Photocatalytic degradation of xanthates under visible light using
heterogeneous CuO/TiO>/montmorillonite composites

Green and Smart Mining Engineering 1 (2024) 67-75

Check for
updates

Sikai Zhao, Hong Xiao, Yunshuang Chen, Yaozhong Qi, Chenghao Yan, Ruixue Ma, Qiang Zhao,

Wenbao Liu, Yanbai Shen”

School of Resources and Civil Engineering, Northeastern University, Shenyang 110819, China

ARTICLE INFO

Keywords:

TiO,

CuO

Montmorillonite
Visible-light photocatalysis
Xanthates

ABSTRACT

Due to the significant demand for xanthate treatment in mineral effluents, photocatalytic techniques have
emerged as one of the most promising solutions. In this study, a high-performance TiO,/CuO/montmorillonite
photocatalyst was prepared. In this configuration, TiO, was the classic photocatalytic material and CuO and
montmorillonite were utilized to broaden the adsorption range of solar light and acted as carriers to support the
photocatalyst. X-ray diffraction, scanning electron microscopy, transmission electron microscopy, and X-ray
photoelectron spectroscopy were employed for the comprehensive characterization of the microstructure of the
ternary photocatalyst. The results revealed that fine-sized TiO, and CuO nanoparticles were uniformly and
tightly loaded on the montmorillonite layers. The photocatalytic properties of the photocatalyst were evaluated
using sodium butyl xanthate as the target contaminant. For pristine TiO,, ultraviolet (UV) light was required to
effectively degrade sodium butyl xanthate. Meanwhile, the degradation reaction could be processed efficiently
under visible light using the TiO,/CuO/montmorillonite composite as the photocatalyst. Moreover, UV-visible
diffuse reflectance spectroscopy, photoluminescence spectroscopy, and radical quench experiments were per-
formed to elucidate the degradation process, and a possible degradation model and mechanism were proposed.

1. Introduction

Xanthates, characterized by their organosulfur composition, have
undeniably revolutionized the processing techniques of sulfide minerals
since their first introduction by Keller in 1925 [1]. Acting as collectors
in froth flotation, xanthates display an outstanding affinity for metal
sulfide surfaces, facilitating the formation of hydrophobic complexes
essential for effective mineral separation [2]. Although some of the
xanthates are adsorbed by mineral particles and flow to foam products
during the froth flotation process, most of them remain in the flotation
effluents, which raises serious environmental concerns and poses a
significant threat to human health, underscoring a pressing need to
address the potential ramifications [3,4].

To remove the adverse effects of organic pollutants in wastewater on
the environment, different treatment techniques have been proposed,
including physical, chemical, and biological approaches [5,6]. Physical
treatment processes, such as adsorption, precipitation, and filtration,
operate without the use of chemicals, providing a simple and highly

efficient removal method for some solid contaminants. However, its
cost and reusability limit its applicability. In addition, these methods
can only achieve the enrichment and transfer of organic pollutants,
falling short of complete degradation and elimination. Chemical treat-
ment processes are the targeted addition of chemicals to remove or
degrade contaminants and have high efficiency. However, the chemi-
cals being added pose a risk of secondary pollution [7]. Meanwhile,
biological methods use microorganisms for contaminant treatment,
presenting natural techniques with advantages in cost and treatment
effectiveness [8]. However, the slow processing speed requires large
treatment sites, and microorganisms are sensitive to fluctuations in
environmental conditions [9]. Therefore, to overcome these problems,
innovative strategies beyond conventional techniques are increasingly
demanded.

Recently, photocatalysis, a typical advanced oxidation technique,
has garnered much attention as a promising approach for water re-
mediation [10]. Under the principle of harnessing light to drive che-
mical reactions, photocatalysis shows remarkable promise for the
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degradation of organic contaminants, providing distinct advantages
over traditional wastewater treatment methods, such as environmental
friendliness, cost-effectiveness, and sustainability [11,12]. Photo-
catalysts play a key role in the photocatalysis process, determining the
adsorption of light and the production of active radicals, which sub-
sequently attack the organic pollutant and degrade it. Thus, the design
and synthesis of novel photocatalysts for target pollutants have become
a focus of the industrial application of photocatalysis.

Among the several photocatalytic materials studied to date, TiO, is
widely regarded as an ideal candidate because of its thermal and che-
mical stability, low cost, high redox potential, and nontoxic nature
[13,14]. However, when used as a high-performance photocatalyst,
pristine TiO, faces two major challenges arising from its inherent
properties. The first challenge is its low utilization efficiency of light.
Because of its large band gap of 3.0-3.4 eV, TiO, can only adsorb light
in wavelengths less than 387.5 nm, i.e., the UV range, which occupies
3%-5% of the solar light spectrum [15,16]. Thus, expanding the ad-
sorption capacity to harness a broader range of the solar light spectrum
is the main task in designing TiO,-based photocatalysts. The second
challenge is the fast recombination rate of photogenerated charge car-
riers [17]. Photocatalytic reactions are mainly induced by active radi-
cals caused by photogenerated electrons and holes. The short lifetime of
electron/hole pairs results in poor quantum efficiency and photo-
catalytic performance [18]. To address the above challenges, hetero-
junction formation and ion doping have been proven to be effective
countermeasures. For example, Nguyen et al. [19] found that a suitable
amount of Pd dopant can highly improve the photocatalytic activity of
TiO, to methylene blue and methyl orange under UV light. Qu et al.
[20] reported that BiOCl/TiO, exhibited much higher photocatalytic
efficiency toward methyl orange under visible light than pristine TiO,
and BiOCL

In addition, the agglomeration and difficult recovery of TiO, pho-
tocatalysts are practical issues that need solving [21]. For a typical
catalytic reaction, the crystal size of the catalyst is a crucial factor that
influences catalytic performance, and in general, catalysts with smaller
dimensions show higher catalytic activity [22]. Similarly, to ensure
photocatalytic efficiency, TiO, photocatalyst powders must be highly
dispersed and of fine size. Although the reduction in size can effectively
improve the photocatalytic properties, the surface energy of the TiO,
photocatalyst increases sharply with a decrease in physical size, re-
sulting in a strong tendency of agglomeration of the photocatalyst and
thus deteriorating the photocatalytic performance. Meanwhile, the se-
paration of the fine-sized TiO, photocatalyst from the effluents after
treatment for reuse is also a difficult and expensive process. To address
these size-related challenges, researchers have developed different
strategies [23,24]. A promising approach is to find appropriate carriers
to support the fine TiO, photocatalyst [25]. In general, an effective
carrier should have a large specific surface area with good adsorption
ability for the target contaminants, thereby enhancing the photo-
catalytic reaction kinetics, and should be stable, nontoxic, and cheap.
From this perspective, several materials have been studied as carriers of
the TiO, photocatalyst, such as MoS, [26], metal-organic—frameworks
[27], and graphene [28]. Among these, natural clay minerals have
shown unique advantages and are considered the most promising ones
[29,30]. Montmorillonite (MMT) is a layered silicate clay mineral with
a 2:1-type dioctahedral structure [31] with the advantages of low cost,
large specific surface, high chemical stability, and good dispersion
suspension stability, making it a suitable carrier for the fabrication of
functional composites such as photocatalysts [32]. The superiority of
MMT carriers has been proven, and MMT can effectively enhance the
photodegradation performance of TiO, to organics [33-35]. However,
TiO,/MMT composites only respond to UV light.

Therefore, this work aims to study the efficient degradation of
xanthates in mineral effluents using a novel high-efficiency CuO/TiO,/
MMT (CTM) photocatalyst. On the one hand, the metal-ox-
ide-semiconductor CuO is introduced to form a heterostructure with
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TiO,. This design is to expand the light adsorption range from UV to
visible light and slow down the recombination rate of the photo-
generated electron-hole pairs. On the other hand, the layered MMT is
selected as the carrier to support the CuO/TiO, heterostructure, which
aims to mitigate the adverse effects of the fine size of the photocatalyst.
The microstructure and photocatalytic performance of the proposed
photocatalyst for xanthates are studied, and the mechanism for the
enhanced photocatalytic properties is also discussed.

2. Experimental
2.1. Chemicals

MMT, copper(Il) nitrate trihydrate (Cu(NOs3),-3H,0, AR), and 1,4-
benzoquinone (BQ, AR) were obtained from Sinopharm Chemical
Reagent Co., Ltd. Sodium ethyl xanthate (SEX), sodium isopropyl xan-
thate (SIPX), sodium isoamyl xanthate (SIAX), and sodium butyl xan-
thate (SBX) were procured from Tieling Flotation Reagents Co., Ltd.
TiO, powder (CP), ethylenediaminetetraacetic acid disodium salt
(EDTA-2Na, AR), and isopropanol (IPA, AR) were obtained from
Shanghai Macklin Biochemical Co., Ltd., Shanghai Aladdin Biochemical
Technology Co., Ltd., and Tianjin Kemiou Chemical Reagent Co., Ltd.,
respectively.

2.2. Materials synthesis

Before constructing the CTM ternary structure, the TiO,/MMT
composites were first prepared by grounding a mixture of 0.8 g of TiO,
powder, 0.2 g of MMT powder, and 3 mL of ethanol for 30 min in an
agate mortar, followed by drying to evaporate the ethanol. The dried
material was then transferred to an alumina crucible and annealed at
400 °C for 6 h in a tube furnace at 10 °C/min. After cooling down
naturally to around 30 °C, the TiO,/MMT composites were obtained.

To prepare the CTM heterogeneous materials, 0.5 g of as-prepared TiO/
MMT and a predefined amount of (Cu(NO3)»3H,0 were ground in an agate
mortar for 20 min with ethanol (adding 2 mL in the first and second 10 min
of the grinding process). Afterward, the mixture was dried and further
ground for another 10 min and then annealed in a tube furnace at 5 °C/min.
Finally, the resulting samples were washed with ethanol and water and
dried at 60 °C to yield CTM. In this study, CTM composites with different
Cu/Ti molar ratios were prepared and studied. CTM composites with Cu/Ti
molar ratios of 5%, 10%, 15%, and 20% were denoted as CTM-5%, CTM-
10%, CTM-15%, and CTM-20%, respectively.

2.3. Materials characterizations

The crystal structure of the prepared materials was characterized by X-
ray diffraction (XRD, XRD-7000, Shimadzu) using Cu K, at
A = 0.15406 nm. The microstructure was observed by scanning electron
microscopy (SEM, ZEISS Ultra Plus) and transmission electron microscopy
(TEM, JEM-F200) at accelerating voltages of 20 and 200 kV, respectively.
Surface properties were analyzed by X-ray photoelectron microscopy (XPS,
ESCALAB 250Xi) using monochromatic Al K, radiation (hv = 1486.6 €V)
with an operating voltage of 14.6 eV. Brunauer-Emmett-Teller (BET) sur-
face area and pore size distribution analysis was conducted using a QUA-
DRASORB SI analyzer at 196 °C. UV-visible diffuse reflectance spectroscopy
(UV-Vis DRS) was performed using a UV-3600 spectrophotometer with
BaSO, as a reference. Photoluminescence spectroscopy (PL) was performed
on an FLS1000 spectrometer using an excitation wavelength of 325 nm at
room temperature.

2.4. Photocatalytic testing
Evaluation of the photocatalytic properties of the prepared photo-

catalysts was conducted by photodegradation tests of SBX, a typical
xanthate, in a Princeton PL-03 reactor with a 350 W xenon lamp and
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UV cutoff filter (. > 400 nm), and then, the SBX concentration in the
solution was determined by UV-Vis analysis. The experimental details
are shown in the Supplementary Information (Fig. S1). Briefly, the
prepared photocatalyst was dispersed in 50 mL of SBX solution in a
quartz batch reactor. Before photoirradiation, the suspension was
stirred in the dark for 30 min to establish adsorption—desorption equi-
librium. Then, light was turned on and the photocatalytic reaction was
maintained for 40 min with continuous magnetic stirring and air
pumping into the reactor. During both the dark and reaction processes,
4 mL of the sample was taken from the suspension at given time in-
tervals and then centrifuged at 10000 r/min for 3 min. The supernatant
was used for UV-Vis analysis, and the SBX concentration was de-
termined by absorbance at 301 nm.

3. Results and discussion
3.1. Characterizations

For the photocatalyst of the CTM composites in this study, CuO and
TiO, play the primary role in the photoreaction, and MMT serves as the
support of the CuO and TiO, nanoparticles. In general, the interfacial
and photocatalytic properties of the photocatalyst considerably depend
on the proportion of CuO and TiO, in the photocatalyst. Thus, photo-
catalysts with different CuO and TiO, ratios were prepared and studied
for better photocatalytic performance. Fig. 1 displays the XRD patterns
of the different samples. For the TiO,/MMT binary sample, the MMT
peaks were suppressed, and the TiO, peaks emerged. Two types of TiO,
crystal structures, namely, anatase (ICCD #21-1272) and rutile (ICCD
#21-1276), can be observed, demonstrating the formation of a mixture
phase of TiO, [36,37]. Previous studies have reported the advantages of
the TiO, mixture phase in photocatalysis compared with the single
phase [38,39]. After introducing the Cu element (CTM samples), the
CuO peaks (ICCD #80-1916) appear and intensify gradually with in-
creasing Cu/Ti molar ratio [40].

Pristine MMT is a typical two-dimensional lamellar structured clay
mineral (Fig. S2), which gives it special advantages for photocatalyst
loading and makes it a promising carrier. Fig. 2(a) presents the SEM
image of the TiO,/MMT binary composite. The TiO, particles are
sphere-like with a diameter of around 25 nm and are closely attached to
the surfaces of the MMT layers. The CTM ternary composites with
different Cu/Ti mass ratios in Fig. 2(b—f) indicate that further in-
troduction of Cu series compounds clearly increases particle aggrega-
tion and surface roughness of the samples. In addition, increasing the
Cu/Ti molar ratio increases the size of the particles. TEM was applied to
further examine the microstructure of the sample. The TEM images of
the CTM-40% sample in Fig. 2(g, h) confirm the ternary structure of the
prepared CTM sample, where TiO, and CuO with good crystallinity are
uniformly and tightly combined onto the surfaces of MMT lamellae,
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Fig. 1. XRD patterns of the different samples.
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demonstrating the good supporting ability of the MMT. The CuO na-
noparticles have a fine size of ca. 10 nm in diameter, giving them high
surface activity and facilitating carrier transfer between TiO, and CuO,
which is beneficial for photocatalytic reactions. Fig. 2(i-1) displays the
elemental mapping images of the CTM-40% sample, verifying the pre-
sence of Al, Si, Ti, and Cu elements in the sample and showing good
dispersion of TiO, and CuO on the surfaces of MMT.

Fig. 3 presents the N, adsorption/desorption isotherms and the
Barrett-Joyner-Halenda (BJH) pore size distribution plots. The MMT,
TiO,, TiOo/MMT, and CTM-40% materials show typical Type IV ad-
sorption isotherm and H3 hysteresis loop characteristics (Fig. 3(a)),
demonstrating that the pores on the surfaces of these materials are
mainly present as mesopores. The pore size mainly distributes between
3 and 32 nm (Fig. 3(b)). This structure is advantageous to increase the
number of adsorption channels and catalytic sites on surfaces of ma-
terials, thereby improving photocatalytic performance.

Table 1 summarizes the pore characteristics of the materials. TiOo/
MMT exhibits a higher specific surface area than the individual MMT and
TiO,, while its pore volume is significantly larger than that of MMT but is
near that of TiO,, indicating that the TiO, nanoparticles with high specific
surface area are uniformly dispersed on the surfaces of the MMT carriers.
Compared with TiO,/MMT, CTM-40% exhibits a decreased specific sur-
face area, but its total pore volume, mesopore volume, and average pore
size are all larger than those of TiO,/MMT. The SEM images in Fig. 2
reveal that incorporating CuO results in the agglomeration of TiO, parti-
cles. This agglomeration occupies and obstructs some pre-existing meso-
pores while forming new pathways, thus influencing the specific surface
area and pore characteristics of the composite materials.

Fig. 4 depicts the XPS spectra of the CTM-40% composites. In
Fig. 4(a), the survey scan spectrum proves the presence of Cu, Ti, and Si
elements in the sample, which originate from the CuO, TiO,, and MMT
components, respectively. Five distinct peaks in the Cu 2p high-re-
solution spectrum in Fig. 4(b) are observed, of which the primary
933.60 and 953.45 eV peaks are attributed to Cu 2p3,, and Cu 2p; /5,
respectively, and the rest are satellite peaks. Fig. 4(c) shows the spec-
trum in the binding energy range of 454-470 eV, where two peaks at
464.26 and 458.60 eV are associated with Ti 2p;,» and Ti 2p3,», re-
spectively. Two peaks are observed in the O 1s narrow scan spectrum in
Fig. 4(d), i.e., 529.84 and 532.25 eV, which are assigned to the lattice
oxygen in the complex material and the oxygen adsorbed on the surface
of the material, respectively [41,42].

3.2. Photocatalytic properties

A typical xanthate, SBX, was selected as the target contaminant for
evaluation of the photocatalytic performance of the developed photo-
catalysts. Fig. 5 plots the degradation efficiency and kinetic curves of
CTM photocatalysts with different Cu/Ti molar ratios under visible
light. Clearly, the TiO,/MMT photocatalyst can only effectively degrade
SBX under UV light (Figs. S3 and S4, and Fig. 5(a)), while a small drop
in SBX concentration under visible light is mainly caused by the ad-
sorption effect of the TiO,/MMT photocatalyst. This phenomenon is
expected and consistent with the fact that TiO, has a large band gap and
requires photons with higher energy to be excited. Introducing CuO, a
small bandgap semiconductor (~1.3eV) [43,44], the photocatalytic
performance of the photocatalyst is significantly improved, showing
that the constructed CuO/TiO, heterostructure can effectively broaden
the light utilization range of TiO, from UV light to visible light.
Moreover, the CTM ternary samples show a much higher SBX adsorp-
tion capacity than the TiO,/MMT binary sample, which can effectively
promote the photocatalytic process by increasing the local concentra-
tion of the target contaminants near the photocatalyst, further de-
monstrating the superiority of the CTM photocatalyst in SBX photo-
degradation treatment. In comparison, the CTM-40% sample exhibited
the highest degradation efficiency and fasted degradation rate; thus, the
CTM-40% sample was selected for further experiments.
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Fig. 2. SEM images of (a) TiOo/MMT, (b) CTM-10%, (c¢) CTM-20%, (d) CTM-30%, (e) CTM-40%, and (f) CTM-50%. (g) TEM image, (h) HRTEM image, (i-1)
elemental mapping of the CTM-40% sample.
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Fig. 3. (a) N, adsorption/desorption isotherms and (b) BJH pore size distribution plots of the samples.

Fig. 6 illustrates the photocatalytic degradation performance of quasi-equilibrium state within 30 min of dark reaction, and the ad-
CTM-40% at different dosages to 20 mg/L SBX. From Fig. 6(a), the sorption capacity increases with increasing CTM-40% dosage. After
adsorption—desorption kinetics of SBX on the surfaces of CTM reach a visible-light irradiation is turned on, the degradation efficiency of SBX
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Table 1
Pore textural properties of the samples.

Sample Sger (m*/g)° V (em®/g)” D (nm)* Vineso (cm®/g)*
MMT 51.55 0.0902 6.9969 0.0664
TiO, 58.68 0.2191 14.9382 0.1486
TiOo/MMT 59.67 0.1911 12.8077 0.1403
CTM-40% 53.93 0.2000 14.8358 0.1525

@ Specific surface area calculated by the BET method;

b pore volume obtained from the BJH desorption cumulative volume;

¢ Average pore diameter evaluated using desorption isotherms and the NJH
model;

4 Mesopore volume obtained from the BJH desorption pore distribution re-
port.

increases with prolonged time and significantly improves with in-
creasing CTM-40% dosage due to the increased adsorption and reaction
active sites. Fig. 6(b) shows the corresponding degradation kinetic
curves, demonstrating that all degradation processes follow the first-
order kinetics model and that the apparent rate constant of the de-
gradation reaction initially increases rapidly and then decreases gra-
dually with increasing catalyst dosage. At lower catalyst dosages, the
number of active radicals generated by the catalyst is the key factor that
determines SBX degradation. Therefore, increasing the dosage of the
photocatalyst in a certain range can effectively increase the active ra-
dical concentration in the solution, thereby promoting the rapid pro-
gress of the photocatalytic degradation reaction. However, when the
dosage of the photocatalyst is further increased, the degradation effi-
ciency decreases, which is mainly ascribed to the increased turbidity of
the reaction system. Although generally, the higher the amount of
photocatalyst, the higher the degradation rate, the SBX degradation
efficiency is greater than 98% within 40 min at a CTM-40% dosage of
0.2 g/L with the fastest degradation rate; thus, 0.2 g/L is the optimal
CTM-40% dosage in terms of cost-effectiveness.

Fig. 7 displays the photodegradation performance of the prepared
CTM-40% photocatalyst with different SBX concentrations. With in-
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efficiency and apparent rate constant of the degradation process de-
crease gradually. When the initial SBX concentration is only 20 mg/L,
the degradation efficiency remains above 98% for 40 min. However, it
decreases sharply to 64.4% with the further increase of SBX con-
centration to 40 mg/L. For a specific amount of photocatalyst, the ac-
tive sites provided and the active radicals generated by the photo-
catalysts are limited within a certain time; thus, a higher SBX
concentration would prolong the time required for complete degrada-
tion. Thus, for photocatalytic process design in practical applications,
the pollutant solution should be well controlled in terms of cost and
degradation efficiency.

For the froth flotation separation of sulfide ores, different types of
xanthates were employed based on ore properties. Fig. 8 presents the
photocatalytic properties of CTM-40% for the four most widely used
xanthates: SEX, SIPX, SBX, and SIAX. Clearly, the photocatalyst shows
good degradation performance for all xanthates, obtaining degradation
efficiencies of 95.9%, 97.5%, 98.3%, and 98.7% for SEX, SIPX, SBX, and
SIAX, respectively, at 40 min. Interestingly, xanthates with branched
hydrocarbon chains are more easily degraded than those without
branched chains, which can be ascribed to the lower chemical stability
of xanthates with branched chains. Moreover, with increasing mole-
cular weight of the xanthates, the degradation rate increases due to the
influence of complex chain structures on molecular polarity; thus,
xanthate molecules with smaller weights are more prone to adsorption
on the photocatalyst surface, thus facilitating the degradation process.

Fig. 9 displays the change in SBX degradation efficiency by CTM-
40% in the four continuous degradation cycles. The degradation effi-
ciency shows a certain degree of decline with an increasing number of
reuse cycles but is still above 90% after four reuse cycles, showing good
stability and reproducibility of the photocatalyst during the photo-
degradation process.

3.3. Degradation mechanism

Fig. 10(a) plots the real-time UV-Vis spectra used to evaluate the
degradation of SBX by the synthesized CTM-40% photocatalyst. Before

creasing initial SBX concentration, photocatalytic degradation the reaction, two characteristic peaks at 226 and 301 nm can be clearly
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Fig. 4. XPS spectra of CTM-40% composites: (a) full scan spectrum, (b) Cu 2p spectrum, (c) Ti 2p spectrum, and (d) O 1s spectrum.
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Fig. 5. (a) Photocatalytic degradation efficiency curves and (b) kinetic curves of TiO,/MMT and CTM samples with different Cu/Ti molar ratios. Cy and C, represent
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Fig. 6. Effect of the CTM-40% composite dosage on the degradation of SBX: (a) degradation efficiency curves and (b) degradation kinetic curves.

observed, revealing a sharp decline in the first 15 min, demonstrating
the good SBX adsorption property of CTM-40%. In the next 15 min, the
intensity of the two peaks only slightly decreases because the ad-
sorption—-desorption equilibrium is gradually reached. Once illuminated
by visible light, the peak intensities reduce rapidly with prolonged time,
and no obvious peak is detected after 40 min, showing that the prepared
CTM-40% catalyst has a good photocatalytic performance and that SBX
can be almost completely degraded within 40 min. To elucidate the
reaction process, active radical quenching experiments were conducted
using BQIPA and EDTA-2Na as the quenchers of -O5, -OH, and h*. The
results are shown in Fig. 10(b), showing that IPA displays little effect on
the degradation efficiency while the addition of BQ and EDTA-2Na
significantly reduces the degradation efficiency with BQ, showing that
.05 and h™ are the main active radicals during the photodegradation
process of SBX and -O; makes the primary contribution.

To determine the photoadsorption ability and bandgaps of the dif-
ferent samples, UV-Vis DRS was employed, and the results are shown in
Fig. 11(a, b). The optical adsorption threshold of the pristine TiO, takes
place at 412 nm, whereas that of TiO,/MMT extends to 420 nm and
exhibits evaluated absorbance in the 200-300 nm region, indicating
that the MMT clay mineral not only serves as the support to TiO,

particles but also improves the UV-light adsorption capacity of TiO,.
Furthermore, once CuO is introduced to form the CTM ternary com-
posites, a significant redshift to 462 nm is evident, together with out-
standing absorbance performance in the 400-600 nm range, suggesting
that CuO addition effectively broadens the adsorption range from UV to
visible light. Using the Tauc plot method [45,46], the bandgap widths
of TiO,, TiOy/MMT, and CTM-40% are evaluated and shown in
Fig. 11(b). CTM-40% shows a much smaller bandgap (1.90eV) than
TiO, (2.90eV) and TiO,/MMT (2.80eV). The narrowed bandgap
greatly lowers the energy threshold for generating photoinduced elec-
tron/hole pairs and improves the visible-light response.

Fig. 11(c) displays the PL spectra of the different samples. The
pristine TiO, achieves the strongest PL signal intensity, consistent with
the intrinsic characteristic of the high photogenerated electron/hole
recombination rate of TiO,. Meanwhile, for the TiO,/MMT binary
composite, the PL signal intensity significantly decreases, showing that
the MMT clay mineral can also effectively suppress the photogenerated
electron/hole recombination rate of the TiO, nanoparticles, apart from
the role of a carrier and light adsorption capacity enhancer. Moreover,
the CTM-40% ternary composite exhibits the weakest PL signal in-
tensity. Evidently, the incorporation of CuO and the formation of the
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Fig. 7. Effect of the initial concentration of CTM-40% composite on SBX degradation: (a) degradation efficiency curves and (b) corresponding kinetic curves.
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Fig. 8. Effect of degradation of the different xanthates over the CTM-40% composite: (a) degradation efficiency curves and (b) degradation kinetic curves.
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Fig. 9. Reproducibility of the degradation of SBX over the CTM-40% compo-
sites.

CuO-TiO, heterostructure further decrease the electron/hole re-
combination rate, thus substantially contributing to the remarkable
photocatalytic properties of the CTM-40% composite.

Based on the previously reported data and the analysis above, the
band structure and the possible photocatalytic degradation mechanism
of the CTM-40% photocatalyst are illustrated in Fig. 12. In terms of the
constitution and structure of the CTM-40% photocatalyst, because TiO5
(4.70 eV) has a much smaller work function than CuO (5.31 eV), when
they come into close contact in the CTM-40% composite, the electrons
in the TiO, conduction band diffuse to the CuO conduction band until
their Fermi levels become equal [47]. Thus, a built-in electric field is
formed near the contact region, and a type-II heterojunction is estab-
lished [48]. Due to CuO addition and formed CuO-TiO, heterojunction,
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the CTM-40% photocatalyst displays a good visible-light response.
Under visible-light irradiation, electrons in the valence bands of TiO,
and CuO are excited to their conduction bands and leave holes in the
valence bands. Driven by the built-in field in the CuO-TiO, type-II
heterojunction, the photogenerated electrons in the CuO conduction
band drift to the TiO5 conduction band, while the photogenerated holes
in the TiO, valence band drift to the CuO valence band. These carrier
movements effectively separate the photogenerated carriers and im-
prove their lifetimes, enabling CuO and TiO, to be the active sites for
oxidization and reduction, respectively. Afterward, the photogenerated
e~ react with the O, molecules adsorbed on the surfaces of the CTM-
40% photocatalyst to form -O, ™ radicals, which are strong oxidants and
further react with xanthates to degrade them into nontoxic inorganics.
In addition, because both the TiO, and CuO valence band potentials in
the photocatalyst are lower than the potential of OH/OH, the photo-
generated holes cannot effectively oxidize H,O or —OH into OH radicals
[42], in agreement with the active radical quenching experimental re-
sults in Fig. 10(b), which show that -OH radicals have a slight effect on
the degradation efficiency. In conclusion, the dominant active species
for xanthate degradation is ‘O, ~, while h* also plays an important role.
The possible degradation reactions are expressed in Eqgs. (1)—(4).
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TiO, + hv — eip + hiy 2
ecg + 0, > 05 3
CZHQOCSS‘MCOZ + H,O0 + --- ()]

¢ 100
=
2 sof
o
Q
£ 60 *OH
(]
c +
S aof 4
e
(T
®
& A *0;”
a

0

Blank IPA EDTA-2Na BQ

Fig. 10. (a) Real-time absorbance curves of the CTM-40% photocatalyst in the degradation process of SBX. (b) Effect of different scavengers on the photocatalytic

degradation by CTM-40% to SBX.
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Fig. 11. (a) UV-Vis DRS, (b) bandgaps, and (c) PL spectra of TiO,, TiOo/MMT, and CTM-40%.
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Fig. 12. Photodegradation mechanism of SBX over the CTM-40% photocatalyst
under visible light. CB and VB are conduction band and valence band, re-
spectively.

4. Conclusion

A novel ternary photocatalyst of TiO,, CuO, and MMT was suc-
cessfully prepared by impregnation—pyrolysis. TiO, and CuO nano-
particles with sizes of ca. 25 and ca. 10 nm, respectively, are closely
combined and uniformly loaded on the surfaces of the MMT layers.
TiO, nanoparticles have a mixed anatase and rutile structure, while
CuO nanoparticles have a monoclinic crystal structure. The prepared
CTM ternary composites display outstanding photodegradation perfor-
mance toward SBX under visible light. At a Cu/Ti molar ratio of 40%,
the CTM-40% photocatalyst obtains a high degradation efficiency of
98.38% for 40 min under the following conditions: 20 mg/L photo-
catalyst dosage, 20 mg/L SBX initial concentration, and 350 W solar
light intensity. During the photodegradation process, ‘O, and h™ are
the main active species, with ‘O,~ making the primary contribution.
The formation of the CuO-TiO,, heterostructure and the introduction of
MMT clay minerals are the critical reasons for the superior photo-
catalytic performance of the CTM composite over pristine TiO,, which
not only narrows the bandgap and broadens the light utilization range
but also effectively suppresses the recombination rate of the photo-
generated electron/hole pairs.
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