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ABSTRACT

CuWO4-Pal nanocomposite formed by copper (II) tungstate nanoparticles with palygorskite clay mineral
(Pal) was synthesized via coprecipitation method followed by microwave-assisted hydrothermal technique
and applied in the photodegradation of the antibiotic ciprofloxacin (CIP) using visible-light irradiation. The
formation of CuWO4-Pal nanocomposite was confirmed by XRD, Raman spectroscopy and DRIFT studies. X-
ray photoelectron spectroscopy (XPS) and photoelectrochemical studies of the nanocomposite showed
structural changes, which induced the formation of oxygen vacancies and better charge carrier mobility.
Field emission scanning electron microscopy (FE-SEM) and transmission electron microscopy (TEM) images
revealed the fibrous morphology of Pal as well as the control of CuWWQ, crystal growth with the formation of
the nanocomposite. The CIP photodegradation was influenced by the adsorption power and the pH solution.
CuWO0,-Pal exhibited 92% of CIP photodegradation and 50% of total organic carbon (TOC) removal using an
initial concentration of 8 mg L™! at pH 10 after 90 min. Together with the photoelectrochemical study, the
scavengers used indicated that the hole (h*) is the main oxidative species in CIP photodegradation.

Emergent pollutants

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Many semiconductors have been widely studied as materials for
conversion energy systems, such as solar cells, as well as used in the
photocatalytic process for the obtention of hydrogen gas by water
splitting. Semiconductors can also be used as photocatalysts for both
organic pollutant degradation and CO, reduction |1]. The large-scale
application of semiconductor oxides in energy conversion processes
is still limited due to the low performance of such processes. In this
context, studies have been carried out aiming to understand the
mechanisms of performance of the semiconductors as well as pro-
pose strategies to improve the results obtained in each material
application. In order to better understand the photocatalytic
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processes in water treatment, our research group has been in-
vestigating solar energy conversion from semiconductor oxides such
as W03 [2,3], AgsP0Oy4 [4], NiWO4 [5] and CuWO, [6].

In general, white semiconductor oxides, such as ZnO and TiO,,
are photoactive only when irradiated with ultraviolet light, a fact
that limits their use under direct solar radiation [7]. On the other
hand, most colored semiconductor oxides undergo photocorrosion
during catalytic processes. However, recent research has shown that
copper tungstate (CuWOy,) is a colored semiconductor material with
excellent chemical stability over a wide pH range [8].

CuWO0y,, a well-known n-type semiconductor, has been studied as
a photocatalyst for both the removal of organic pollutants from
water and the photoelectrochemical (PEC) water splitting [9-11].
Nevertheless, it has been widely shown that the electron-hole
(e~/h*) pair recombination in this semiconductor due to empty Cu
(3d,2_,2) mid-gap states located in the conduction band negatively
affects the electron mobility [12,13]. As a way to overcome this
problem, strategic studies are necessary to improve the charge
transport property of CUWO,.
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Various alternatives, such as heterojunction formation, metallic
ion dopants and nanocomposites, have been reported in an attempt
to improve charge recombination and low carrier mobility [8,14,15].
The use of clay minerals in combination with metal oxides has
proved to be a promising alternative to enhance adsorption prop-
erties and separate e~/h* because of their large surface area, ion
exchange capacity and other important properties [16,17]. Among
clay minerals, palygorskite (Pal) fibrous clay-characterized by a hy-
drated aluminum silicate consisting of the connection of SiO,4 tet-
rahedrons and magnesium octahedral sheets forming an open
channel structure [ 18]-has attractive properties for the construction
of nanocomposites with metal oxides, including high surface area,
adsorption ability and large content of silanol groups (=SiOH) [19].
Therefore, the combination of CuWQ,4 and Pal can result in a material
with enhanced properties for photocatalytic applications.

Methods such as hydrothermal method, precipitation method,
hydrolysis route, among others have been used for the preparation of
composites with clay minerals and metal oxides [20-22]. The micro-
wave-assisted hydrothermal synthesis is a green method that pro-
motes particle size control capability, low temperature processing and
short reaction time when compared to the conventional hydrothermal
system [23]. In addition, the rapid and uniform heating generated by
microwave radiation is significant for structural modifications [24].

Among the applications employing semiconductor oxides, ad-
vanced oxidative processes (AOPs) emerged as a potential, non-toxic
way of environmental remediation. In general, this process consists
of the oxidation of organic contaminant to carbon dioxide and water
by reactive oxygen species (ROS) or by photogenerated holes (ht*) in
the semiconductor valence band (VB) when irradiated by a suitable
light source [25]. The ROS can be generated from either water or OH"
oxidation by h*, or water reduction by photogenerated electrons in
the semiconductor conduction band (CB) [26,27].

Some environmental problems, such as contamination of was-
tewater and increased bacterial resistance, are caused by the high
use of antibiotics today. Ciprofloxacin (CIP) is a fluoroquinolone
antibiotic extensively used for bacterial diseases in humans and
animals that has been identified as an emerging contaminant [28].
Previous works indicate that the release of CIP through misuse, ex-
cretion and disposal of pharmaceutical waste into the environment
can cause bacterial resistance, generating problems related to the
low therapeutic efficacy of this antibiotic [29,30]. In addition, CIP is
resistant to conventional methods used for the treatment of ef-
fluents. Thus, it is necessary to perform advanced studies regarding
its removal from the wastewater [31].

In this work, we report for the first time the synthesis and pho-
tocatalytic activity of CuWO4-Pal nanocomposite for the efficient
photodegradation of such emerging contaminant under visible-light
irradiation. The photocatalytic studies included the characterization of
the structural, morphological and photoelectrochemical properties as
well as the CIP photodegradation and the mechanism involved.

2. Experimental methods
2.1. Synthesis of CuWO0, and CuWO,4-Pal

The preparation of the materials was made using both the co-
precipitation (CP) and the microwave-assisted hydrothermal (MAH)
methods. The CuWO, synthesis began with the chemical precipita-
tion of the crystals in a solution using equimolar amounts (2.0 mM)
of copper nitrate trihydrate (Cu(NOs),.3H,0, 99%, Sigma-Aldrich)
and sodium tungstate dihydrate (Na;WO04.2H,0, 99%, P.A.-A.C.S.) as
precursors. The precursors were dissolved in deionized water
(50mL) and mixed, forming an amorphous CuWO, precipitate.
Subsequently, the precipitate was placed in an ultrasonic bath for
10 min.
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The Pal used for the synthesis of the nanocomposite was pur-
chased from the company Coimbra, located in the state of Piaui in
Brazil. The clay was initially purified with hydrogen peroxide for the
removal of organic matter according to the methodology previously
reported by co-authors [32], followed by washing with deionized
water. Based on literature, Thiruppathi et al., [20], in this work, we
studied only one constituent proportion in CuWO4-Pal composite,
6 wt% of Pal. Then, 48 mg (6.0 wt%) of Pal powder were added to the
CuWO, suspension (803 mg) under continuous stirring and sonica-
tion for 30 min subsequently, the reaction mixture was processed in
a Teflon autoclave, closed and transferred inside a domestic micro-
wave-hydrothermal system. The hydrothermal process was per-
formed at 160°C for 18 min with a heating rate of 5°C/min and
pressure inside the autoclave of 6 atm (2.45 GHz, maximum power
of 800 W). Finally, the colloidal suspension formed was dried and
heat-treated at 500 °C for 30 min in a furnace.

2.2. Materials characterization

The structures of CuWQ,, CuWO,4-Pal and Pal were characterized
by X-ray diffraction (XRD) in a Rigaku-DMax/2500PC (Japan) with
Cu-Ka radiation (A=1.5406 A) in the 26 range from 10° to 110° at a
scan rate of 0.02¢/min. Micro-Raman spectroscopy was recorded
with a Horiba Jobin-Yvon micro-spectrometer model LabRAM at
room temperature in the 50-1000 cm™ region using a He-Ne laser as
the excitation source through an Olympus TM BX41 microscope
operating at a wavelength of 512 nm and maximum output power of
5.9 mW. The diffuse reflectance infrared fourier transform (DRIFT)
spectroscopy data were collected with a Bruker (EQUINOX 55)
spectrophotometer.

In order to evaluate the chemical composition of the samples, X-
ray photoelectron spectroscopy (XPS) analyses were carried out on a
Scientia Omicron ESCA spectrometer (Germany) using a mono-
chromatic X-ray source of Al Ka (1486.7 eV). All peaks were cali-
brated with reference to the C 1s at 284.3 eV.

The surface morphology was obtained by field emission scanning
electron microscopy (FE-SEM) using a Supra 35-VP (Carl Zeiss, Germany)
operating at 5kV. The transmission electron microscopy (TEM) and
high-resolution transmission electron microscopy (HR-TEM) images
were obtained using a JEM-2100F LaB6 (Joel) microscope operating at
200KkV. To calculate the optical band gap (Egg), UV-Vis spectroscopy
analysis was performed on a Shimadzu UV-2600 spectrophotometer
programmed to diffuse reflectance. The textural properties were re-
corded with an ASAP 2020 (Micromeritics) at a temperature of 77K by
N, adsorption/desorption isotherms using Brunauer-Emmett-Teller
(BET) and Barrett-Joyner-Halenda (BJH) methodologies.

For the photoelectrochemical studies, CuWO, and CuWO,-Pal
film electrodes were prepared on FTO conducting glass (TCO22-7,
Aldrich, 7 Q/sq) through the dripping of the suspension of oxides
previously obtained. The analyses were performed in a three-elec-
trode system consisting of an electrode working as a photocatalytic
film, a platinum plate counter electrode and an Ag/AgCl reference
electrode [11]. The photocurrent and electrochemical impedance
spectroscopy (EIS) measurements of the samples were performed
with an Autolab potentiostat/galvanostat (MPGSTAT 302N Me-
trohm). The EIS data were measured using an amplitude of 10 mV
and frequency range of 10 kHz-0.1 Hz. The light source used was an
LCS-100 solar simulator (Oriel, Newport, USA) with power of
100mW cm™2 and AM1.5 filter. In addition, the differential pulse
voltammetry (DPV) analyses were made with pulse amplitude of
50 mV, pulse width of 50 ms and interval time of 0,5 s

2.3. Photocatalytic activity for CIP photodegradation

The ciprofloxacin (CIP) photodegradation using CuWO, and
CuWO4-Pal was investigated under visible-light irradiation and
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monitored by UV-Vis spectroscopy (JASCO V-660, USA) and through
total organic carbon (TOC) analysis. For this study, 50 mg of the
photocatalyst was mixed with 50mL of CIP (8 mgL™'). Then, this
suspension was sonicated for 5 min. Before irradiation, the system
was maintained in the dark for 30 min to achieve the adsorption/
desorption equilibrium. The suspension was subsequently irradiated
under six lamps (Philips TL-D, 15W) in a photo-reactor at 204°C
under stirring.

To measure the CIP maximum absorption (275 nm), aliquots
(2 mL) of the suspensions were collected and filtered using a PVDF
syringe filter (0.2 pum) to remove crystals in suspension. To evaluate
the effect of pH on the photodegradation, the pH of the CIP solution
was adjusted with hydrochloric acid (HCl, 0.1 molL™") and sodium
hydroxide (NaOH, 0.1 molL™"). The surface charge modifications in
different pHs were analyzed by zeta potential measurements using a
Zetasizer NanoZS (Malvern, UK).

The mineralization (i.e. conversion to CO,) was analyzed through
TOC measurements using a GE Sieviers Innovox analyzer. The TOC
determination was made after mixing a diluted volume of the
treated sample with H3PO,4 (6.0 mol L™!) and Na,S,0g (30% m/v) as
acidifying and oxidizing solutions, respectively.

In order to evaluate the influence of h* and ROS on the CIP
photodegradation mechanism, photocatalytic tests were carried out
with the following radical scavengers: tert-butanol (t-BuOH, 17 mL),
ammonium oxalate (AO, 2.8 mg), ascorbic acid (AA, 3.5mg) and
silver nitrate (AgNOs, 3.2 mg) for "OH, h*, O,~ and e-, respectively.

3. Results and discussion
3.1. Structure of CuWO4 and CuWO04-Pal samples

3.1.1. XRD analysis

XRD patterns of CulWQy, Pal and CuWO4-Pal nanocomposite are
shown in Fig. 1. For the CuWOy,, all diffraction peaks are in agree-
ment with the Inorganic Crystal Structure Data (ICSD) card No.
16009, indicating triclinic structure and high periodicity [33]. The
triclinic structure belongs to the P1 space group, composed by dis-
torted octahedral clusters of [CuOg] and [WOg]. As to the Pal, the
XRD pattern shows diffraction peaks at 20 =14.1¢, 17.4%, 19.1¢, 20.23°,
21.07° and 24.16° corresponding to the (200), (220), (201), (040),
(111) and (311) planes, respectively, which are typical of this clay
mineral [34,35]. In addition, the clay presents an intense peak at
26.7°%, which is characteristic of the impurity of quartz in the Pal
structure (AMCSD N® 4664) [36].

| 1CSD n° 16009

CuWO,-Pal

Quartz

Palygorskite

Intensity (a. u.)

20 (degree)

Fig. 1. XRD patterns of CuWOy,, Pal and CuWO,4-Pal samples and crystallographic card
(ICSD No. 6009) for triclinic structure of CuWOy,.

Journal of Alloys and Compounds 863 (2021) 158731

CuWoO,
CuWO,-Pal

L.;,

Symmetric

stretching

Normalized intensity (a.u.)

T T T ' T T ,
200 400 600 800 1000

Raman shift (cm'l)

Fig. 2. Micro-Raman spectra of CuWO, and CuWO4-Pal samples. The inset shows
octahedral distortions of [WOg] and [MgOg] clusters.

No diffraction peaks of Pal can be seen in the nanocomposite XRD
pattern, which can be related to the small Pal content in CuiWWQ,4-Pal.
However, the full width at half maximum (FWHM) value of the (111)
peak of both CuWO4 and CuWO,-Pal samples indicates an increase
from 0.26° to 0.29°, consequently causing a decrease in the crystal-
lite size obtained by Scherrer’s equation from 34.98 nm (CuWO,) to
30.49 nm (CuWOg4-Pal). This behavior suggests an increase in the
long-range disorder in the CuWO, structure caused by the addition
of Pal, which may indicate nanocomposite formation. According to
Wang et al., [37] Pal can provide active sites for the construction of
various nanostructured materials, changing the local order/disorder.

3.1.2. Micro-Raman and DRIFT spectroscopy analyses

The micro-Raman spectra in the range of 50-1000cm™ of the
CuWO0, and CuWO4-Pal nanocomposite are shown in Fig. 2. The
CuWO, spectrum has 18 Raman-active vibration modes character-
istic of the triclinic structure for this material, which is in agreement
with our group theory calculation [38]. The symmetric stretching of
0-W-0 bonds at 900 cm™! evidences short-range structural order of
CuWOy crystals (inset of Fig. 2). The Raman spectrum of the nano-
composite exhibited modes predicted for the Pal structure. The
modes located at 490, 638 and 810cm™' correspond to O-Si-O,
0-Mg-0 and Si-0-Si stretching modes of Pal, while those at 567 and
597 cm™! are related to MgOg deformation (inset of Fig. 2), indicating
interactions between CuWO, and Pal [39].

The DRIFT spectra of the CuWO,4 and CuWO4-Pal nanocomposite
are displayed in Fig. 3. Similar to the Raman spectra, it is possible to
observe that the CuWO, presents 18 active different vibration modes
in infrared. According to Fig. 3, the bands around 477 (O-Cu-0), 556
(0-W-0-W-0), 636, 756 (W-0) and 901 (O-W-0) cm™! are related
to vibrations of CuWO, octahedral clusters [33,40,41]. For the Pal,
the band at 1030 cm™ is associated with the presence of Si-O-Si
bonds, while the band at 1215cm™ corresponds to the Si-O
stretching vibration [42]. The band at 1638 cm™! can be attributed to
structural waters present in the Pal. Furthermore, the Pal displays a
wide band around 3200-3710 cm™! that can be related to stretching
vibrations of the O-H groups in the clay (e.g. Si-OH, Fe-OH, Mg-OH
and Al-OH) [43,44]. Comparing the DRIFT spectra of CulWO,4-Pal and
CuWOQy,, the formation of the nanocomposite can be demonstrated
by the peaks typical of Pal located near 1215, 1638 and 3592 cm™.
The band at 3582cm™! can also be attributed to silanol groups
(=SiO-H) located at the external surface of the Pal, which can serve
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as active sites for the construction of nanocomposite materials
[37,45]. In addition, the spectrum of the nanocomposite shows a
decrease in the intensity of the CuWO, characteristic bands, sug-
gesting the successful formation of CuWO,-Pal. The DRIFT results
corroborate the data from the Raman spectra and XRD patterns.

3.2. Surface properties

The XPS analysis was performed to assess the elemental com-
position of the sample surface as well as possible changes in the
chemical state of elements due to nanocomposite formation. The
XPS survey spectra of the CuWO, and CuWO,-Pal indicated similar
spectra in the presence of Cu, W and O, while the nanocomposite
presented additional elements of Si, Al, Mn and Mg, confirming the
characteristic peaks of Pal (Fig. 4(a)). The binding energies were
corrected for the position of C 1s (284.3 eV).

Fig. 4(b-d) illustrates the high-resolution energy spectra for both
samples as well as the chemical state of each element. Fig. 4(b)
shows binding energies relative to electronic states of Cu2ps.
(934.9eV) and Cu2pqp, (954.0eV). In addition, the spectra also re-
vealed two satellite peaks (961.4 and 941.8 eV) that are consistent
with Cu?* (partially filled 3d-orbital) in the CuWOy structure [14,46].
The high-resolution of W4f showed three deconvoluted peaks in this
region, indicating the valence state of W®* characteristic of W 4f7p

Cu2p ! : 9337 (b)
1961.5 19534 ;

Intensity (a. w.)

970 965 960 955 950 945 940 935 930
Binding Energy (eV)

O1s 531.0 529.4 (d)

)
%

+'37,07%34.38%

B,

oo '~ N
Pesscanbialiiaisentse

Intensity (a. u.)

e

cuwo,

538 536 534 532 530 528 526
Binding Energy (eV)

Fig. 4. (a) XPS survey spectra and high-resolution (b) Cu 2p, (c) W 4f and (d) O 1s of both CuWO, and CuWQO,-Pal.
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(35.06eV), W 4f5), (37.42 eV) and W 5p3, (40.12 eV) levels (Fig. 4(c))
[47]. By comparing the spectra, it was possible to note that the
CuWO,-Pal exhibited a shift to lower binding energy, demonstrating
the existence of W>* (34.4eV and 36.7eV) and Cu* (953.4eV and
933.7 eV) chemical states and the emergence of oxygen vacancies,
which can be attributed to the doping of CuWO, by chemical ele-
ments present in the Pal (e.g. Fe, Mg, Al) [48,49]. Fig. 4(d) shows two
peaks for the O 1s region at 530.2 eV and 532 eV attributed to Cu-0
groups and surface hydroxide (O-H), respectively. The nanocompo-
site revealed one additional peak at 531 eV, which can be assigned to
hydroxyl groups of the Pal [50]. The doping effects in the nano-
composite induced an increase in the oxygen vacancies, improving
the charge transport property and catalyst activity [49,51].

3.3. UV-Vis DRS analysis and sample morphology

The optical band gap energy (Egg) of the CuWO, and CuWO4-Pal
was calculated by the Kubelka-Munk function, assuming an indirect
optical transition (F(R.) x hv)'/? (see Fig. SM1) [52]. The CuWO,4
nanocrystals exhibited an Epg value of approximately 2.26 eV, si-
milar to that reported in the literature [53,54]. The absorption
spectrum for the CuWO4-Pal displayed a small shift for a longer
wavelength, indicating transition energies of 2.15 eV. The insertion
of Pal caused enhanced visible-light absorption attributed to the
modification in the nanocomposite electronic structure, which can
be attributed to the doping of CuWO, by metals from the Pal
structure, as previously indicated by XPS and Raman results [17].
This behavior suggests the formation of the CuWO,4-Pal with im-
proved optical and catalytic properties in relation to the
CuWOy4 [55,56].

Fig. 5(a-d) shows the morphology of the CuWOy,, Pal and CuWO,-
Pal. Fig. 5(a) reveals the presence of CuWO,4 nanocrystals with an
average size of approximately 58 + 13nm (Fig. 5b). Fig. 5(c) in-
dicates that the Pal presented a fibrous needle-like morphology [57]
with an average size of 970 + 24 nm and aspect ratio of 8.3 £ 2. In
the case of the CuWO4-Pal nanocomposite, the particle average size
decreased to 38 + 8 nm (Fig. 5f), corroborating the results on the
crystallite sizes obtained by the Scherrer’s equation. This behavior
reveals that the CuWQ, crystal size was controlled by its interaction
with Pal. Similar results for a Pal/Ag;PO4 nanocomposite were re-
ported by Luo et al. [21], who showed that the Pal has properties
such as negative surface charge and rheological behavior that can
control crystal growth. The crystal size reduction may promote an
increase in the photocatalyst surface area and improve its photo-
catalytic properties [57].

The TEM and HR-TEM images of the CuWO4-Pal (Fig. 6a-c)
confirmed the nanocomposite formation through the interaction of
the CuWO, crystals with the fibrous Pal. It can be observed that the
nanocomposite improved the surface area and contributed to in-
creased catalytic efficiency [58]. In Fig. 7(c), it is possible to note the
presence of nanocrystals with defined planes. The selected area
shows interplanar distances of 0.31 nm, 0.360, 0.261, 0.153, 0.184,
0.379, 0.281, 0.141, 0.218, 0.243 and 0.210 nm associated with the
(111),(011),(120), (231),(221),(011),(111),(222),(102), (002) and
(121) planes, respectively (inset of Fig. 6¢). These planes reinforce
the CuWOy triclinic structure observed by XRD and Raman analyses.

3.4. Textural properties

Fig. 7(a) illustrates the N, adsorption/desorption analysis for the
Pal, CuWO,4 and CuWO,-Pal. The curves show type Il isotherms with
H3 hysteresis loop [59,60], associated to interstitial spaces between
particles that lead a wide range of pore diameter, as shown in
Fig. 7(b). Table 1 exhibits BET specific surface area, pore volume and
average pore diameter values for all samples. As it can be seen, the
incorporation of Pal into the CuWO, improved the surface area when
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compared to the pure CuWO,. Moreover, the enhancement of sur-
face area may also be related to the smaller particle sizes of the
nanocomposite (as seen in Fig. 5). The pore diameter distributions
were estimated using the Barrett-Joyner-Halenda (BJH) method
(Fig. 7b). The nanocomposite showed an increase in the pore volume
in relation to pure CuWO, that can improve a pollutant adsorption.
Generally, a photocatalyst with large surface area and high pore
volume promotes more exposed surface sites for adsorption [55].
Therefore, the CuWO4-Pal can demonstrate better adsorption and
photocatalytic activity than the CuWO, crystals.

3.5. Photoelectrochemical studies of CuWO, and CuWO4-Pal

The photoelectrochemical studies of the films prepared with
CuWO0, and CuWO,-Pal samples were investigated in aqueous so-
lutions of Na,SO4 (0.1 molL™") as the supporting electrolyte. The
charge transfer resistance and photocurrent measurements were
obtained using electrochemical impedance spectroscopy (EIS) and
linear sweep voltammetry (LSV).

The Nyquist plots for the CuWO, and CuWO4-Pal are given in
Fig. 8(a). As expected, the studies show that the nanocomposite has
a lower resistance in the charge transport than the CuWQ,, which is
represented by the smaller semicircle [61]. This behavior is con-
firmed by the linear sweep voltammograms obtained at 5mV/s
under chopped illumination. The voltammograms shown in Fig. 8(b)
exhibit an increased photocurrent response for the CuWO4-Pal due
to the doped CuWO,, which in turn induced oxygen vacancies and
enhanced the charge carrier mobility. The presence of oxygen va-
cancies in the nanocomposite can be evidenced by the emergence of
W and Cu* species, as previously discussed based on the XPS
studies [62,63]. The efficient separation of charge carriers allows a
longer lifetime for the active species available in the photocatalytic
activity. This behavior was also reported in the literature with the
preparation of composites using Pal and other semiconductor oxides
[17,22,64].

3.6. Photocatalytic performance

The pH plays as important role in the adsorption of pollutants on
the catalyst surface and in the photodegradation efficiency [65]. The
CIP photodegradation tests were carried out on CuWO4-Pal samples
with different pHs. The dark adsorption/desorption equilibrium was
reached after 30 min. As it can be seen in Fig. 9(a), the CIP adsorption
on CuWO,-Pal increased from pH 3 to pH 7 and decreased in pH 10.
The adsorption processes were influenced by electrostatic interac-
tion between the photocatalyst surface charge and the organic mo-
lecule. To better understand this behavior, zeta potential
measurements were performed for CIP and photocatalysts (Fig.
SM2). According to the literature [66,67], CIP is a compound that has
two pKj, values (see inset of Fig. 9a), which are associated with the
carboxylic group (pK,; =6.1) and nitrogen on the piperazinyl ring
(pKa2 =8.7); in acidic conditions, CIP has as a protonated form, while
in alkaline conditions it has a deprotonated form (see zeta potential
of CIP, Fig. SM2) [68]. In addition, CIP is characterized by the zwit-
terionic form between pH 6.1 and 8.7. In this condition, the molecule
presents an equal charge distribution between the protonated (*NH,)
and deprotonated (COO~) groups [69].

For the nanocomposite, the maximum adsorption was observed
at pH 7.0, which corresponds to the zwitterionic form. It can imply
that the positively charged (*NH,) groups of the CIP molecules will
be electrostatically attracted by the negative charge surface of the
CuWO0,, which is confirmed by its zeta potential behavior as a
function of pH (Fig. SM2b). The low CIP adsorption on the CuWQO,-
Pal at pH 3.0 was not expected since the predominant CIP species in
this pH is cationic. However, the electrostatic attraction can be
prevented due to high concentrations of H* ions that compete with
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Fig. 5. FE-SEM images and average particle size distribution of (a and b) CuWOy, (c and d) Pal and (e and f) CuWO4-Pal.

the positive charge of CIP [70]. At pH 10.0, the decrease in adsorption
is related to an electrostatic repulsion between the CuWO4-Pal sur-
face charges and the deprotonated CIP molecules. This behavior was
also previously studied by Berhane et al., [71] who reported the CIP
adsorption on palygorskite and montmorillonite. The authors
showed that Pal also has a negative charge surface in alkaline
medium, causing an electrostatic repulsion in the CIP adsorption.

After the adsorption equilibrium was reached, the photocatalyst
was irradiated with visible light, when it was possible to observe an
increase in the degradation efficiency under alkaline conditions (pH
10=92% after 90 min of irradiation), while the lowest degradation
was seen at pH 3.0 (55%). Although the adsorption was higher at pH
7.0, the best degradation rate was obtained under alkaline condi-
tions, which can be attributed to the increased production of
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(022)
(120)

Fig. 6. (a) TEM image of CuWO,-Pal, (b) high magnification of the nanocomposite and (c) HR-TEM for CuWO,4 nanocrystals.

hydroxyl radicals (*OH) in the solution [65]. Thus, pH 10 presented
the best photodegradation condition for CIP on the CuWO4-Pal.

The pH effect was important because it showed different prop-
erties for the same material. For example, at pH 7 it was possible to
observe an adsorptive process greater than the photocatalytic pro-
cess. The reverse behavior was observed at pH 3, when a lower
adsorption of the material was noted. In the case of pH 10, there was
a synergistic effect of both processes, i.e, the occurrence of both
photocatalytic activity and pollutant adsorption. This combination is
essential for materials that can be applied in environmental re-
mediation, justifying the choice of such material for tests with sca-
vengers and TOC analysis, as seen in Fig. 9(b-d).

Fig. 9(b) presents a comparison of the CIP degradation for the
photocatalysts and photolysis at pH 10. It can be observed that the
photolysis removed only 8% of CIP. In contrast, the CulWO, presented
a photodegradation efficiency of 80%, while the nanocomposite de-
graded 92% of CIP. The CuWO, showed a photocatalytic efficiency
superior to the photodegradation studies reported in the literature
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Table 1
Textural properties of Pal, CuWO, and CuWQO,-Pal.
Sample Specific surface Area  Pore Volume Pore
(m?/g) (cm?/g) Diameter (nm)
Pal 82 0.28 19.8
CuWO, 12 0.11 63.6
CuWO,-Pal 18 0.16 45.6

for this material [15]. This can be explained by the large pore volume
obtained by microwave assisted-hydrothermal synthesis, which fa-
vored the adsorption and photocatalytic response [72]. For the
CuWO,-Pal, in addition to the large volume of pores, the increase in
the specific surface area and the efficient separation of charge car-
riers induced enhanced photocatalytic activity.

The mineralization of CIP was evaluated through total organic
carbon (TOC), as shown in Fig. 9(c). The CuWO4-Pal photocatalyst
reached approximately 50% of drug removal, while for the CuWO,
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Fig. 7. (a) N, adsorption/desorption isotherms and (b) BJH pore diameter distribution plots for CutWO4, CuWO,4-Pal and Pal.
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this value was only 24%. The mineralization activity was lower than
that suggested by the UV-Vis analysis (Fig. 9b), probably due to
possible intermediate molecules generated in the photocatalytic
process, as discussed in previous studies [60].

Photocatalytic degradation involves different oxidative species
generated by the absorption of light on the photocatalyst surface,
such as e~, h*, 'OH and superoxide radical (0,7) [15,73]. In order to
evaluate the active species in the CIP degradation process on the
CuWO4-Pal, measurements with radical scavengers using tert-bu-
tanol (t-BuOH), ammonium oxalate (AO), ascorbic acid (AA) and
silver nitrate (AgNOs) were performed. Fig. 9(d) shows that the h+
and *OH radicals play a major role in the CIP photodegradation.
Furthermore, the degradation efficiency was considerably sup-
pressed by AO, indicating that the h* and "OH radicals on the na-
nocomposite surface are fundamental to the process. These active
species can act in two ways: direct oxidation of CIP or production of
hydroxyl radicals through reaction with the water molecule [74].

3.7. Photocatalytic mechanism

The energy diagram was proposed based on the photoelec-
trochemical studies and UV-Vis absorption, considering the posi-
tions of the conduction band (CB) and valence band (VB) for the
photocatalysts, and the LUMO (lowest unoccupied molecular orbital)
and HOMO (highest occupied molecular orbital) energy levels for the
CIP molecule. The diagram brings important information regarding
the charge separation mechanisms and reactive species for the
photocatalytic activity.

The positions of the CB and VB of the semiconductors were es-
timated using the Epg and flat band potential (Ep) measurements.
For the semiconductors, the Eg may be related to the Fermi energy
level [75]. In the case of an n-type semiconductor, the Eg can be
associated with the CB position. The Eg, values were calculated from
the photocurrent curves presented in Fig. 8(b), as briefly described in
the Supplementary Material (Fig. SM3). The Eg, for the CuWO, and
CuWO,-Pal films was estimated at 0.28 and 0.37 V, respectively. The
CB was then calculated by converting the Eg, values to energy on the
vacuum scale using Eq. 1:

[E(EV) = —4.5eV — EERHE (V)], (1)

where e is the electron charge and Eryg is the potential of the re-
versible hydrogen electrode [2]. The CB position for the CuWO, and
CuWO4-Pal corresponds to -5.31 and -5.34eV, respectively. The
energy range between the CB and the VB should approximately
correspond to the Epg of the semiconductors. Considering the Egg
values previously estimated for the CuWO,4 and CuWO4-Pal samples
(Fig. SM1), the positions of the VB for the photocatalysts were found
to be -7.81 and -7.54 eV, respectively.

DPV measurements were carried out to estimate the HOMO en-
ergy level of CIP (Fig. SM4). The redox potential for CIP oxidation was
about 1.50 V. Therefore, the calculated HOMO energy level of CIP was
-6.39 eV. On the other hand, the LUMO energy level was determined
by UV-Vis measurements (see inset of Fig. SM4). The bands observed
at 276 and 322nm were converted considering the energy
[E(eV) = @(nm)] and estimated in the range of 4.51-3.85 eV. The
position of the HOMO and LUMO energy levels are in accordance
with that estimated by density functional theory (DFT) for the CIP
molecule [76].

Fig. 10 illustrates the energy diagram constructed for the CIP
molecule and photocatalysts. After absorbing radiation with ade-
quate energy, the charge carriers are generated in the semiconductor
surface. The appropriate position of the HOMO and LUMO energy
levels of the molecule in relation to the conduction and valence
bands of the semiconductor may favor the photodegradation of
pollutants by photogenerated h* in the VB of the photocatalyst
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Fig. 10. Energy diagram for the valence and conduction band positions of CuWOy,
CuWO,-Pal, and HOMO and LUMO energy levels of CIP.

[77,78]. In this figure, it is also possible to observe that the HOMO
energy level of CIP is between the CB and the VB of the CuWO, and
CuWO,-Pal indicating that the oxidation of CIP by h* using the na-
nocomposite was favored.

The CIP photodegradation steps can be explained based on the
results of active species and the energy diagram constructed. First,
the CuWOg4-Pal is irradiated using visible light at alkaline pH (Epg
=2.15eV), consequently promoting charge separation (e~ — h*) pairs
(Eq. 2) [51]. The electron excited in the CB of the photocatalyst can
react with oxygen gas adsorbed on its surface and form the super-
oxide radical (0;7) with strong oxidative capacity (Eq. 3). As pre-
viously discussed, the position of the VB of CuWO,-Pal in relation to
the HOMO energy level is favorable to the oxidation of CIP through
the photogenerated ht. In addition, the h* radical can also participate
in the catalytic activity through reactions with OH™ ions present in
the alkaline medium, which promote the generation of “OH. This
process suggests a high photocatalytic efficiency due to the inhibi-
tion of the recombination of e~/h* pairs [78,79]. The 05~ and h* ra-
dicals continue to result in active species, such as H,0, and ‘OH, from
reactions with H,O and H* ions present in the medium (Egs.
4-8)[80,81].

CuWOy, — PAL + hv — CuWO, — PAL + (e~ — h*) 2)
e”+ 0, - 0y 3)
h* + H,0 - OH + H* (4)
05 + H* - O,H (5)
20,H = H,0; + 0, (6)
Hy0, + e~ — OH + OH- (7)
Hy0, + OH + O,H + 05 + CIP — CO, + H,0 (8)

4. Conclusions

In summary, CuWO4-Pal nanocomposite was prepared by the
coprecipitation method followed by the microwave-assisted hydro-
thermal synthesis. The characterization results indicated the pre-
sence of the triclinic CuWOQ, as well as the successful formation of
the CuWOg4-Pal. XPS studies revealed structural changes in the na-
nocomposite, which induced the emergence of oxygen vacancies
that improved the charge carrier mobility. The CuWO,4-Pal showed
increased absorption of visible light (Egc =2.15eV), forming a
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nanocomposite with enhanced photocatalytic performance and mi-
neralization. The degradation of the CIP solution by CuWO,-Pal using
visible-light irradiation was approximately 92% after 90 min. This
behavior was due to the increase in surface area and greater charge
mobility of the CuWO, after the incorporation of the Pal. Catalytic
tests with radical scavengers showed that h* was the main oxidative
species present in the CIP degradation. Additionally, the energy
diagram constructed suggested that the CIP can be oxidized by
photogenerated holes in the VB of the photocatalyst. These results
indicate the CuWO4-Pal nanocomposite proved to be a photocatalyst
potential to mineralize other organic pollutants such as resistant
drugs, herbicides and dyes.
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