c), the peaks at 932.72
and 934.29 eV were ascribed to Cu® and Cu®*, respectively, further
confirming the coexistence of cu?t and cu® in Fe—Cu/ceramic [5].

For Fe 2p spectrum (Fig. 3d), Fe 2p3/» could be divided into four
different peaks. Among them, the peaks at 710.62 and 711.9 eV corre-
sponded to Fe®* octahedral species and Fe>* tetrahedron species, and
those at 709.52 and 713.7 eV corresponded to Fe?" octahedral species
and the high spin Fe?t [11]. Noteworthy, the Cu 2p and Fe 2p peaks in
Fe—Cu/ceramic composite showed a positive shift, which may be caused
by the new chemical bonding between Fe-Cu and ceramic. To further
compare the chemical coordination between ceramic and Fe-Cu in
Fe—Cu/ceramic, the Al 2p and Si 2p spectra of Fe-Cu/ceramic and bare
Fe-Cu were investigated [40]. As shown in Fig. 3e, a new peak appeared
at 77.3 eV in Al 2p spectrum of Fe-Cu/ceramic, while almost no dif-
ference in Si 2p spectrum (Fig. 3f), suggesting that the formation of
Fe-0O-Al and Cu-O-Al bonds between Fe—Cu and ceramic [6]. The XPS
result demonstrates that Fe-Cu and ceramic were bound by chemical
bond, which was conducive to reduce metal leaching and increase the
reusability of Fe-Cu/ceramic composite.

3.3. UV-vis diffuse reflection spectrum and electrochemical
characterization

The optical absorption properties of different samples were studied
by UV-Vis diffuse reflectance spectrum (DRS). As shown in Fig. 4a, the
bare ceramic exhibited low light absorption in the full wavelength
range, which was related to its diffuse reflection [6]. Compared with
bare Fe-Cu, the absorbance intensity of Fe-Cu/ceramic presented a
significant enhancement in the visible-light region range, and the
highest absorption point showed a redshift from 480 to 582 nm. The
enhancement of absorption intensity is ascribed to that the unique
auricula-like structure of the composite increased the light reflection
and made full use the light source. The redshift of absorption edge is due
to that the ceramic with surface electric field could induce electron
polarization and reduce the gap [44]. Moreover, the bandgap of the
samples was calculated by using Kubelka-Munk function. The bandgap
of Fe—Cu/ceramic was about 1.31 eV, lower than that of bare Fe-Cu
(1.61 eV), indicating that Fe—Cu/ceramic could generate more inter-
mediate energy levels and more active species per unit time [12].
Therefore, the Fe-Cu/ceramic catalyst showed wider and better ab-
sorption in the visible-light region, attributed to the synergistic effect of
Fe—Cu and ceramic, thus improving the photocatalytic activity.

The electron transfer ability and Fe3*/Fe?* redox ability of bare
ceramic, bare Fe-Cu, and Fe-Cu/ceramic were explored by EIS spectra
and CV curves, and the results are shown in Fig. 4. Smaller arc radius in
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EIS map means the smaller interfacial charge transfer resistance and
higher conductivity [28]. As shown in Fig. 4b, the Rct values of
Fe—Cu/ceramic, bare Fe-Cu, and bare ceramic were 160, 346, and
754 Q, respectively. Fe-Cu/ceramic had the smallest semi arc, indi-
cating that the introduction of ceramic contributed to better charge
transfer. The electrons generated by Fe-Cu active sites were rapidly
transferred to the catalyst surface credited to the surface electric field of
ceramic under visible-light irradiation, which could effectively promote
the separation and transmission of electron holes, thus improving the
photocurrent response. Fig. 4c shows that the Ipa (oxidation peak cur-
rents) and Epa (potential) of bare Fe-Cu were 140.3 pA and 0.253 V,
respectively, and had the largest potential difference (AEp = 0.206 V).
However, the oxidation peak value increased significantly, and the
reduction potential decreased by 0.042V after the introduction of
ceramic. AEp decreased to 0.168 V, indicating that the highest redox
ability of Fe®*/Fe?t in Fe-Cu/ceramic. Consequently, the introduction
of ceramic could effectively shorten the electron transfer distance, thus
increasing the reversibility of the Fe-Cu/ceramic catalyst.

3.4. Photo-Fenton catalytic degradation performance for treating the
wastewater

3.4.1. Determination of optimum proportion

The COD removal rates of the wastewater catalyzed by the Fe-Cu/
ceramic composites with different proportions (CuFey04:Cu
(CH3CO0O0),.2 HyO:ceramic) were investigated. As shown in Fig. 5a, the
Fe-Cu/ceramic composite with the mass ratio of 1:2:2 exhibited the
excellent COD removal rate (91.3%), higher than those with the ratio of
1:1:1 (86.6%) and 1:5:5 (85.7%). The COD removal rate showed a trend
of rising first and then falling with the increase of the CuFe,04 loading
ratio, which could be attributed to the agglomeration of Fe-Cu active
components, leading to the decrease of active sites and adsorption ca-
pacity. Furthermore, the COD removal rate data of the wastewater
catalyzed by different catalysts were fitted by pseudo-first order kinetic
model, and the reaction rate constant (k) values were calculated. As
shown in Table S3, the k value of Fe—-Cu/ceramic (1:2:2) + Hy04 + Vis
system was 0.1675 h™ %, which was fitted well with the pseudo-first
order kinetic model. Fig. 5b presents the degradation of the waste-
water in different systems. The adsorption of catalyst played a major role
without light source. The degradation efficiency of the wastewater in
Fe—Cu/ceramic (1:2:2) 4+ Hy02 + Vis system was 91.3%, much higher
than other systems.

The size of water clusters is usually expressed by the half peak width
of 170 NMR, and the smaller half peak width indicates the smaller water
clusters [35]. The smaller water cluster implies the higher activity,
which is more favorable for the photocatalytic reaction. As presented in
Fig. 5d and e, the half peak width of 170 NMR changed from 70.83 to
47.49 Hz after treated with Fe-Cu/ceramic composite, indicating the
reduction in the size of water clusters in the reaction system. Moreover,
the concentration of dissolved oxygen in pure water increased from 3.33
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Fig. 4. (a) UV-vis DRS (inset: band gaps), (b) EIS spectra, and (c) CV curves of bare ceramic, bare Fe-Cu, and Fe-Cu/ceramic.
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to 5.98 mg L7! after treated with Fe-Cu/ceramic for 3 h (Fig. 5¢). As a
result, the Fe-Cu/ceramic composite with a ratio of 1:2:2 exhibited good
catalytic activity in HpO, activation. It may be explained as following
cases: (1) the introduction of ceramic increased the specific surface area
and pore volume of the composites, providing more active sites; (2) the
rich surface hydroxyl of ceramic could not only promote the decompo-
sition of Hy0,, but also enhance the mass transfer between pollutants
and catalyst; (3) the surface electric field and far-infrared properties of
the ceramic could reduce the size of water clusters, contributing to high
diffusion force, activity, and oxygen content, which are conducive to the
migration of target pollutants and the generation of superoxide radicals
[37].

3.4.2. Effect of reaction conditions on COD removal rate

The degradation rate is closely related to the catalyst dosage. As
shown in Fig. 6a, when the amount of catalyst increased from 0.5 to
4 g L7}, the COD removal rate of the wastewater increased from 47.7%
to 94.4%. However, when the catalyst dosage continued to increase, the
COD removal rate was slightly improved, ascribed to that there were
already enough catalytic sites and excessive catalyst might capture and
consume active free radicals. Therefore, the catalyst dosage for subse-
quent photo-Fenton experiments were selected as 4 g L.

The degradation of the wastewater with different HoOy concentra-
tions was studied. The result (Fig. 6b) shows that the COD removal rate
of the wastewater increased rapidly from 43.7% to 94.4% with
increasing HyO9 from 0 to 50 mM. However, the degradation rate did
not increase when H,0O5 concentration increased from 50 to 200 mM,
which may result from the scavenging of radical-OH by excessive HyO2
[31] (Egs. (1) and (2)).
OH + H,0, —-O0H + H,0 (€D)]

OH +-OOH — H,0 + O, )

The influences of reaction time and initial pH on COD removal rate
are shown in Fig. 6¢ and d. Obviously, the COD removal rate increased
with the extension of reaction time, ascribed to that the more active
species were generated. The high degradation rate resulted in efficient
degradation of more pollutants. The initial pH affects the surface po-
tential of the catalyst and the leaching of metal ions. Fig. 6d shows that
the COD removal rate decreased with the increase of initial pH, and the
COD removal rate was the highest when the pH was 2-3.5. This is
because Fe?" and Cu't were easy to leach from the catalyst into the so-
lution under strong acid conditions, thus accelerated the decomposition
of Ho0». Under alkaline conditions, HyO, was easy to be decomposed as
H,0 and O, and the Fe*' and Cu?' could easily precipitate with
excessive hydroxide (OH") [4]. It is worth noting that Fe-Cu/ceramic
catalyst exhibited good catalytic activity in the pH range of 2-9.5, which
could avoid the adjustment of pH and was conducive to the repeated use
of the catalyst, realizing great significance for its practical application.

In general, the existing positive and negative ions of the actual
wastewater have positive or negative effects on the degradation effect.
The effect of typical ions (such as Mg?*t, Ca®*, Na™, CI-, SO4%", HCO5",
NOj3") on COD removal rate of the wastewater was studied under opti-
mized conditions (Fig. $2). The Mg?* and Ca®" displayed strong inhi-
bition in Fe-Cu/ceramic + Hy0, + Vis system, with COD removal rate
decreasing from 96.5% to 85.6% and 80.5%, respectively, which could
be attributed to the ionic strength effect of high valence cations [34].
There was no significant impact of the addition of Na* and NO3™ on the
degradation of the wastewater [6]. The presence of CI~ and SO4%
improved the degradation efficiency of the wastewater, which could be
attributed to the formation of Cl- and SO4-~ free radicals [8]. In addition,
the negative effect of HCO3™ on the degradation of the wastewater was
related to that the active sites of the catalyst were occupied and the-OH
radicals were quenched [25].
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3.5. Stability and reusability of the Fe-Cu/ceramic catalyst

The stability and reusability of the Fe-Cu/ceramic catalyst are
essential for its practical application. As can be seen from Fig. 7a, the
Fe—Cu/ceramic catalyst showed high stability with COD removal rate of
84.2% after successive use of 5 times. The fresh and used Fe-Cu/ceramic
catalysts were characterized by FTIR (Fig. 7d). The FTIR spectra of used
catalysts showed no obvious change compared with that of the fresh
catalyst, indicating that the catalyst was relatively stable. In addition,
the new absorption peak at 2900 cm™ corresponded to undegraded
pollutants. To further identify the stability of the catalyst, the leaching
concentrations of Fe and Cu after each cycle were monitored by an
atomic flame method (Fig. 7b and c). The highest Cu leaching concen-
tration (5.87 mg L™, making up 0.57% of total Cu amount in Fe-Cu/
ceramic) of Fe-Cu/ceramic was much lower than that of bare Fe—Cu
(61.6 mg L™, making up 5.98% of total Cu amount in Fe-Cu). In addi-
tion, the maximum Fe leaching concentration was 0.91 mg L™}, which is
lower than the United States and the European Union discharge stan-
dards (2 mg L) [18]. The element mapping images of the Fe—Cu/cer-
amic catalyst after cycle tests had no significant difference in atomic
content, further indicating the stability of the catalyst (Fig. S3). In
addition, a slight decrease in the Cu content could be attributed to ion
leaching. The relatively lower Fe leaching might be attributed to the
generation of Fe-O-Al and Cu-O-Al bonds between Fe-Cu and ceramic.
This phenomenon is well consistent with the XPS result.

3.6. Identification of the dominant radicals

To reveal the catalytic mechanism for the degradation of the
wastewater over Fe-Cu/ceramic under visible-light irradiation, different
types of radical scavengers were used to detect the active substances in

the photo-Fenton reaction system. As shown in Fig. 8b, the activities
of-OH,-O57, €, and h' generated from photo-Fenton catalytic reaction
were illuminated by the addition of 10.0 mM scavengers (IPA, BQ,
EtOH, and KI) in the reaction system, respectively. When IPA and BQ
were added, the COD removal rate significantly decreased from 96.5%
to 23.1% and 75.6%, respectively. By contrast, the addition of KI and
EtOH led to a slight decrease of COD removal rate, revealing that-OH
and-O2~ were the main reaction species in the photo-Fenton system. The
characteristic spectra of DMPO--OH and DMPO--O5 were also identified
in the reaction system after 10 min of irradiation. As shown in Fig. 8a,
DMOPO--O” signals with a strength ratio of 1:2:2:1 and DMOPO--Oy~
signals with a strength ratio of 1:1:1:1 could be observed, which further
prove that-OH and-Os were generated in the reaction system [43].
Therefore, the-OH and-O,~ were the main reactive species, and the-OH
was mainly formed by the decomposition of HyO5, while-O5~ was mainly
formed by capturing photogenerated electrons by dissolved oxygen that
increased by surface electric field and far-infrared ray.

3.7. Possible photo-Fenton reaction mechanism

The XPS analysis of fresh and used Fe-Cu/ceramic catalysts was
applied to further determine the reactive sites, and the results are pre-
sented in Fig. 9. The full-scan XPS spectrum of used Fe-Cu/ceramic had
no significant change compared with that of fresh catalyst, indicating
that the catalyst was relatively stable (Fig. 9a). In the Cu 2p spectra, the
peak area ratio of Cu®* increased from 47.4% to 56.1% (Fig. 9¢), indi-
cating the transition of Cu® to Cu>* because of the erosion of Cu® in the
photo-Fenton reaction. As shown in Fig. 9d, the peak area ratio of Fe>*
increased from 14.9% to 24.1%, indicating that more Fe?* facilitated the
decomposition of HyO, to produce more-OH. The increased ratio of Fe**
is due to the reduction of Fe*' to Fe?' by the Cu™ formed from Cu®
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erosion. As the standard reduction potential of Cu?*/Cu™ (0.17 V) is
much lower than that of Fe3* /Fe?* (0.77 V) [26], it could be proved that
Fe3* was reduced by Cu™, which further explains the increased contents
of Cu?" and Fe?*. In addition, the peak area ratio of O 1s peak at
533.3 eV decreased from 17.2% to 6.5% (Fig. 9b), indicating that the
surface hydroxylation of Fe-Cu/ceramic promoted the generation of-OH
to improve the catalytic efficiency of photo-Fenton reaction.

Based on the above results, a possible photo-Fenton catalytic
mechanism for the degradation of the wastewater over Fe—Cu/ceramic is
proposed and shown in Fig. 10. It is mainly comprised of following steps:
(1) under visible-light irradiation, the Fe-Cu/ceramic catalyst was

excited to produce e /ht pair pairs (Eq. (3)); (2) the e” rapidly migrated
to the surface of the catalyst by the action of electric field, and the Fe>*
and Cu?* were quickly reduced to Fe?* and Cu™ (Egs. (4) and (5)),
which combined with dissolved oxygen in water to form-Oy™ (Eq. 6); (3)
Cu® could serve as electron donor to reduce Fe3* to Fe?" (Eq. (7)) and be
eroded to form Cu™. The increase of Cu™ was conducive to the rapid and
stable transformation of Fe*' to Fe?", thus increasing the concentration
of Fe*™ (Egs. (8) and (9)) and generating more-OH radicals; (4) Fe3t/
Fe?* and Cu®*/Cu* showed self-cycling in the degradation process (Eqs.
(10)-(14)), which could keep the stability of the photo-Fenton reaction.
Finally,-OH and-O™ free radicals degraded the target pollutant to small
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molecules, which could be further degraded into CO, and H,O (Eq.
(15)). Compared with other catalysts, Fe-Cu/ceramic composite showed
excellent catalytic activity, ascribed to that the ceramic was beneficial
for uniform dispersion of the Fe-Cu components to increase the reactive
sites, and the special structure promoted the light absorption. The sur-
face electric field and far-infrared properties of the ceramic accelerated
the separation of € /h™ pairs and inhibited their recombination, reduced
the size of water clusters, and increased dissolved oxygen, thus pro-
moting the generation of-Oy .

Fe—Cu/ceramic + hv — ¢ + h™ 3

10

=Fe*" + e — Fe?™ @
=cu*" +¢ - =cut 5)
Oy +¢ -0y (6)
cu’ + =Fe*t » =Fe* + =cCu** )
Cu® + H)0; + H+ »=Cu" + H,0 8)
=cut + =F*" -=cu®" + =Fe*" 9)
=Fe’* + H,0, - =Fe’>* +-00H + H* (10)
=Fe’" + H,0, » =Fe’" +-OH + OH" an
=Cu* + H,0, > =Cu’* +-OH + OH" 12)
=Cuv** + H,0, » =Cu*t +-O0H + HT 13)
-O0OH -0y + H* a4
-OH +-0; + pollutant - CO, + H,0 (15)

4. Conclusion

In summary, the Fe-Cu/ceramic composites with surface electric
field and far-infrared properties were successfully synthesized and
applied for photo-Fenton catalytic degradation of the wastewater
generated from Hy0, production. The Fe-Cu/ceramic composite with
the mass ratio of 1:2:2 (CuFe;O4:copper acetate:ceramic) presented the
highest catalytic activity. Under the optimized conditions, the highest
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COD removal rate of the wastewater was 98.3%, and the effluent COD
was 68.6 mg L}, which could meet the effluent standard of the Alliance.
This might be ascribed to that the introduction of ceramic resulted in
high specific surface area and pore volume of the Fe-Cu/ceramic, thus
providing more reactive sites. Moreover, the surface electric field and
far-infrared ray of the ceramic enhanced the visible-light absorption of
Fe-Cu/ceramic, and shortened the reaction path of photo-Fenton
induced electron to generate free radicals. The Fe-Cu/ceramic exhibi-
ted great reusability due to the stable loading of Fe-Cu nanoparticles on
ceramic with Fe—-O-Al and Cu—O-Al bonds, which reduced the leaching
of metal ions. The ESR and quenching experimental results showed that
the-OH and-O5~ were the main active species in Fe-Cu/ceramic + Hy04
+ Vis reaction system. The-OH free radicals were generated by Fe3*/
Fe?" and Cu?*/Cu™ cycles, while the-O,™ radicals were mainly formed
by dissolved oxygen capturing e". This work would provide a new idea
for effective catalytic degradation of the wastewater by using natural
mineral-based composites as photo-Fenton catalyst.
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