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Abstract: It is well known that water treatment of printing and dyeing wastewaters is problematic. In
order to decompose dyes from dyestuff wastewater and convert them into almost harmless substances
for the natural environment, an easily prepared, efficient, practical, and easy-to-regenerate composite
material was produced from porous floating ceramsite loaded with cuprous oxide (PFCC). The
PFCC samples were prepared and characterized by X-ray diffraction spectroscopy (XRD), scanning
electron microscopy (SEM), and energy dispersive spectroscopy (EDS). The material was applied
for photocatalytic degradation of methyl orange (MO) in water. The results show that the maximal
degradation rate of MO was 92.05% when the experimental conditions were as follows: cuprous
oxide loading rate of 8%, PFCC dosage of 20 g/L, the reaction time of 2 h, pH value of 8, and solution
initial concentration of 30 mg/L. The degradation processes of MO fits well with the Langmuir—
Hinshelwood model in reaction kinetics, and the Freundlich model in reaction thermodynamics,

check for respectively. The degradation mechanism of MO was considered from two perspectives—one was the

updates synergetic effect of adsorption and photocatalytic oxidation, and the other was the strong oxidation
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contings China is the world’s largest country in terms of the production and consumption of
Academic Editor: Alexandru dyes, as well as the amount of dye and printing wastewater, and pollution from dyeing
Enesca wastewater is continuing to increase [1,2]. Dye and printing wastewater and dyeing

wastewater are among the most problematic industrial wastewaters. Dye wastewaters are
emitted in large volumes, and they are distinguished by high chroma and complex chemical
composition, and they are not suitable for effective biochemical degradation. The main
methods for the detection of pollutants in this type of wastewater are BOD (biochemical
oxygen demand) analysis, COD (chemical oxygen demand) analysis, determination of
organic toxic substances, and chromaticity [3,4]. Dye and printing wastewater often use
filtration, precipitation, coagulation, and physicochemical methods [5]. Photocatalytic
oxidation degradation of dye wastewater is a recent research hotspot [6,7]. Studies have
shown that using TiO;, ZnO, CdS, etc., as photocatalysts can effectively degrade organic
substances such as dyes in wastewater [8]. However, there are relatively few studies on
using cuprous oxide as a photocatalyst [9].
Cu;0 is a p-type semiconductor with a band gap of 2-2.2 eV [10]. It can absorb most
This article is an open access article  Visible light (wavelengths less than 600 nm) [11]. The theoretical photoelectric conversion
distributed under the terms and  €fficiency is 18% [12]. Moreover, CuyO has abundant sources, is non-toxic, and possesses
conditions of the Creative Commons  Special photoelectric properties, making it a potential photocatalytic material. The practical
Attribution (CC BY) license (https://  value of powders in photocatalytic applications is reduced due to their recovery problems.
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40/). studies have focused on the development of ceramic carriers with light weight and high
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activity. Porous ceramic materials possess many pores on their surfaces and inside their
structures, resulting in high porosity, excellent absorption capacity, and high specific surface
area. In particular, ceramic foams are regarded as a good candidate for simultaneously pro-
viding both aerobic and anoxic zones, due to their unique pore structure [13]. Liu et al. [14]
prepared lightweight ceramsite (density 0.80-0.90 g/cm?3) with good performance from iron
ore tailings. In general, the surface of inorganic materials is negatively charged in water
due to the presence of many hydroxyl bonds. However, the surface of bacterial cells and
organic pollutants is usually negatively charged in aqueous solution, leading to a repulsive
electrostatic interaction between cells and pollutants and carrier surfaces [15]. Surface
modification of inorganic materials with iron oxides has been extensively investigated and
proven to be effective for the removal of heavy metals [16,17] and organic contaminants
from water [18-20]. Additionally, Johnson and Logan [21] found that coating quartz with
iron oxide increased bacterial retention by 160%, relative to uncoated quartz.

The purpose of this study was to treat the anionic dye methyl orange (MO) by porous
floating ceramsite (PFC) loaded with a cuprous oxide photocatalyst. The prepared loaded
photocatalyst has many advantages. Since the density of the ceramsite after the photocata-
lyst is loaded is close to that of water, it is ensured that the ceramsite will be suspended
in the water and in full contact with the dye wastewater, and the sunlight can also be
better utilized to realize energy-saving and efficient visible light catalytic degradation of
low-concentration organic matter.

2. Materials and Methods
2.1. Required Materials and Reagents

Black porous floating ceramsite was purchased from Jiangxi Zhiqiang Ceramics Co.,
Ltd., Jingdezhen, Jiangxi, China. Its bulk density is 293 kg/m?, the cylinder compressive
strength is 1.15 MPa, the 1 h water absorption rate is 15.2%, the porosity is 60-65%, the
softening coefficient is 0.83, and the average particle size coefficient is 1.5. Copper (II) nitrate
hydrate (Cu(NO3);-3H,0) was purchased from Tianjin Fengchuan Chemical Reagent
Co., Ltd., Tianjin, China. Ascorbic acid (C¢HgOg) and Sodium hydroxide (NaOH) were
purchased from China Pharmaceutical Group Chemical Reagents Co., Ltd., Shanghai,
China. Methyl orange (C14H14N3NaO3S) was purchased from Pharmaceutical Group
Chemical Reagents Co., Ltd., Shanghai, China. Hydrofluoric acid (HF) was purchased from
Nanchang Xinguang Fine Chemical Plant. Anhydrous ethanol (C;HgO) was purchased
from Shanghai Reagent Factory No. 1. Hydrochloric acid (HCI) was purchased from
Nanchang Ganjiang Muriatic Acid Chemical Plant. All chemical reagents were analytical
reagents and were not purified further.

2.2. Characterization and Testing of Samples

The phase of the sample was characterized by an X-ray diffraction analyzer (XRD,
DX-2700B, Danton fangyuan Instrument Co., Ltd., Wenzhou, China). Samples were charac-
terized by scanning electron microscopy (SEM, KYKY-EM3900M, Shanghai Zhouyi Instru-
ment Equipment Co., Ltd., Shanghai, China). The pH in the solution was determined by the
pH meter (pHS-3C, Shanghai Zhiguang Instrument Co., Ltd., Shanghai, China). The con-
centration of methyl orange solution was determined by a UV-Visible spectrophotometer
(UV 5100B, Shanghai Metash Instrument Co., Ltd., Shanghai, China).

2.3. Synthesis of Cu1,0

Cu,0 was prepared by chemical coprecipitation [22]. The reaction involved is shown
in the reaction Equations (1) and (2). First, 120 mL of 0.5 mol/L Cu(NO3);, solution and
240 mL of 1.5 mol/L NaOH solution were mixed in a beaker and stirred by magnetic force
for 30 min. Then, 300 mL of 0.1 mol/L ascorbic acid solution was slowly added to the
prepared mixed liquid drop by drop and again stirred for 30 min. Then, the brick red
precipitation was formed. After centrifugation, the remaining solid was cleaned several
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times by ethanol and deionized water and then dried in a vacuum at 60 °C for 8 h to obtain
a brick-red powder.

Cu(NO3),-3H,0 + 2NaOH — Cu(OH), | + 2NaNOj; + 3H,0 )
ZCU(OH)z + C6Hgo6 — Cu2O + C6H606 + 3H20 (2)

2.4. Preparation of Porous Floating Ceramsite Loaded with Cu,O

Hydrofluoric acid can react with silica originated from floating ceramsite, which can
be used to treat floating ceramsite and make them loose and porous on their surface. The
reaction process is shown in the chemical Equation (3). Then, the ceramsite was washed to
neutral by water.

SiO; + 4HF — SiF4 + 2H,0 (©)]

We weighed 100 g of floating ceramsite and put it in a plastic cup. Then, we added
the proper amount of distilled water and 100 mL of HF, which caused the porosity of
the ceramsite surface to increase. Then, the treated ceramsite was dried at 100 °C and
preserved. A certain amount of dried ceramsite was put into the beaker. After that Cu,O
was combined with a small amount of anhydrous ethanol. They were stirred slowly for
about 0.5 h and dried in a vacuum drying oven for about 8 h. Because Cu,O is easily
oxidized to copper oxide slowly in humid air, the formation of CuO can be prevented by
isolating the air source. Anhydrous ethanol could be a great choice. Finally, the last product
was marked as PFCC.

2.5. Evaluating the Degradation Effect of MO
The degradation rate (77) of MO can be expressed by Formula (1).

g = COC_O € % 100% )

where C and C represent the concentration of MO before and after degradation, respec-
tively (mg/L).

The expression of photocatalytic kinetics can often be expressed by the Langmuir—
Hinshelwood model, as shown in Formula (2) [23]. When these conditions are satisfied at
the same time, which is KC < 1, C=Cpatt=0,C=Catt =t, Equation (5) can be simplified.

dc k,KC dc C
r__E_lJrKC:H__E_erC(KC << 1):>—1n(co)—k1t ©)

where r is the rate of reaction (mg/(L-min)), k; is the limiting rate constant of reaction
at maximum coverage under the given experimental conditions (mg/(L-min)), K is the
equilibrium constant of the reactant (L/mg), and k; is the apparent first-order rate constant
(k1 = kK, min1) [24].

The degradation amount (D,) of MO by the prepared loaded photocatalyst can be
expressed by Equation (3). Moreover, the Langmuir and Freundlich models [25] are used
to fit the results of isothermal degradation of dyes as shown in Formulas (4) and (5).

C—-QC)V
p, = OV ©
m
C G 1
He_ Dy +DmKL (7)
InD, = %IHCE‘FIHK}: (8)

where V is the volume of MO solution (L), m is the mass of photocatalyst (mg), C is
the concentration at which MO is degraded to equilibrium (mg/L), D, is the degradation
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amount of MO when it is degraded to equilibrium (mg/g), Dy, is the maximum degradation
amount of MO (mg/g), and n is the affinity of two substances. In addition, K; and K are
the thermodynamic constants of the Langmuir and Freundlich models, respectively.

2.6. Experimental Procedure for Photocatalytic Degradation of MO

Firstly, the loading rates of CuyO were considered. PFCC with loading rates of 0%, 2%,
4%, 6%, 8% and 10% was dried for sparing. The photocatalytic degradation experiments
were carried out in an MO solution of 20 mg/L. Two grams of PFCC was added to 200 mL
MO solution. The pH value of the reaction solution was 4. After 0.5 h of magnetic stirring for
the dark reaction, an 8 W (230-280 nm) fluorescent lamp was used to simulate illumination
for 1 h. The supernatant was taken and filtered with a 0.45 pm membrane for colorimetric
determination.

Secondly, we investigated what effect the dosage of PFCC had on the degradation of
MO. We selected PFCC with a Cu,O loading rate of 8% to treat the MO solution. PFCC
dosages of 5, 10, 15, 20, and 25 g/L, respectively, were employed. While keeping the other
condition constant, the objects to be treated were treated by magnetic stirring for 0.5 h, and
then irradiated for 1 h with an 8 W (230-280 nm) fluorescent lamp as a simulated light
source. Afterward, the supernatant was filtered and determined.

Thirdly, photocatalytic time is an important factor in the degradation of MO. With a
cuprous oxide of 8% and a dosage of 20 g/L, the photocatalytic time was set to 0.5, 1, 1.5, 2,
2.5 h, respectively. In addition, the dark reaction was carried out simultaneously for 0.5 h.
After the reactions had continued for a period of time, the supernatant was filtered and
determined.

Fourthly, we considered the pH value of methyl orange solution. Ten beakers contain-
ing MO solution were divided into two groups, one for photocatalytic experiments and the
other for dark reaction experiments. The pH values of the solutions in each group were
adjusted to 2, 4, 6, 8, and 10, respectively. The photocatalytic reaction time was 2 h, and
the dark reaction time was 0.5 h. The other experimental conditions remained the same as
those described above.

Fifthly, we also investigated the influence of the initial concentration of the MO
solution on the photocatalytic effect. The initial concentration of the MO solution was
adjusted to 10, 20, 30, 40, 50 mg /L, respectively. Here, the pH value of the MO solution was
set to 8. The other experimental conditions were the same as those used in the fourth point.

3. Results and Discussion
3.1. Characterization of Various Products

The XRD patterns of loaded ceramsite, raw ceramsite, and cuprous oxide are shown
in Figure 1. The diffraction peaks of cuprous oxide were 36.40°, 42.28°, 61.36°, and 29.54°,
which conform to the known PDF #78-2076 card. In addition, the corresponding crystal
plane indices were (111), (200), (220), and (110), respectively. In addition, the crystal
belonged to the cubic system. The raw ceramsite had obvious diffraction peaks of silicon
oxide and hercynite, which were in good agreement with the PDF #77-1060 and #89-1679
cards, respectively [26]. The loaded ceramsite also had many of the same diffraction peaks
as the raw ceramsite. However, unlike raw ceramsite, the loaded ceramsite had more
redundant and stronger peaks. Although both of them had partial diffraction peaks aligned
with those of cuprous oxide, this was more obvious in the loaded ceramsite, especially at
36.40° and 42.28°. It might be that the low loading of cuprous oxide on the surface of the
loaded ceramsite resulted in the cuprous oxide having indistinct peaks.



Coatings 2022, 12, 286

50f17

Figure 1. XRD pattern of loaded ceramsite, raw ceramsite, and cuprous oxide.

The SEM images for the above three materials and PFCC after degradation of MO are
shown in Figure 2. The Cu,O crystal in Figure 2a had no other impurities, but tended to
agglomerate. Perhaps there is a lack of dispersants. The raw ceramsite in Figure 2b can
be observed to have many holes, and almost no other impurities in and around the holes.
The porosity is about 60-65%, and the pore size is 5-300 um. The PFCC in Figure 2c can be
observed to have a large number of crystalline grains in the hole and a small number of
crystalline grains and impurities around the hole. This indicates that CuyO was successfully
loaded on the ceramsite. In Figure 2d, the PFCC after degradation of MO can be observed
to still have a mass of holes. Furthermore, there are only a few impurities in the larger holes.
This indicates that after the photocatalytic reaction of the PFCC and MO, the PFCC does
not change, and the cuprous oxide maintains a good adhesion property to the suspended
porous ceramic support.

Figure 2. SEM images of: (a) cuprous oxide; (b) raw ceramsite; (c) PFCC; (d) PFCC after degradation
of MO.
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To further judge whether Cu,O was successfully loaded on PFC, the surface elements
of the ceramsite were analyzed by EDS (energy dispersive spectrometry), as shown in
Figure 3. In Figure 3a,b, the surface of PFC is filled with snowflake-like substances, high in
oxygen and copper elements. In addition, the snowflake-like substances are very densely
packed. In Figure 3c,d, there are many rod-like substances and small holes with different
depths. Elemental analysis showed that the contents of oxygen, aluminum, and iron were
very high, indicating that hercynite was indeed present. In Figure 3e,f, rod-like substances
and snowflake-like substances coexist, whereby the snowflake-like substances are obviously
dispersed on the surface of the rod-like substances. In addition, high copper content was
again found in the elemental analysis. In addition, compared with the PFCC, the copper
content decreased significantly in the PFCC after degradation of MO. Therefore, it can be
concluded that CuyO was successfully loaded on ceramsite. Consequently, it can also be
inferred that the photo corrosion phenomenon of Cu,O took place, or that the phenomenon
of partial abscission occurred in the reaction process.

Figure 3. The images of SEM and EDS: (a,b) are PFCC; (c,d) are PFC; (e,f) are PFCC after degradation
of MO.
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3.2. Effect of Cuprous Oxide Loading

In Figure 4, when increasing the loading rate of cuprous oxide, both the degradation
rate and the amount of degradation increased in the dark reaction and the photocatalytic
reaction. In the dark reaction, with the augment of the loading rate of Cu,O, the degradation
rate and degradation amount increased slowly in a wave-like manner. In addition, the
maximum degradation rate and the maximum degradation amount were 13.12% and
0.26 mg/g, respectively. Unlike in the dark reaction, when the Cu,0O loading rate was
increased in the photocatalytic reaction, the degradation rate and degradation amount
exhibited a I'-type growth mode. In addition, the maximum degradation rate and the
maximum degradation amount were 41.76% and 0.84 mg/g, respectively. When the
loading rate of CuyO was 8%, the degradation rate and the degradation amount of MO
remained almost unchanged in the photocatalytic reaction. The reason for this might be
that the accumulation of cuprous oxide particles hindered the entry of light. Furthermore,
the degradation rate and the degradation amount of MO in the photocatalytic reaction
were always higher than those in the dark reaction. Therefore, a Cu,O loading rate of 8%
was chosen as the optimal condition for subsequent experiments.

45 , . , . , . , . , . , 1.0

A
36 /A """" A 0.8
_—'A’l—l—
27 L 0.6
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Degradation amount (mg/g)

18 ---A--- Degradation amount of photocatalytic reaction 0.4
9 0.2
0 T T T T T T T T T T T 0.0
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Loading rate (%)

Figure 4. The loading rate of CuyO had an effect on photocatalysis.

3.3. Effect of PFCC Dosage

As shown in Figure 5, the degradation rate of MO increased with increasing dosage of
PFCC in both the dark and photocatalytic reactions. In the dark reaction, the amount of
MO degraded remained basically unchanged at about 0.15 mg/g with increasing PFCC
dosage. In addition, the highest degradation rate of MO was 20.96% in the dark reaction.
However, the highest degradation rate and degradation amount of MO reached 63.12% and
0.83 mg/g, respectively, in the photocatalytic reaction, wherein the maximum degradation
amount of MO first increased and then decreased with increasing PFCC dosage, and
reached its maximum value when the dosage was 10 g/L. In order to achieve a higher
degradation rate of MO, a PFCC dosage of 20 g/L was selected for subsequent experiments,
as this was the point at which the degradation rate of MO reached equilibrium.
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Figure 5. The effect of PFCC dosage on photocatalysis.

It can be seen that starting from the dosage of 20 g/L, even if the dosage is increased,
the loaded ceramsites pile up and collide with each other during the photocatalytic degra-
dation process, which may affect the scattering of light and may hinder the photocatalytic
degradation of methyl orange. When the other conditions remained unchanged, a 5 g/L
increase in dosage increases the treatment efficiency by <2%. From the perspective of
saving costs and reducing resource waste, we selected a dosage of 20 g/L. Ceramsite was
loaded with a load rate of 8% to achieve the best dosage.

3.4. Effect of Reaction Time

The degradation rate and the degradation amount of MO increased with the pro-
longation of photocatalytic reaction time, as shown in Figure 6. Moreover, the maximum
degradation rate and the maximum degradation amount of MO were 88.16% and 0.88 mg/g,
respectively, at a reaction time of 2 h. However, the degradation rate and amount of MO
after 0.5 h of dark reaction were 19.60% and 0.20 mg/g, respectively, values which were
lower than those obtained after photocatalysis for the same amount of time. Finally, the
photocatalytic reaction time of 2 h was determined to be the optimal photocatalytic reaction
time, because this is the point at which the degradation rate and the amount of MO basically
reached equilibrium.
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Figure 6. The effect of reaction time on the degradation of MO.
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3.5. Effect of Solution pH

Figure 7 shows that the degradation rate of MO increased slowly in the dark reaction
with increasing pH of the solution. In addition, the maximum degradation rate and
degradation amount of MO were 21.76% and 0.22 mg/g, respectively. At that moment, the
pH of the solution was 8. The maximum degradation rate and amount of MO appeared at
pH 8, and were 91.76% and 0.92 mg/g, respectively. This is similar to the findings reported
in [27]. That is to say, the degradation rate and the degradation amount of MO were lower
in acidic and strongly alkaline conditions than in weakly alkaline conditions. Therefore, the
optimum value of pH was found to be 8, and this condition was employed for subsequent
experiments.
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T
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80+

1 0.8
70 &
g B
o

é 60 - —0O— Degradation rate of dark reaction =
o] —m&— Degradation rate of photocatalytic reaction 0.6 k=
s 1 ---£+-- Degradation amount of dark reaction 8
g 50 ---A--- Degradation amount of photocatalytic reaction g
g 4 =]
S 40 # r04.2
s =
2 ] E
A 307 )
i 5]
F02 A

204

10

0.0

Figure 7. Effect of pH value on degradation of MO.
3.6. Effect of Initial Concentration of MO

As shown in Figure 8, both the degradation rate and the degradation amount of
MO first increased and then decreased with an increasing initial concentration of MO,
and their maximum values were 20.69% and 0.31 mg/g, respectively. At that time, the
initial concentration of MO was 30 mg/L. Like the dark reaction, the degradation rate of
MO first increased and then decreased with increasing initial concentration of MO in the
photocatalytic reaction. Its maximum value also appeared with 30 mg/L of MO solution,
and was 92.05%. However, unlike the dark reaction, the degradation amount of MO
increased almost linearly with increasing initial concentration of MO in the photocatalytic
reaction. Therefore, the initial concentration of 30 mg/L of MO was selected as one of the
optimum experimental conditions.

It can be seen that when the other conditions were the same, the OH produced by
cuprous oxide was the same. With increasing concentration of methyl orange, the photocat-
alytic degradation efficiency of methyl orange also increased; when the concentration of
methyl orange was greater than 30 mg-L~!, with increasing initial concentration of methyl
orange, the concentration of methyl orange gradually exceeded the maximum value that
could be oxidized by OH. In the base orange solution, sufficient OH [28] cannot be formed
on the surface of cuprous oxide. Therefore, considering the degradation rate of methyl
orange and the cost of industrial processing, the optimum concentration of methyl orange
was found to be about 30 mg/L.
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Figure 8. Effect of initial concentration of MO on its degradation.

3.7. Kinetic and Thermodynamic Analysis

Figure 9 shows that the photocatalytic degradation of MO with time conformed
to the Langmuir-Hinshelwood kinetics model. The rate constant k; of the reaction is
1.186 min~!. It can intuitively be seen from Figure 10 that the degradation process of MO
in the photocatalytic reaction was more in line with the Freundlich isothermal model. The
results of Analysis of Variance (ANOVA) showed that the p values of the Langmuir and
Freundlich isothermal models were less than 0.05, at 0.036 and 0.031, respectively. This
shows that both models are well able to describe the degradation process of MO, but that
it is more in line with the Freundlich isothermal model. In addition, the corresponding
parameters were calculated using the linear equation of the adsorption isotherm models.
The results are shown in Table 1.

3.0

2.5

. y=1.186x+0.294
R’=0.9893

-In(C/C,)
1

—_
(=]
|

0.5

0.0 —
-0.5 0.0 05 1.0 15 2.0 25

t (h)

Figure 9. Fitting results of Langmuir-Hinshelwood kinetics model.
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Figure 10. Comparison of the Langmuir (a) and Freundlich (b) isothermal models for MO degradation
in the photocatalytic reaction.

Table 1. Modeling of isotherms using Langmuir and Freundlich models for MO degradation.

Isotherm Models Langmuir Freundlich
Parameters D,, (mg/g) K (L/mg) R? n Kr (mg/g) R?
Values 341 0.1808 0.8134 1.48 0.5421 0.8310

Therefore, Table 1 shows that MO molecules were more likely to be adsorbed on the
surface of PFCC to form a multi-molecular layer and then catalyzed by photocatalysts.
Because Freundlich of n = 1.48 > 1, the adsorption of MO on the surface of PFCC belongs to
preferential adsorption [29].

3.8. Discussion on the Degradation Mechanism of MO

The key experimental steps for the degradation of methyl orange are shown in Figure 11.
One of the factors affecting the rate of photocatalytic degradation is the adsorption of
substrates on the surface of catalysts. In addition, adsorption is the precondition of pho-
tocatalytic reaction [30]. Therefore, MO molecules were first adsorbed by PFC and then
adsorbed by Cu,O powders. After that, they were degraded when irradiated by visible
light.
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Figure 11. Experimental scheme for degradation of MO.

The reason the loading rate of cuprous oxide was not very high, while the degradation
rate of MO was high, can be described as follows. The color of PFC is black, which causes it
to absorb more colored light. The porous structure of PFC can concentrate light in its pores.
The photocatalytic reaction began after Cu,O absorbed the light. Moreover, the Cu,O of
the (111) crystal plane has better photocatalytic activity than other types [31].

MO mainly exhibits a quinine-type structure in an acidic environment, but an azo-type
structure in an alkaline or neutral environment [32-34], as shown in Figure 12. That research
found that MO was difficult to degrade in a strongly alkaline environment, but was more
easily degraded in an acidic environment. Our results were basically in agreement with
this. The difference was that the degradation rate of MO was the highest when the MO
solution was weakly alkaline. Therefore, the acid-base conditions of methyl orange will
affect its degradation effect.

Figure 12. Cont.
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Figure 12. The possible processes by which MO is degraded, as elaborated in [22,23,35]: (a) azo-type
structure in alkaline or neutral solution, (b) quinone-type structure in acidic solution, (c) degradation
path of MO in the presence of hydroxyl radicals.

In the primary process of photocatalysis, photogenerated electrons and holes reacted
with oxygen and hydroxyl radicals on the surface of the photocatalyst, respectively. The
latter two substances were converted into oxidative superoxide radicals and hydroxyl
radicals to participate in photocatalytic reactions [30]. The results are shown in Figure 13.
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Figure 13. Reaction of photocatalyst irradiated by visible light.

Furthermore, the theory of free radicals shows that there are three possible mechanisms

for the degradation of MO. These are as follows:
(1) Degradation mechanism of superoxide free radicals [36]:
e +0, — o0y
0, +H" — HO,e
2HO;e — O, + H,O,
H,O, + ¢O,” — ¢OH+ OH ™ + O,

H,0, +eéOH — H,0 + HO;,

HOje + ¢OH — H;O + O,
(2) Degradation mechanism of hydroxyl radicals [37]:

hv + CuyO — h*™ + e + Cu,O

OH™ +h* — HOe
H,O +ht = H" + HOe
0O, +2H,0 +2e~ — H,O, + 20H™
Cu®* + HyOp — Cu® + Oy~ e + 2H*
Cu*+ HyO, — Cu?* + OH™ + HOe
(3) Degradation mechanism of holes oxidation [38—40]:
HCOCO;™ + Hy,O <> HC(OH),CO, ™
HC(OH),CO,~ + h*, — HC(OH),CO,e
HC(OH),CO,e — HC(OH),e + CO,
HC(OH),e + h*y,, - HCO,™ + 2H*

(15)

(16)
(17)
(18)
(19)
(20)

(21)
(22)
(23)
(24)
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Although these three mechanisms perhaps exist at the same time, the degradation
mechanism of hydroxyl radicals is the most easily acceptable in the three mechanisms
mentioned above. In the process of photocatalytic reaction, adsorption is a very important
step. Adsorption is a prerequisite for photocatalytic reaction. Only the pollutant molecules
adsorbed on the photocatalyst can be further degraded. The degradation of MO with Cu,O
mainly takes place through photocatalysis, with PFC through adsorption, and with PFCC
through the combination of adsorption and photocatalysis. The maximum degradation rate
of MO in a dark reaction was only 21.76%. In addition, MO does not degrade itself [41-43].
This indicates that the photocatalytic reaction plays a dominant role, while the adsorption
reaction plays an auxiliary role.

Photocatalysts have gone through three generations [43]. The first generation of pho-
tocatalysts had a large band gap and a high probability of interfacial charge recombination,
which makes it difficult to achieve the degradation of dyes. The second generation of
photocatalysts had many advantages, but they were not suitable for industrial-scale appli-
cations. The main characteristic of the third generation of photocatalysts is the reclamation
of immobilization technology, and they will continue to be developed.

4. Conclusions

Porous floating ceramsite loaded with cuprous oxide (PFCC) was successfully pre-
pared. These materials can find suitable application as adsorbents and effective photocata-
lysts. The obtained materials were characterized by XRD and SEM including EDS.

The optimal photocatalytic conditions for the degradation of methylene orange (MO)
were as follows: the loading rate of cuprous oxide was 8%; the dosage of PFCC was 20 g/L;
the reaction time of PFCC with MO solution was 2 h; the pH of the MO solution was 8; the
initial concentration of MO solution was 30 mg/L.

Furthermore, the maximum degradation rate of MO was 92.05%. The experimental
reaction kinetics of photocatalytic degradation fits very well to the Langmuir-Hinshelwood
model. The experimental reaction thermodynamics of photocatalytic degradation is in
accordance with the Freundlich model. At the macro level, the degradation of MO is most
probably due to the synergetic effect of adsorption and photocatalytic oxidation, whereas at
the micro level, the degradation of MO occurs via production of a large number of hydroxyl
radicals in the photocatalytic process, which continuously oxidize MO, producing CO, and
H,O0.

Author Contributions: Conceptualization, Y.C.; methodology, Y.C.; software, Z.X.; validation, T.C.
and M.Y,; formal analysis, M.Y.; investigation, T.C. and H.Z.; resources, Y.C.; data curation, T.C,;
writing—original draft preparation, Z.X. and T.C.; writing—review and editing, Y.C., T.C. and Z.X;
supervision, Y.C.; project administration, Y.C.; funding acquisition, Y.C. All authors have read and
agreed to the published version of the manuscript.

Funding: This study received strong support from the National Natural Science Foundation of China
(No. 51268018) and Jingdezhen Science and Technology Bureau Project (20202GYZD013-20).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors acknowledge the support provided by National Engineering Re-
search Center for Domestic and Building Ceramics at the Jingdezhen Ceramic Institute with respect
to analytical measurements.

Conflicts of Interest: The authors declare no conflict of interest.



Coatings 2022, 12, 286 16 of 17

References

1.  Qiu,],; Feng, Y,; Zhang, X.; Jia, M.; Yao, ]. Acid-promoted synthesis of UiO-66 for highly selective adsorption of anionic dyes:
Adsorption performance and mechanisms. J. Colloid Interface Sci. 2017, 499, 151-158. [CrossRef] [PubMed]

2. Seo, D.-B.; Bae, S.-S.; Kim, E.-T. Efficient Visible-Light Photocatalysis of TiO2-6 Nanobelts Utilizing Self-Induced Defects and
Carbon Doping. Nanomaterials 2021, 11, 1377. [CrossRef] [PubMed]

3. Varnagiris, S.; Medvids, A.; Lelis, M.; Milcius, D.; Antuzevics, A. Black carbon-doped TiO2 films: Synthesis, characterization and
photocatalysis. J. Photochem. Photobiol. A Chem. 2019, 382, 111941. [CrossRef]

4. Wang, ]. Adsorption of aqueous neodymium, europium, gadolinium, terbium, and yttrium ions onto nZVI-montmorillonite:
Kinetics, thermodynamic mechanism, and the influence of coexisting ions. Environ. Sci. Pollut. Res. 2018, 25, 33521-33537.
[CrossRef]

5. Hayat, H.; Mahmood, Q.; Pervez, A.; Bhatti, Z.A.; Baig, S.A. Comparative decolorization of dyes in textile wastewater using
biological and chemical treatment. Sep. Purif. Technol. 2015, 154, 149-153. [CrossRef]

6. Holkar, C.; Jadhav, A.; Pinjari, D.V.; Mahamuni, N.M.; Pandit, A.B. A critical review on textile wastewater treatments: Possible
approaches. J. Environ. Manag. 2016, 182, 351-366. [CrossRef]

7. Lewis, D.M. Developments in the chemistry of reactive dyes and their application processes. Color. Technol. 2014, 130, 382-412.
[CrossRef]

8.  Katheresan, V.; Kansedo, J.; Lau, S.Y. Efficiency of various recent wastewater dye removal methods: A review. |. Environ. Chem.
Eng. 2018, 6, 4676—4697. [CrossRef]

9. Maucec, D.; éuligoj, A; Risti¢, A.; Drazi¢, G.; Pintar, A.; Tusar, N.N. Titania versus zinc oxide nanoparticles on mesoporous silica
supports as photocatalysts for removal of dyes from wastewater at neutral pH. Catal. Today 2018, 310, 32—41. [CrossRef]

10.  Zhou, X.; Zhang, C.; Li, Y. Time-delayed photocatalysis enhanced microbial nitrate reduction via solar energy storage in carbon
nitrides. Chem. Eng. J. 2021, 417, 127904. [CrossRef]

11. Sawant, S.S.; Bhagwat, A.D.; Mahajan, C.M. Synthesis of Cuprous Oxide (Cup;O) Nanoparticles—A Review. . Nano- Electron.
Phys. 2016, 8, 1035. [CrossRef]

12. Ye, T.; Chen, W,; Xu, H.; Geng, N.; Cai, Y. Preparation of TiO, /grapheme composite with appropriate N-doping ratio for humic
acid removal. |. Mater. Sci. 2018, 53, 613-662. [CrossRef]

13. Han, Y;; Kim, H,; Ong, M. T Characterization of stone powder sludge foams and their application to wastewater treatment: Role
of pore connectivity. Mater. Chem. Phys. 2012, 134, 26-30. [CrossRef]

14. Li, Y,; Wang, C.; Song, M; Li, D.; Zhang, X,; Liu, Y. TiO; —x/CoOx Photocatalyst Sparkles in Photothermocatalytic Reduction of
CO, with HyO Steam. Appl. Catal. B 2019, 243, 760-770. [CrossRef]

15. Lu, Y; Li, Y;; Wang, Y.; Zhang, ]. Two-photon Induced NIR Active Core-Shell Structured WO3/CdS for Enhanced Solar Light
Photocatalytic Performance. Appl. Catal. B 2020, 272, 118979. [CrossRef]

16. Gu, Z; Fang, ].; Deng, B. Preparation and Evaluation of GAC-Based Iron-Containing Adsorbents for Arsenic Removal. Environ.
Sci. Technol. 2005, 39, 3833-3843. [CrossRef]

17. Cai, T,; Liu, Y.; Wang, L.; Dong, W.; Zeng, G. Recent advances in round-the-clock photocatalytic system: Mechanisms, charac
terization techniques and applications. |. Photochem. Photobiol. C Photochem. Rev. 2019, 39, 58-75. [CrossRef]

18. Ding, C,; Yang, X.; Liu, W.; Chang, Y.; Shang, C. Removal of natural organic matter using surfactant-modified iron oxide-coated
sand. J. Hazard. Mater. 2010, 174, 567-572. [CrossRef]

19. Florent, M.; Giannakoudakis, D.A.; Bandosz, T.J. Detoxification of mustard gas surrogate on ZnO; /g-C3N4 composites: Effect of
surface features’ synergy and day-night photocatalysis. Appl. Catal. B Environ. 2020, 272, 119038. [CrossRef]

20. Mang, L.; Guang, H.X.; Xiao, D.Z. Surface modification of porous suspended ceramsite used for water treatment by activated
carbon/Fe304 magnetic composites. Environ. Technol. 2013, 15, 2301-2307.

21. Johnson, W.P; Logan, B.E. Enhanced transport of bacteria in porous media by sediment-phase and aqueous-phase natural organic
matter. Water Res. 1996, 30, 923-931. [CrossRef]

22.  Hu, D. The Preparation of Visible-Light-Responsive Photocatalyst and the Study on Its Degradation Effect on Organic Pollutants; Beijing
Jiaotong University: China, Beijing, 2007. (In Chinese)

23. Natarajan, S.; Bajaj, H.C.; Tayade, R.J. Recent advances based on the synergetic effect of adsorption for removal of dyes from
waste water using photocatalytic process. J. Environ. Sci. 2018, 65, 201-222. [CrossRef] [PubMed]

24. Li, Y. Research on Preparation and Properties of Visible-Light-Activity Photocatalyst; Dalian University of Technology: Dalian, China,
2008.

25. Muthu, S.S. Sustainable Innovations in Textile Chemistry and Dyes; Springer: Singapore, 2018.

26. Zhang, X.; Song, J.; Jiao, J.; Mei, X. Preparation and photocatalytic activity of cuprous oxides. Solid State Sci. 2010, 12, 1215-1219.
[CrossRef]

27. Lin, H. Preparation and Photocatalytic Properties of Supported Cuprous Oxide. Master’s Thesis, Ocean University of China,
Qingdao, China, 2014.

28. Alajlani, Y.; Placido, F,; Barlow, A.; Chu, H.O.; Song, S.; Rahman, S.U.; de Bold, R.; Gibson, D. Characterisation of Cu20, Cu40O3,
and CuO mixed phase thin films produced by microwave-activated reactive s puttering. Vacuum 2017, 144, 217-228. [CrossRef]

29. Rozanov, L. Kinetic equations of non-localized physical adsorption in vacuum for Freundlich adsorption isotherm. Vacuum 2021,

189, 110267. [CrossRef]


http://doi.org/10.1016/j.jcis.2017.03.101
http://www.ncbi.nlm.nih.gov/pubmed/28371674
http://doi.org/10.3390/nano11061377
http://www.ncbi.nlm.nih.gov/pubmed/34071050
http://doi.org/10.1016/j.jphotochem.2019.111941
http://doi.org/10.1007/s11356-018-3296-0
http://doi.org/10.1016/j.seppur.2015.09.025
http://doi.org/10.1016/j.jenvman.2016.07.090
http://doi.org/10.1111/cote.12114
http://doi.org/10.1016/j.jece.2018.06.060
http://doi.org/10.1016/j.cattod.2017.05.061
http://doi.org/10.1016/j.cej.2020.127904
http://doi.org/10.21272/jnep.8(1).01035
http://doi.org/10.1007/s10853-017-1509-4
http://doi.org/10.1016/j.matchemphys.2012.01.012
http://doi.org/10.1016/j.apcatb.2018.11.022
http://doi.org/10.1016/j.apcatb.2020.118979
http://doi.org/10.1021/es048179r
http://doi.org/10.1016/j.jphotochemrev.2019.03.002
http://doi.org/10.1016/j.jhazmat.2009.09.089
http://doi.org/10.1016/j.apcatb.2020.119038
http://doi.org/10.1016/0043-1354(95)00225-1
http://doi.org/10.1016/j.jes.2017.03.011
http://www.ncbi.nlm.nih.gov/pubmed/29548392
http://doi.org/10.1016/j.solidstatesciences.2010.03.009
http://doi.org/10.1016/j.vacuum.2017.08.005
http://doi.org/10.1016/j.vacuum.2021.110267

Coatings 2022, 12, 286 17 of 17

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Zhang, L.; Jin, Z.; Huang, S.; Huang, X.; Xu, B.; Hu, L.; Cui, H.; Ruan, S.; Zeng, Y.-J. Bio-inspired carbon doped graphitic carbon
nitride with booming photocatalytic hydrogen evolution. Appl. Catal. B Environ. 2019, 246, 61-71. [CrossRef]
Rodriguez-Gonzalez, V.; Obregon, S.; Patron-Soberano, O.A.; Terashima, C.; Fujishima, A. An approach to the photocatalytic
mechanism in the TiO2-nanomaterials microorganism interface for the control of infectious processes. Appl. Catal. B Environ.
2020, 270, 118853. [CrossRef]

Li, X.B.; Wang, W.W.; Dong, F; Zhang, Z.Q.; Han, L.; Luo, X.D.; Huang, ].T.; Feng, Z.J.; Chen, Z; Jia, G.H.; et al. Recent Advances
in Noncontact External-Field-Assisted Photocatalysis: From Fundamentals to Applications. ACS Catal. 2021, 11, 4739-4769.
[CrossRef]

Zhang, C.; Li, Y,; Shuai, D.; Shen, Y.; Wang, D. Progress and challenges in photocatalytic disinfection of waterborne Viruses: A
review to fill current knowledge gaps. Chem. Eng. . 2019, 355, 399-415. [CrossRef]

Farzaneh, A.; Mohammadzadeh, A.; Esrafili, M.D.; Mermer, O. Experimental and theoretical study of TiO2 based nanostruc tured
semiconducting humidity sensor. Ceram. Int. 2019, 45, 8362-8369. [CrossRef]

Xu, S.; Zhu, Y,; Jiang, L.; Dan, Y. Visible Light Induced Photocatalytic Degradation of Methyl Orange by Polythiophene/TiO,
Composite Particles. Water Air Soil Pollut. 2010, 213, 151-159. [CrossRef]

Guo, Q.; Zhou, C.Y.;; Ma, Z.B.; Yang, X.M. Fundamentals of TiO, Photocatalysis: Concepts, Mechanisms, and Challenges. Adv.
Mater. 2019, 31, 1901997. [CrossRef] [PubMed]

Zhang, Z.; Chen, X.; Zhang, H.; Liu, W.; Zhu, W.; Zhu, Y. A Highly Crystalline Perylene Imide Polymer with the Robust Built-In
Electric Field for Efficient Photocatalytic Water Oxidation. Adv. Mater. 2020, 32, €1907746. [CrossRef] [PubMed]

Rafaela, B.P.; Marcelino, C.; Amorim, C. Towards visible-light photocatalysis for environmental applications: Band-gap engi
neering versus photons absorption—A review. Environ. Sci. Pollut. Res. 2019, 26, 4155-4170.

Smazna, D.; Shree, S.; Polonskyi, O.; Lamaka, S.; Baum, M.; Zheludkevich, M.; Faupel, E; Adelung, R.; Mishra, Y.K. Mutual
interplay of ZnO micro- and nanowires and methylene blue during cyclic photocatalysis process. J. Environ. Chem. Eng. 2019, 7,
103016. [CrossRef]

Verma, M.; Haritash, A K. Photocatalytic degradation of Amoxicillin inpharmaceutical wastewater: Apotential tool to manage
residual antibiotics. Environ. Technol. Innov. 2020, 20, 101072. [CrossRef]

Liao, W.; Xu, H.; Zuo, S.; Xiao, Y.; Li, D.; Xia, D. Photocatalytic degradation of methyl orange on Cu20-g-C3N4 heterojunction
catalyst. Environ. Prot. Chem. Ind. 2018, 38, 552-558.

Abdelraheem, W.H.M.; Nadagouda, M.N.; Dionysiou, D.D. Solar light-assisted remediation of domestic wastewater by NB- TiO,
nanoparticles for potable reuse. Appl. Catal. B Environ. 2020, 269, 118807. [CrossRef]

Anwer, H.; Mahmood, A; Lee, J.; Kim, K.-H.; Park, ].-W.; Yip, A. Photocatalysts for degradation of dyes in industrial effluents:
Opportunities and challenges. Nano Res. 2019, 12, 955-972. [CrossRef]


http://doi.org/10.1016/j.apcatb.2019.01.040
http://doi.org/10.1016/j.apcatb.2020.118853
http://doi.org/10.1021/acscatal.0c05354
http://doi.org/10.1016/j.cej.2018.08.158
http://doi.org/10.1016/j.ceramint.2019.01.144
http://doi.org/10.1007/s11270-010-0374-4
http://doi.org/10.1002/adma.201901997
http://www.ncbi.nlm.nih.gov/pubmed/31423680
http://doi.org/10.1002/adma.201907746
http://www.ncbi.nlm.nih.gov/pubmed/32596838
http://doi.org/10.1016/j.jece.2019.103016
http://doi.org/10.1016/j.eti.2020.101072
http://doi.org/10.1016/j.apcatb.2020.118807
http://doi.org/10.1007/s12274-019-2287-0

	Introduction 
	Materials and Methods 
	Required Materials and Reagents 
	Characterization and Testing of Samples 
	Synthesis of Cu2O 
	Preparation of Porous Floating Ceramsite Loaded with Cu2O 
	Evaluating the Degradation Effect of MO 
	Experimental Procedure for Photocatalytic Degradation of MO 

	Results and Discussion 
	Characterization of Various Products 
	Effect of Cuprous Oxide Loading 
	Effect of PFCC Dosage 
	Effect of Reaction Time 
	Effect of Solution pH 
	Effect of Initial Concentration of MO 
	Kinetic and Thermodynamic Analysis 
	Discussion on the Degradation Mechanism of MO 

	Conclusions 
	References

