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Abstract

The effect of temperature-programmed H» reduction on modification of surface oxygen
vacancies in commercial ZnO (C-ZnO) is investigated. The photocatalytic degradation of the
fungicide thiabendazole was optimized by treating C-ZnO with 10% H/Ar gas at 500°C over 5
hours. The formation of oxygen vacancies and their catalytic activity were compared before and
after the reduction treatment based on their characterization analysis (e.g., TPR, FE-SEM, EDS,
XPS, Tauc plot, XRD, and BET). Our most recent kinetic modeling was carried out on the
experiments using C-ZnO and T500 at different pH values. The highest adsorption removal and
photocatalytic degradation rate (and quantum yield) was occurred at pH 3 and 11, respectively.
Good reusability of the optimal reduced catalyst was confirmed when tested over five cycles. A

strong compatibility between the kinetic modeling results and all characterization analyses
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supports the potent role of reduction treatment for the modification of oxygen vacancies on

photocatalysis.
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1. Introduction

The utility of photocatalysis as a green environmental technology has been continuously
increasing over the past decades [1-4]. Semiconductor metal oxides such as zinc oxide are widely
used as photocatalysts [5-8]. The advantageous properties of ZnO photocatalysts are well known,
and include unique electronic and optical properties, non-toxicity, low cost, and high removal
efficiency for various target pollutants [6, 9]. Its application is nonetheless hindered by several
limitations, such as a wide bandgap (3.18 to 3.36 eV) for visible light activation [10, 11], high
recombination rate of electron-hole pairs, agglomeration, and photocorrosion [12, 13]. To
overcome these limitations, enormous efforts have gone into developing various technical options,
such as doping with other metals or organic materials, formation of surface defects, metal
deposition, heterojunction, and dye sensitization [6, 9, 14].

The formation and/or modification of surface oxygen defects is an effective approach to enhance
the photocatalytic activity of a semiconductor catalyst [15, 16]. A surface oxygen vacancy can
narrow the bandgap and act as a charge trap as well as an adsorption site in which the photo-
induced electron can be conducted to the adsorbate. On the one hand, it can suppress the electron-
hole recombination, while on the other hand, it may cause degradation of the adsorbate molecules
by charge transfer [17]. Although oxygen vacancies can be produced via various routes, such as
doping [18], hydrothermal methods [19], vacuum deoxidation [20], laser deposition [21], and
plasma methods [22], the formation of excessive oxygen vacancies may exert a negative effect on
the photocatalytic efficiency [23].

Thiabendazole (TBZ) is used as the model compound to explore the efficacy of catalysts
selected in this study. This compound is a popular fungicide for products such as fruits, rice,

tomatoes, tobacco, and sugar cane. In addition to agricultural use, TBZ has an application for
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hepatic diseases in livestock [24]. As a result of this broad application in different fields, residual
traces of TBZ have been found in various types of media such as agricultural run-off and food
industry wastewater effluent [25, 26]. TBZ is an aromatic compound and its residual presence is
harmful to the aquatic environment due to its high bio-activity and durability [27]. It is also known
for its carcinogenic effect on humans at sufficiently high dosage [28, 29].

The majority of the above-mentioned methods can be used to produce surface oxygen vacancies
during the synthesis of the catalysts. This research investigates the possibility of producing an
optimal amount of oxygen vacancy through H> reduction treatment on an already synthesized
catalyst, i.e. commercial ZnO. The optimal reduction temperature and time was studied by using
the catalyst for adsorption and photocatalytic removal of TBZ. The formation of oxygen vacancy
and its impact on catalyst performance is investigated by different characterization methods (e.g.,
XPS, XRD, BET, FE-SEM, EDS, and Tauc plot). Furthermore, experiments with sequential
adsorption in the dark and photocatalytic degradation under simulated sunlight have been
performed at different pH values. The experimental data on both commercial and modified ZnO
were kinetically fitted into our recently developed model [30]. The results of this research are
expected to offer a broad insight into the role of reduction treatment for the modification of oxygen

vacancies on photocatalysis.

2. Materials and methods

2.1. Materials and catalyst synthesis

The reagent grade thiabendazole (CAS: 148-79-8, Ci1oH7N3S, [201.25 g/mol]) was procured from
Sigma-Aldrich. Hydrochloric acid and sodium hydroxide used for pH adjustment, and the
commercial ZnO (C-ZnO) selected for oxygen vacancy formation in this study, were also

purchased from Sigma-Aldrich. Analytical grade isopropyl alcohol and potassium iodide, used as
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scavengers, were provided from Daejung company. Catalyst reduction was performed using the
catalyst characterizing equipment Autochem II from Micromeritics. Firstly, C-ZnO was pretreated
with He at 130°C for 20 minutes. After cooling the catalyst down to 30°C, 10% H»/Ar was supplied
at a flowrate of 60 cm*/min, then the temperature was gradually raised to the target values of 270,
370, 415, 470, 500, and 650°C at a ramping rate of 10°C/min. These samples were thus named as
T270, T370, T415, T470, T500, and T650, respectively. In order to ensure the role of oxygen
vacancies in the photocatalytic behavior of the catalysts, some freshly prepared T500 catalyst was
immediately treated in a temperature programmed oxidation (TPO) with 5% O/Ar at 500°C for 5
hours and the sample was named as TPO-ZnO. To investigate the optimal holding time, the T500
catalyst was held for different times (1, 3, 5, and 7 hrs). To prevent the re-oxidation of the reduced
sites, each sample was cooled to room temperature in a He stream after the reduction treatment.
2.2. Photocatalytic experiment

One of the most important points in the preparation of catalysts prior to a photocatalytic process
1s how to optimize the dispersion of the catalyst [31]. The use of physical dispersion (such as
sonication) can drastically increase the surface area of the photocatalyst [32]. However, to have
realistic results of the adsorption in the dark-phase experiment, there should be no physical contact
between the photocatalyst and the compound in the sonication process [30]. To this end, 25 mg of
the catalyst was added to 25 mL of deionized water at the intended initial pH (see Table 1) and
sonicated for 30 minutes. The TBZ was added individually in another 25 mL deionized water at
the same intended initial pH. Then, the two solutions were mixed (total volume of 50 mL) in a 200
mL beaker and stirred for one hour in the dark. Afterward, the sunlight simulator (Xe lamp DY
TECH Co, model DXP 300 (170-410 W)) was switched on at a distance of 10 cm on the top of the

reactor to induce photocatalytic degradation (full details in section S.1 of the Supplementary
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Information). The light intensity of the Xe lamp was measured as a constant value of 170010
W/m? for all experiments by a TES 132 solar power meter (Taiwan). To maintain the solution at
room temperature, the beaker was placed in a water bath (25+1°C). Samples were taken by a 0.22
um PES membrane Biofil syringe filter and analyzed by HPLC-PDA, as will be described in
section 2.3. The conditions of all performed experiments are summarized in Table 1.

The analyses in presence of isopropyl alcohol (IPA) as hydroxyl radical scavenger with a
concentration of 15 mmol L and potassium iodide (KI) as hole scavenger with 1.5 mmol L' were
performed at pH 3 and 11 with the same conditions as the above experiments. The scavenger
concentrations were selected based on previous studies as the scavenger does not affect the
adsorption [33]. The reusability of the modified ZnO was investigated by repeating the process for
the optimal reduced catalyst over five cycles (entry 20 of Table 1). The T500 catalyst was separated
by 30 minutes’ centrifugation at 10,000 rpm. The catalyst was washed with deionized water and
dried for 12 hours under vacuum at 100°C. The mass of the reused catalyst was measured and the
recovered catalyst was subsequently used in the next experiment. The photolysis of TBZ was
investigated in a control experiment at the initial TBZ concentration of 10 mg/L at pH 7 without
the presence of the catalyst. Accordingly, there was no considerable change (less than 2% of the
initial concentration) in the concentration of TBZ after 6 hours of irradiation, see Figure S.2 in
section S.2 of the Supplementary Information.

2.3. Characterization and analytical methods

The temperature-programmed reduction (TPR) analysis of C-ZnO was performed by
Micromeritics Autochem II equipment. 200 mg of C-ZnO was pretreated by He at 130°C
temperature for 20 minutes and cooled down to 30°C. The gas flow was changed to 10% Ho/Ar

and the sample was heated to 650°C with a ramp rate of 10°C/min. The water molecules, formed
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during reduction, were taken out in a cold trap (kept at temperatures below -80°C). Temperature
programmed oxidation (TPO) was performed on the T500 catalyst with the same setup and
pretreatment as TPR by using 5% O2/Ar gas to reoxidize the sample. In addition, pulse
chemisorption oxidation (PCO) was used to measure the amount of oxygen vacancies created by
H:> reduction at each temperature. The PCO analysis was immediately performed at the same
temperature after reduction of each sample (mass 200 mg) by using 30 cm®/min Ar gas as carrier
and 0.486 cm?® loop, filled by 5% Ox/Ar for 20 sequential pulses.

The EPR spectra were plotted using Bruker EMX plus equipment at room temperature. The
microwave frequency of the X-band spectrometer was 9.64 GHz with a 100 kHz field modulation
frequency. The FE-SEM and EDS analyses were performed by a JEOL-7610F PLUS electron
microscope. For EDS mapping, the elemental composition of the catalyst was quantified by the
identification of 1 million points in the area of about 1 square micrometer. High resolution
transmission electron microscope (HR-TEM) analysis was performed on a NEOARM JEM-ARM
200F apparatus. XPS analysis was performed by a Thermo Scientific™ K-Alpha™ XPS system.
In order to distinguish the surface oxygen reduction from the bulk oxygen reduction, the first XPS
analysis for each sample was performed directly at the surface of the catalyst. Then, the sample
was etched with Ar gas for 100 seconds to reach a depth of about 5 nanometers for the second XPS
analysis. Powder XRD analysis was performed by Rigaku Ultima IV with a radiation source of Cu
(A=1.54059 A) at 40 kV and 40 mA, with a 0.02 deg/sec scanning speed. The adsorption-
desorption isotherms analysis was performed by ultrapure nitrogen gas at 77.35 K in a
Quantachrome Autosorb-iQ 2ST/MP equipment. All samples were degassed for 2 hours under
vacuum at 150°C. The surface area of samples was measured by the Brunauer-Emmett-Teller

(BET) method, while the pore volumes were calculated by the nonlocal density functional theory
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(NLDFT). The FTIR spectrum in the range of 400 to 4000 cm™' of the catalysts, before and after
TBZ adsorption, was analyzed by a Thermo Scientific NICOLET iS5. The samples were degassed
under vacuum at 120°C for 2 hours prior to the FTIR analysis. The bandgap value of the samples
was obtained by the Tauc plot method [34]. The C-ZnO and T500 catalysts with aqueous
concentration of 50 mg/L were sonicated for 30 minutes and transferred to a quartz cuvette. The
UV-VIS absorption spectrum of the catalysts were analyzed by an Optizen POP spectrophotometer
with a wavelength interval of 2 nm. The photoluminescence of the catalysts was analyzed by
LabRAM Aramis apparatus provided by Horriba Jovin Yvon company. The spectra were plotted
for each catalyst by a He-Cd 325 nm laser in the range of 325 to 900 nm wavelength.

The concentrations of TBZ in water samples were measured by HPLC (Shimadzu LC 2030C)
using an ACE 3 AQ column (150%3 mm) and a PDA detector at 300 nm. An isocratic solution of
20 mM ammonium acetate in water and methanol (35/65 v/v) with a flowrate of 0.5 mL/min was
used as the mobile phase. The injection volume of the sample in HPLC was 50 pL. The calibration
curve of the TBZ concentration is illustrated in section S.3 of the Supplementary Information. The
precision of measurement, expressed in terms of RSD based on 8 repetitive runs of 10 mg/L
standards, is 3.5%. The values for limit of detection (LOD) and limit of quantification (LOQ) are
calculated as 0.33 umol/L and 1.1 umol/L, respectively (section S.3 of the Supplementary
Information). It should be noted that all of the quantified concentrations of TBZ in this work are
above the LOQ.

The LC-MS analysis was performed by Thermofisher ULTIMATE 3000 RSLC with a Q-
EXACTIVE ORBITRAP PLUS mass spectrometer. ACQUITY UPLC BEH C18 column with a
0.4 mL/min gradient mobile phase of 0.1% FA in water and 0.1% FA in acetonitrile was used for

detecting the degradation products of TBZ. Hanna HI83314 photometer and HI93754A-25 reagent
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kits were used to measure the COD of the solution by USEPA 410.4 method. TOC was measured

by TOC-3300L equipment provided by HUMAS company Korea.

3. Results and Discussion
In order to streamline this section, a brief overview of the work flow is presented. At first, H,-

TPR experiments were performed to evaluate the specific reduction of commercial ZnO. Hereafter,
different reduction temperatures could be defined based on the fitted Gaussian peaks in the TPR
spectrum with the control of corresponding reduction times. To find the optimal set of reduction
time and temperature, the photocatalytic activity of the reduced ZnO samples was experimentally
investigated and kinetically modeled by using apparent first-order equations. Physical
characterization (TPR, FE-SEM, EDS, XPS, Tauc plot, XRD, and BET) was carried out using
both commercial and reduced samples.
The two types of the catalysts representing both the highest activity and the commercial ZnO were
tested at different pH values and fitted into the kinetic model which we developed recently [30] to
explain the reason for the changes in behavior of the reduced catalyst.
3.1. TPR analysis

To investigate the reduction process of the catalyst, H,-TPR analysis is performed. Figure 1
illustrates the H,-TPR profile of ZnO reduction. Several Gaussian peaks were fitted at different
temperatures of 270, 370, 415, 470, and 500°C. These peaks represent various oxygen bonds with
different strengths on the surface of the catalyst. Therefore, by increasing the reduction
temperature, more oxygen vacancies are produced to affect the photocatalytic activity of the

catalyst.
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3.2. Optimal reduction time and temperature

By considering the reduction peaks in TPR analysis (see Figure 1), photocatalytic activity of
reduced ZnO was investigated at different temperatures (T270 to T650°C) and reduction time (1
to 7 hours) in reference to the commercial ZnO (C-ZnO). Adsorption in the dark was performed
at the beginning of all experiments for 1 hour. For comparing the total TBZ degradation rate on
each catalyst in a simple way, the degradation coefficient (k) of each photocatalytic experiment is

estimated by using the first-order kinetics, see Eq (1):

C(1)=C,-e™" (1)
The initial reaction rate (mol ge! h') of each catalyst is calculated via Eq (2), where Co is the
initial concentration of TBZ (mol L), k is the degradation coefficient (h™), V is the volume of the

solution (L) and mecat is the mass of catalyst (g L™).

C, kv
ry = )

cat

As demonstrated in Figure 2a, by increasing the reduction temperature to 500°C, the adsorption
removal and initial degradation rate of the commercial ZnO increases from 7.0% and 4.88x107
(mol gear! h) to 20.2% and 7.56x102 (mol gea' h'). Surface oxygen vacancies can act as an
adsorption site and a place for transfer of the excitons to adsorbed compound which further results
in degradation [35]. However, the further increase of reduction temperature to 650°C causes a
significant decrease, specifically in the reaction rate of the catalyst. The reason for such decrease
is that in addition to the surface oxygen, the bulk oxygen is also reduced at higher temperatures
(see section 3.4). However, the bulk oxygen vacancies cannot be accessible for the adsorption of

the contaminants. At the same time, the bulk oxygen vacancies can act as an electron trap but since
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the excited electrons have no chance to transfer to an adsorbed contaminant molecule, the electron
holes will recombine which decreases the efficiency [23].

Figure 2b illustrates the effect of the reduction time on the adsorption and photocatalytic
removal of TBZ by modified ZnO. As can be observed, at the optimal reduction temperature of
500°C, the best catalytic activity occurs at a reduction time of 5 hours. Therefore, the optimal
reduction temperature and time for the highest adsorption removal and degradation rate of the
modified ZnO are found as 500°C and 5 hours, respectively.

3.3. TPO, PCO, and EPR analysis

Temperature programmed oxidation (TPO) analysis was performed to confirm the creation of
oxygen vacancies due to the hydrogen reduction treatment. Figure 3a demonstrates the TPO profile
of the T500 catalyst. Similar to the TPR analysis, this TPO profile shows 5 different fitted peaks,
corresponding to different surface oxygen bond strengths. However, the peaks in TPO profile
occur at lower temperatures compared to the peaks of TPR analysis. A possible reason is that the
reduction of catalysts requires higher activation energy compared to re-oxidation [36, 37].

Pulse chemisorption oxidation (PCO) was performed to measure the concentration of oxygen
vacancies created at each reduction temperature. As illustrated in Figure 3b, the amount of oxygen
molecules consumed in PCO analysis rises with an increase in reduction temperature. The number
of oxygen molecules consumed at each PCO analysis can be calculated by Eq S.2, explained in
section S.4 of the Supplementary Information. Subsequently, the concentration of oxygen
vacancies created by H> reduction can be estimated by division by the sample mass. Figure 3¢
illustrates the concentration of oxygen vacancies of each catalyst created by H» reduction. As can
be observed, by increasing the reduction temperature from 270 to 650°C, the amounts of oxygen

vacancies increase from 8.5x107° to 4.3x10 mol gea!, respectively.
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Figure 3d illustrates the electron paramagnetic resonance (EPR) spectra of the C-ZnO and T500
catalysts. As can be observed, both catalysts have the main symmetrical signal at g = 1.96. This
can be a result of a trapped photo-generated electron on a Zn atom [38, 39]. However, only T500
catalyst has a smaller signal at g=2.01 which can be attributed to the presence of oxygen vacancies
[40-42].

3.4. FE-SEM, EDS, and HR-TEM analysis

The FE-SEM and EDS images of the C-ZnO and T500 catalysts indicate that reduction of ZnO
did not change the particle size and catalyst morphology (Figure 4a to d). The images of FE-SEM
and EDS analysis for the other catalysts are illustrated in section S.5 of the Supplementary
Information. The results of the EDS analysis are summarized in Table 2. The weight percentage
of oxygen at the surface of the catalyst dropped from 24.99% in C-ZnO to 20.84% in T500 and
20.81% in T650. The value of x for the reduced ZnO1 . is estimated based on the atomic percentage
of oxygen in the EDS analysis for all samples [43]. This is in agreement with the mass loss of the
ZnO sample during the reduction treatment, as shown in Table 2. As the reduction temperature
increases from 500 to 650°C, the mass loss of the catalyst considerably increases while the surface
oxygen measured by EDS analysis remained almost constant. The reason is that at a high
temperature of 650°C, the bulk oxygen rather than the surface oxygen is also reduced which cannot
be measured by the EDS analysis. Therefore, to learn more about the changes, XPS analysis was
performed at the surface and depth of the catalyst.

In order to further investigate the morphology of the catalysts, HR-TEM analysis was performed
on C-ZnO and T500 catalysts. As can be observed in Figure 4e and f, both catalysts demonstrate
lattice fringes (d) of about 2.8 A which corresponds to lattice plane of (100) in ZnO [44]. The

insets in Figure 4e and f, illustrate the SAED pattern of the catalysts. The uniform SAED
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diffraction of both catalysts is a result of the single crystallinity of the nanoparticles. The d-spacing
of d=2.8,2.6,2.4, and 1.4 A corresponding to the lattice planes of (100), (002), (101), and (103)
in Figure 4e are in good agreement with ZnO [45].

3.5. XPS analysis

The XPS analysis is performed for all catalysts at the surface and at 5 nm depth. All XPS spectra
are adjusted to C s at 285 eV. Figure 5a shows the O 1s spectrum with three separate components
related to lattice oxygen (O at 530 €V), oxygen vacancy (Ovac at 531 eV), and adsorbed oxygen
(Oags at 532 eV) [46].

Figure 5b illustrates the Ovac/Olat ratio for surface and depth XPS of each sample. In line with
EDS results, by increasing the reduction temperature to 500°C, the ratio of oxygen vacancy to
lattice oxygen at the surface of the catalyst gradually increases from 0.44 to 0.57. However, further
increase of reduction temperature to 650°C does not affect the surface Oyac/Orat ratio considerably.
On the other hand, the ratio of Oyac/O1at at depth is almost constant until the reduction temperature
of 500°C (about 0.39), while it increases drastically to 0.91 at 650°C.

The electrical conductivity of the samples was investigated by estimating the maximum valence
band of the catalysts from the surface XPS spectrum data between -3 and 20 eV. In order to have
a systematic procedure for all catalysts, the five-point stencil method was used to fit the tangent
line on the XPS spectrum (section S.6 of the Supplementary Information).

Figure 6a illustrates the maximum valence band estimation for both C-ZnO and T500 samples.
The rest of samples are shown in section S.6 of the Supplementary Information. Figure 6b
compares the maximum valence bands of all samples as determined from both surface and depth
XPS spectra. As the reduction temperature rose to 500°C, the maximum valence band of the

catalyst experienced an upward shift from 2.43 eV in C-ZnO to 2.62 eV in the T500 catalyst. The
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higher maximum valence band in T500 indicates a higher oxidative ability of photo-generated
electron holes [47]. The electron holes produced by a higher valance band can result into a higher
production rate of hydroxyl radicals at basic pH, or direct oxidation of TBZ at the surface of
catalyst in acidic conditions [48, 49]. However, a further increase of the reduction temperature to
650°C caused a considerable downward shift in the maximum valence band. The reason for the
changes in the maximum valence band is due to changes in the crystalline structure as a result of
the reduction treatment and presence of oxygen vacancies [50]. The maximum valence band as
determined from the XPS spectra taken at a depth of 5 nm remained constant until the reduction
temperature of 500°C. However, it indicated a considerable decrease in the T650 catalyst. This is
in agreement with the O 1s depth XPS spectrum of the catalysts in which the Oyac/Oat ratio remains
constant until the reduction temperature of 500°C. As such, there is no considerable reduction at
the bulk oxygen until the reduction temperature of 500°C. Conversely, by increasing the reduction
temperature to 650°C, the bulk oxygen can be reduced with a drastic increase in the ratio of
Ovac/Otat.
3.6. Optical studies by Tauc plot and photoluminescence

The Tauc plot method was used to estimate the bandgap of the catalysts. The absorption
spectrum of the aqueous suspensions of the C-ZnO and T500 catalysts are shown in section S.7 of
the Supplementary Information. Eq (3) describes the relation between the absorption coefficient
(o) and frequency (v) of the photon irradiated to the aqueous suspension of the catalyst on the one
hand and the energy bandgap of the catalyst on the other hand [51]. Where h represents the Planck
constant, B is the proportionality constant, and y represents the electron transition factor with the

value of 2 and 2 for direct and indirect transition bandgaps, respectively [34]:

(@xhv)'” =B-(hv-E,) 3)
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The Tauc plot method was used to study the effect of oxygen vacancies on the energy bandgap of
the C-ZnO and T500 catalysts. With the same procedure as for the valence band estimation, the
five-point stencil method was used to estimate the energy bandgap from the Tauc plot, see
equations (S.3) to (S.5) in section S.6 of the Supplementary Information. Figure 7a illustrates a
considerable shift in Tauc plot of T500 relative to C-ZnO. Accordingly, the bandgap of C-ZnO
catalyst has dropped from 3.22 to 3.07 eV in the T500 catalyst. The corresponding wavelength of
photons that have the minimum energy to activate C-ZnO and T500 are calculated as 385 and 404
nm, respectively (section S.7 of the Supplementary Information). Hence, the modification of
oxygen vacancies in the T500 catalyst has increased the photon harvesting toward the visible light
[52].

By deducting the band gap of the C-ZnO (3.22 eV) and T500 (3.07 V) from the maximum valence
band of the catalysts estimated from XPS spectra (2.43 eV in C-ZnO and 2.62 eV in T500),
conduction band minimum of C-ZnO and T500 can be estimated as -0.79 and -0.45 eV,
respectively [53]. Both are more negative than the redox potential of O»/O>™ (-0.33 eV) [54],
resulting in the production of superoxide radicals. The redox potential for OH/OH™ and OH’/H>O
are 1.99 and 2.37 eV, respectively [55]. The maximum valence band of the T500 catalyst (2.62
eV) is sufficiently higher than the redox potential of OH’/OH™ and OH’/H>0O, while the one for C-
Zn0 (2.43 eV) is slightly higher than the redox potential of OH/H2O. This can be a possible reason
for the lower photocatalytic degradation rate in C-ZnO.

The photoluminescence (PL) spectra for C-ZnO and T500 are illustrated in Figure 7b. The sharp
peak at 380 nm in the spectra of C-ZnO is attributed to the electron transition from valence band
to the conduction band of ZnO [56]. However, the same peak in T500 catalyst shows a red shift to

421 nm due to the changes in the crystal structure of the reduced catalyst [57]. This is in agreement
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with the estimated band gap of the catalysts by Tauc plot which is decreased from 3.22 in C-ZnO
to 3.07 eV in T500. The wide peak at 663 nm in T500 catalyst is known to represent the presence
of oxygen vacancies [58]. These emissions are reported to be a result of electron-hole
recombination at the oxygen vacancy sites [59].

3.7. XRD analysis

The XRD spectrum of the T500 catalyst is presented in Figure 8a while those of the C-ZnO and
T650 catalysts are in section S.8 of the Supplementary Information. The occurrences of sharp and
narrow peaks confirm the high quality and fine particle size with appropriate crystallinity [60].
The three major peaks observed at 20 = 31.8, 34.5, and 36.3 can be related to (100), (002), and
(101) lattice planes, respectively [61, 62]. The observed lattice planes are in good agreement with
standard JCPDS for ZnO [63].

Because of the formation of polycrystalline aggregates, the actual crystalline size of ZnO is
smaller than the size of its nano-particles that can be measured by FE-SEM [64]. The oxygen
mobility of the catalyst can be investigated by the lattice strain of the crystalline [65]. It can reveal
extra information about the changes that occurred in surface oxygen vacancies by H» reduction of
the catalyst [66]. Therefore, the crystalline size and the lattice strain of the samples are estimated
by using Debye-Scherrer [67] and Williamson-Hall equations [60]. Eq (4) represents Scherrer’s
equation:

_ Ki
S Cosd

(4)

where D is the crystal size, k (0.9) is the shape factor, A is the wavelength of radiation of Cuk, and
B is the width of the peak at half of its maximum height.

Table 3 illustrates the average crystalline size of C-ZnO, T500, and T650 samples estimated by

Eq ().



347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

17

The Williamson-Hall equation used to estimate the crystalline size and lattice strain is shown in

Eq (5):
,Bcosﬁz%MgsinH (5)

where ¢ is the lattice strain of the sample. A graph of 4sin6 versus -cos0 is plotted for the first six
peaks of the XRD spectrum, which represent the lattice planes of 100, 002, 101, 102, 110, and
103, respectively (see Figure 8b). From the y-axis intercept of the linear fit, the crystalline size (D)
can be estimated and the slope of the fit provides the lattice strain «.

Table 3 illustrates the estimated values for D and €. With the reduction of C-ZnO to T500 and
T650, the lattice strain decreased (lower ¢ values), which is a measure for oxygen mobility [68].
Hence, it can be concluded that at the higher temperatures of reduction, more oxygen is reduced
generating more oxygen vacancies [66]. Furthermore, the lower lattice strain can decrease the free
energy of the system, resulting in a higher diffusion of active radicals in the solution while
enhancing the efficiency of the reaction [69].

The crystalline size (D) of T650 is higher than those of T500 and C-ZnO for both the Scherrer
and Williamson-Hall methods. This can be as a result of exceeding the Tamman-Hiittig
temperatures. These temperatures indicate the points that sintering (the process of compacting and
combining the crystals of the material without melting) of the catalyst may occur: see Eqs (6) and
(7) [70].

THuttig = 03 ' T:nelting (6)

T = 05 ’ T;nelting (7)

Tamman
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For ZnO, these temperatures are 675 and 1124°C, respectively. Since the T650 sample is reduced
at temperatures near the Hiittig temperature, it is plausible that the aggregation of crystals has
occurred, slightly increasing the crystalline size of the sample [71].

3.8. BET surface area and pore volume

BET surface area and pore volume of C-ZnO, T500, and T650 catalysts were measured by
nitrogen adsorption-desorption. Figure 9a demonstrates the adsorption isotherm of the T500
catalyst. The same graphs for C-ZnO and T650 can be found in section S.9 of the Supplementary
Information. According to the [UPAC convention, all catalysts are associated with a type-III
isotherm that represents slit pores and panel-shaped particles [72, 73]. The BET plot of the
adsorption isotherm is illustrated as an inset graph for each catalyst. All BET plots have a linear
fitting with R? higher than 0.99 (n > 8).

The method of estimating BET surface area is explained in section S.9 of the Supplementary
Information. The BJH pore volume distribution of T500 is demonstrated in Figure 9b while those
for the C-ZnO and T650 catalysts are illustrated in section S.9 of the Supplementary Information.
Accordingly, all catalysts contain mostly mesopores with pore diameter between 2 and 50 nm [74].
However, by reduction of the C-ZnO at 500°C and 650°C, the quantity of the pores with smaller
width has decreased while that of larger pores has increased. This causes an increase in the total
pore volume of 8.87 X102 cm*/g in C-ZnO to 1.06x107" in T500 and 1.29x10"" cm?/g in T650, as
observed in Figure 9c. This is in agreement with the XPS results that show an increasing ratio of
oxygen vacancy to the lattice oxygen at higher reduction temperatures. Furthermore, T650 shows
a considerable increase in macropore volume reflecting the bulk oxygen reduction that is also
observed in the depth XPS spectrum. The BET surface areas of the catalysts are compared in

Figure 9c. By reduction of C-ZnO to T500, the BET surface area increased from 43.0 m?/g to 48.3
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m?/g. However, by further increase of reduction temperature to T650, the BET surface area drops
to 44.3 m%/g. As described by XRD analysis, due to the reduction near the Hiittig temperature and
the subsequent aggregation of crystals, the T650 catalyst has a lower BET surface area. This
decrease in BET surface area can be the reason for the observed drop in T650 adsorption removal
in the dark (18.8 = 1.0 %) compared to that of T500 (20.2 = 0.1%), see Figure 2.

3.9. FTIR and XPS spectra of the adsorbed TBZ

The TBZ adsorption on the surface of the catalyst was verified by FTIR analysis. Figure 10a
illustrates the FTIR spectra of CZnO, T500, and T500 after adsorption of TBZ for one hour in the
dark. Comparing the graph of CZnO and T500 catalyst, a strong peak has occurred at 983 cm™ in
the FTIR spectra of T500 that are related to vibrational frequencies due to the structural changes
after hydrogen reduction [57]. Several peaks at the FTIR spectra of T500 after TBZ adsorption
clearly indicate the presence of TBZ adsorbates. The first peak at 729 cm™ is referred to C-S bond
in TBZ structure [75]. The peaks at 1248 and 1406 cm™ are attributed to the stretching of C-H
bond and C-C elongation, respectively [76]. In addition, the peak at 1310 cm™ indicates stretching
vibration of C-N bond in the adsorbed TBZ molecule [77]. The further peaks at 2780 and 3043
cm! are related to C-H» and N-H stretching, respectively [78].

Figure 10b demonstrates the XPS spectra of T500, before and after TBZ adsorption. As can be
observed, a small peak at 399 eV (N 1s) has emerged in the XPS spectra of T500 after the TBZ
adsorption. This peak can be assigned to N-C bonding in TBZ adsorbate [79]. Figure S.11a and b
in section S.10 of the Supplementary Information illustrates the C 1s spectrum of T500 before and
after TBZ adsorption. The mentioned spectrum of fresh T500 contains only one peak at 284.6 eV

which corresponds to C-C or C=C bonds in the carbon tape [80]. After TBZ adsorption, an
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additional peak was observed at 286.4 eV that can be attributed to the C=N bonding of the adsorbed
TBZ [79].

The atomic percentage of nitrogen and carbon calculated by XPS spectra increased from 0.0 and
2.5% in fresh T500 to 0.9 and 5.1% in T500 after TBZ adsorption, respectively. While the atomic
percentage of zinc has remained almost constant (44.4 in fresh T500 and 44.1 in T500 after TBZ
adsorption) and the oxygen percentage decreased from 53.1% in fresh T500 to 49.9% in T500 with
TBZ adsorbate. A possible reason is that the adsorption sites for TBZ adsorbates were mostly
oxygen vacancies.

3.10. Kinetic modeling and the effect of pH

To have a better insight into the effects of oxygen vacancy modification on the behavior of the
C-ZnO, T500, and TPO-ZnO catalysts, the experimental results are evaluated at different pH
values by our recently published kinetic model [30], as given by Eqs (8) to (11). This model
simultaneously considers reversible adsorption and photocatalytic degradation by active radicals

in the solution as well as degradation on the catalyst surface (via holes):

c, 2
V dt = _VZOZ (kl,iaicaqc* - k27iCi,ad) - VkSCaqg (8)
dc , 2
mcat 7 = +VZ (kl,iaicaqc* - k2,iCi,ad) - mcatk4Cad§ (9)
i=0
2
C* + mz Ci,ad = Ctot (10)
i=0
=0 , t<t
° . (11)
E=1, <t

Eq (8) defines the changes in aqueous concentration of TBZ as the adsorption and desorption take

place together with photocatalytic degradation by active radicals in the solution. Eq (9) describes
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the changes of TBZ adsorbate concentration on the catalyst surface by considering the reversible
adsorption-desorption and photocatalytic degradation of adsorbates on the catalyst surface by
electron holes. The symbols V, mcat, Cag, and Caq in Egs. (8) and (9) represent the volume (L) of
the solution, catalyst mass (g), liquid phase concentration (mol L), and adsorbed TBZ
concentration per mass of catalyst (mol g'!), respectively.

In order to address the pH impact in Eqgs (8) to (11), the dissociation of TBZ was considered in
the kinetic model. The free electron pair of the nitrogen at the central ring of the TBZ (see Figure
11) can accept a proton at enough low pH values, which results in a positive charge on TBZ. On
the other hand, at sufficiently alkaline conditions, the hydrogen attached to the nitrogen of the
inner ring could be separated from the TBZ molecule giving it a negative charge. The acid
dissociation constants have been taken into account, as estimated in our previous work. The pK_
and pK, , for positive and negative species of TBZ are equal to 5.09 and 7.96, respectively [30].

Accordingly, o, to o, in Eqgs (S.9) to (S.11) in section S.11 of the Supplementary Information, can
be used to express the partition ratio of positive, neutral, and negative species of TBZ, respectively.

k; ; is are the adsorption coefficient and k, ; is the desorption coefficient for each TBZ specimen
(1). Parameter k; defines the degradation coefficient of the aqueous TBZ caused by reactive
radicals in the solution. Parameter k, corresponds to the degradation coefficient of the adsorbate
TBZ by electron-holes at the photocatalyst surface. Parameters ks and ks are assumed to be
constant in every different TBZ species due to a non-selective reactivity of radicals and electron-
holes at a specific pH.

Eq (10) defines the site balance on the catalyst surface, where C. and C,, represent the free and
occupied active sites on the catalyst surface, respectively. Parameter m represents the average

number of active sites covered by one molecule of adsorbed TBZ [30]. The light conditions for
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Eqgs (8) to (10) are shown in Eq (11) with § as light switch. For the first 60 minutes (t*) in the dark
phase of the experiment, the second terms of Eqgs (8) and (9) are zero (§=0), while the TBZ removal
is only by adsorption. Thereafter, the lights are switched on to activate the photocatalytic
degradation of TBZ in both continuity equations (CEs) of (8) and (9) (§ =1).

The numerical integration of CEs for every 1 minute time step was performed by an in-house
code using Excel” software. The initial conditions of Caq(t=0) = Co and Caq(=0) = 0 were considered
for the start of numerical integration. Kinetic parameters were estimated based on a GRG nonlinear
solving method by minimizing the residual sum of squares as expressed by Eq (12). N; is the total

samples for each experiment while n is the number total experiments in the modeling as described

in Table 1:

2 .
;= Cppiy)” —> min (12)

3.10.1. Modeling results

Continuous adsorption and photocatalytic degradation of TBZ was performed at different pHs with
C-ZnO, T500, and TPO-ZnO catalysts. The dots in Figure 12a to ¢ represent the experimental data
of TBZ removal by the catalysts at the initial pH values of 3, 7, and 11. The same graphs for the
initial pHs of 5 and 9 are provided in section S.11 of the Supplementary Information, along with
the graphs comparing all experiments at different pHs. Accordingly, the T500 catalyst has higher
adsorption removal and degradation rate than other catalysts at all pHs. While, the TPO-ZnO
catalyst has the lowest adsorption among all the catalysts. The TBZ removal by adsorption in the
dark drops considerably with increasing pH, regardless of reduction treatment. In contrast, the
overall degradation rate (considering the total degradation in the liquid and the surface of the

catalyst) for all catalysts rises significantly at alkaline pH conditions.
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Continuous lines in Figure 12 indicates the calculated data by the kinetic model. Table 4 shows

the values of the estimated parameters by the model. Each TBZ specimen has a constant k, ; and

k,; at all pHs, while k; and k, have specified values at each pH. The total concentration values of

active sites (Cior) in C-ZnO and T500 indicate an increase of about 68% from 1.17 10" t0 1.96 10°
*mol g after reduction treatment. However, the estimated amount of active sites in TPO-ZnO
catalyst has decreased to 1.06 10 mol g!. As such, it is experimentally confirmed that more
oxygen vacancies are produced at the surface of the T500 catalyst by H> reduction [81, 82]. While
the re-oxidation of the T500 catalyst at 500°C reduced the amount of oxygen vacancies in TPO-
ZnO to even lower values than that of C-ZnO. The possible reason can be that C-ZnO has initially
some oxygen vacancies before the H, reduction. During the oxidation of the TPO-ZnO at 500°C,
not only the oxygen vacancies produced by H» reduction, but also the initial oxygen vacancies of
C-ZnO can be re-oxidized. Figure S.14 in section S.11 of the Supplementary Information
illustrates the results of the PCO analysis for the C-ZnO and T500 catalysts at 500°C. As observed,
the oxygen vacancy concentration of C-ZnO catalyst that can be oxidized at 500°C is 1.33 107
mol gea !, while the value for T500 catalyst is 3.99 10 mol gea!. The XPS O 1s spectrum of TPO-
ZnO is shown in Figure S.15 of the Supplementary Information. As can be observed, the oxygen
vacancy (Ovac) peak at 531 eV is considerably smaller than that of C-ZnO, resulting in a remarkable
drop of Oyac/Orat ratio from 0.44 in C-ZnO to 0.31 in TPO-ZnO. The reduced amount of oxygen
vacancies in TPO-ZnO sample can be a possible reason for its lower performance in adsorption
removal and photocatalytic degradation of TBZ.

The value for m has increased from 1.12 in C-ZnO to 2.09 in T500. This is due to a smaller
increase in the BET surface area of the catalyst after H, reduction (about 12%, from 43.0 to 48.3

m?/g), while there was a significant increase in total active sites (about 68%, from 1.17 10™ to 1.96
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10™* mol.g™). Thereby, the active sites for the T500 catalyst are more tightly placed on the surface

of the catalyst. On the other hand, as the surface area of the TBZ molecule remained constant, it
can yield a higher m value by retaining more active sites. To confirm this, the average surface area
values for each active site on C-ZnO and T500 are calculated as 61 A% and 41 A2, respectively,
when the BET surface area is divided by the amount of Cy for each catalyst. Note that the TBZ
surface area is reported as about 82 A% [83]. Hence, the estimated values for m are in agreement
with the ratio of TBZ to the active site area of the catalysts.

As the initial pH increases from 3 to 11, the extent of TBZ removal by C-ZnO, T500, and TPO-
ZnO in the dark (adsorption) drops from 12.2% to 6.6%, from 26.3% to 15.2%, and from 9.2% to
5.0%, respectively. As shown in Figure 11, positive and negative species of TBZ are dominant at
acidic and alkaline conditions, respectively. The adsorption equilibrium coefficient Kaq; can be
calculated for each TBZ species by dividing the estimated ki and k» parameters denoted as the
adsorption and desorption coefficient, respectively (see Table 4). Kia indicates a significant
decrease by going from positive to neutral and negative species for C-ZnO (from 1.49 10* to 1.33
10° L mol™), T500 (from 2.39 10* to 2.18 10° L mol™!), and TPO-ZnO (from 1.40 10* to 1.04 10°
L mol™!) catalysts. This may be accounted for by the occurrence of a negative zeta potential of the
ZnO catalyst in aqueous solutions [84, 85] which was confirmed by comparing the point of zero
charge (PZC) for C-ZnO and T500 catalysts (see Figure S.16 in the section S.11 of the
Supplementary Information). As both C-ZnO and T500 in initial acidic conditions tend to adsorb
positive protons in the solution, a considerable increase is observed in the solution pH. At basic
pH conditions, the pH of the solution drops slightly as C-ZnO adsorbs hydroxyl anions. The pH
values still increased up to 10 as the T500 continued to adsorb protons. Thereby, the PZC of C-

ZnO has been shifted from pH 7.5 to about 10 in the T500 catalyst. This indicates a more negative
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zeta potential in T500 with an enhanced adsorption removal of TBZ compared to C-ZnO.
Furthermore, it can thus explain the higher adsorption removal of TBZ in acidic conditions
compared to basic pHs in both catalysts.

Figure 12d illustrates the changes in k3 and ks as a function of solution pH. The X axis of this
figure is based on the solution pH after the catalysts were mixed with the initial solution. The k3
values rise with the increase of the pH for all catalysts. However, k3 has higher values for the T500
catalyst at all pHs. The parameter k3 represents the degradation of TBZ by active radicals in the
solution. By increasing the pH of the solution, the amount of hydroxyl anions significantly
increases to stimulate the production rate of hydroxyl radicals by the catalysts [86, 87]. On the
other hand, k4 defines the degradation of TBZ adsorbates by the photo generated electron-holes on
the ZnO surface. The value of k4 reaches its maximum at pH 3 for all catalysts. By increasing the
pH toward alkaline conditions, the estimated values for k4 show a significant drop. This can be a
result of low adsorption in alkaline pH. In addition, at low concentrations of hydroxyl anions
(acidic pH values), electron holes can facilitate the degradation of TBZ through the direct reaction
with adsorbates [88]. As more oxygen vacancies are generated by the reduction of C-ZnO, higher
adsorption/degradation at the surface of the catalyst, accompanied by the increasing number of

active sites, can cause a significant rise in values for ks at T500.

3.10.2. Methylene blue degradation

In order to confirm the superiority of T500 catalyst over C-ZnO, adsorption removal and
photocatalytic degradation were performed on a typical model molecule in many studies, namely
methylene blue (MB). Figure S.17 in section S.11 of the Supplementary Information demonstrates
the effect of pH on adsorption removal and initial reaction rate calculated by Eq. (2). As observed,

at all pHs, T500 displays higher adsorption (dark zone adsorption equilibrium) and degradation
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rate (light zone), compared to C-ZnO. By decreasing the pH from 11 to 3, adsorption removal
increases from 11.7 to 23.8% in T500 and from 8.2 to 18.6% in C-ZnO. The initial reaction rate
of T500 drastically increases from 0.19 at pH 3 to 1.07 mol kgea! hr'! at pH 11 (factor ~5.6), while

the values for C-ZnO increase from 0.14 at pH 3 to 0.69 mol kgea! hr! at pH 11 (factor ~4.9).

3.10.3. Effect of scavengers

To further investigate the effect of pH on the parameters k3 and ks, extra experiments were
performed by T500 catalyst at pH 3 and 11 in presence of hydroxyl radical scavengers (IPA) and
hole scavengers (KI). Figure 13a and b illustrate the experimental and calculated data (using the
proposed kinetic model) with scavengers at pH 3 and 11. As can be observed, the presence of
scavengers has not affected the adsorption in dark. Hence, the parameters ki, k2, Ciot, and m have
remained constant and the curves were fitted by estimation of parameters k3 and k4 for each of the
scavenger experiments. At pH 11, the photocatalytic degradation rate decreased significantly in
presence of hydroxyl radical scavengers, while the existence of hole scavengers did not
considerably affect the degradation rate. On the other hand, the effect of hole scavengers is more
pronounced than hydroxyl radical scavenger effect at pH 3. This is in agreement with the results
of the parameter estimation by the model that shows higher k3 values at basic conditions while
indicating higher ks values at acidic conditions. Figure 13c compares the estimated k3 and ks in
photocatalytic experiments by T500 catalyst with and without scavengers. In presence of hydroxyl
radical scavengers, ks decreases significantly from 9.23 102 to 6.94 10~ at pH 11 (factor ~13.3)
and from 2.34 107 to 2.67 107 at pH 3 (factor ~8.8). By addition of the hole scavenger, the ks
values drop from 5.90 102 to 1.67 10~ at pH 3 (factor ~35.3) and at pH 11, remarkably the value

of 3.66 107 is completely reduced to 0.00.
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As liquid degradation reactions are bimolecular in nature, the concentration of radicals and holes
was tacitly taken up in the reaction coefficients k3 and k4. As such, the third term of the right hand
side of Egs (8) and (9) can be described in terms of hydroxyl radical and hole concentration as Eqs

(13) and (14).

kC, =kC, C, >k =kC (13)
kC, =kC C, —k =kC, (14)

Where Con® and Cy" are the hydroxyl radicals and electron holes concentrations. The k'3 and k’s
represent the bimolecular degradation rate coefficient by radicals and electron holes that are
considered to be constant regardless of experimental conditions. In the same way, k3 and k's which

are the estimated parameters in presence of hydroxyl radical and hole scavengers, can be defined

as Eqs (15) and (16).
ky=kC . (15)
ky=kiC,. (16)

With C'on” and C'w" the concentration of hydroxyl radicals and electron-holes in the presence of
scavengers. Hence, the relative hydroxyl radical and electron-hole concentrations after adding the

scavengers can be calculated with Eqs (17) and (18).

K C..
2=_o (17)
k3 COH°
k, C.
LoC (18)
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By using Eqs (17) and (18), the decrease in hydroxyl radicals after adding the scavengers is 89
and 92% at pH 3 and 11, respectively. The decrease in electron-holes concentration in presence of
electron-hole scavengers is 97% at pH 3 and 100% at pH 11.

The presented results indicate the practicality of the proposed model in describing the kinetic
parameters for the simultaneous degradation reactions at the catalyst surface by electron-holes and
in the solution by active radicals and from their ratio (without and with scavenger) useful

quantitative information is obtained regarding the scavengers effect.

3.10.4. Reaction mechanism

Based on the developed kinetic model and all aforementioned observations, the following
reaction mechanism in Figure 14 is suggested for the photocatalytic degradation of TBZ by oxygen
vacancy modified ZnO. The light induced electron-holes in conduction band and valence band can
react with oxygen or hydroxyl anions in the solution and generate reactive radicals as described in
Eqgs (19) and (20) [89, 90].

OH™ +hy, > HO’ (19)
0,+e; >0, (20)

Subsequently, the generated radicals attack the aqueous TBZ molecules in the solution and
cause degradation (defined by ks in the model). On the other hand, the adsorbed TBZ molecules
at the catalyst surface, especially at acidic pH conditions where the concentration of hydroxyl
anions is low, can directly react with the photo-induced electron-holes and they decompose into
smaller molecules [91]. The role of surface oxygen vacancies is to act as an adsorption site and

improve the electron transfer efficiency to the adsorbates. In this way, they prevent electron-hole

recombination and facilitate the degradation process. Contrastingly in the case of bulk oxygen
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vacancies, they can attract the photo-induced electron, but there is no adsorbed molecule to transfer
the electron [35, 92]. Hence, the trapped electrons in the bulk oxygen vacancy have no other way
rather than recombining with the holes. Overall, the bulk oxygen vacancies may act like a short
circuit and suppress photocatalytic degradation by causing electron-hole recombination [93].
3.11. Degradation pathway and mineralization

To find the possible products of TBZ degradation, liquid chromatography combined with mass
spectroscopy (LC-MS) was performed on samples of the photocatalytic experiment with T500
catalyst and an initial TBZ concentration of 20 mg/L. Several intermediates were detected in the
chromatogram of the analysis. Figure 15 illustrates four possible degradation pathways proposed
based on the detected compounds. The first pathway considers the C-C bond cleavage between the
second and third TBZ rings and the subsequent opening of the second ring by a hydroxyl radical
attack [94, 95]. Pathway 2 is as a result of direct radical attack on thiazole (ring 3) and opening the
ring followed by a ring 2 opening [95]. In the third pathway, multiple hydroxyl radicals attack the
first ring of TBZ and this results in aring 1 opening degradation [24]. The last pathway is suggested
by the direct ring opening of the imidazole ring (ring 2), followed by thiazole ring opening [96].

TOC and COD analyses were performed to compare the performance of C-ZnO and T500
catalysts in terms of TBZ mineralization. Figure S.18 in section S.12 of the Supplementary
Information demonstrates the COD and TOC removal after 1 hour of adsorption and 3 hours of
photocatalytic degradation at pH 7. COD removal by adsorption has increased from 9.4 in C-ZnO
to 17.9% in T500. Similarly, the results of TOC removal by adsorption show a considerable
increase from 11.5 in C-ZnO to 25.6% in T500. Further photocatalytic degradation for 3 hours

under simulated sunlight increases the COD removal to 77.4 and 87.5% by C-ZnO and T500,
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respectively. The measured TOC removal after the same duration of photocatalytic degradation
reaches 78.0 and 85.7% in presence of C-ZnO and T500, respectively.
3.12. Performance evaluation based on quantum yield

It was found that all ZnO catalysts can achieve a total removal of TBZ by more than 98%
regardless of reduction treatment. Nonetheless, the T500 catalyst outperformed in that it can
proceed in a considerably shorter reaction time. The tsoand too of the C-ZnO and T500 catalysts,
representing the reaction time for 50% and 90% of TBZ removal, are shown in Figures S.19 a and
b in section S.13 of the Supplementary Information. The T500 catalyst has lower t1/2 and too at all
pHs which indicate a considerably higher degradation rate (e.g., relative to C-ZnO). As the pH is
raised from 3 to 11, ti2 for C-ZnO and T500 drops from 44 to 21 and from 21 to 9 minutes,
respectively. The too also decreases from 146 to 68 minutes in C-ZnO and from 66 to 30 minutes
in T500 when the pH is changed from 3 to 11. As such, a higher degradation rate is achieved at
basic conditions.

In order to evaluate the energy efficiency of the catalysts, the quantum yield values for both C-
ZnO and T500 catalysts have been calculated at different pH values. Quantum yield (QY) is
described as the proportion of degraded TBZ molecules to the amount of photons entering the
liquid per unit of time [97]. In this study, in order to have a similar approach in all experiments,
the tgo reaction time is used for the calculation of the quantum yield. Further explanation on the
calculation of QY is provided in section S.13 of the Supplementary Information. Figure S.19¢
compares the QY for C-ZnO and T500 at different initial pH. As can be observed, the T500 catalyst
has a significantly higher value of QY at all pH values. This may reflect its higher degradation rate
due to the introduction of surface oxygen vacancies at the T500 catalyst by hydrogen reduction.

In addition, T500 has a narrower band gap which allows it to absorb a broader range of photons
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with larger wavelengths. The QY for C-ZnO and T500, when computed at initial pH of 3, is about

1.17 10” and 2.15 10” molecules photon™!, respectively. Due to the increase of degradation rate
and a significant decrease in the required degradation time at basic conditions, the maximum QY
values of the catalysts at initial pH of 11 reaches 2.64 10” and 5.45 10” molecules photon™!,
respectively.

To consider the effect of the catalyst dose on QY, the space time yield (STY') was calculated for
both catalysts [97]. STY is described as the value of QY per the unit mass of the used catalyst in

the process (see section S.13 of the Supplementary Information). The minimum STY calculated at

an initial pH of 3 for C-ZnO and T500 were about 4.69 10” and 8.60 10" molecules photon” mg.,,

!, respectively. By increasing the initial pH values to 11, the STY of the catalysts rises to 1.06 10’
®and 2.18 10" molecules photon mg_,.", respectively.

The reported values of QY and STY in the literature for photocatalytic degradation of methylene
blue are 6.7x10°° to 3.8x10° molecules per photon and 2.8% 10" t0 1.0x10” molecules per photon
per mg,, respectively [97]. Accordingly, T500 is found to be noticeably superior over other
reported systems in terms of the key performance metrics like QY and STY.

3.13. Reusability

One of the most important aspects of photocatalysis is the possibility of reusing the catalyst
[98]. Five batches of sequential experiments were carried out at pH 7 in order to evaluate the
reusability of T500 with the optimal surface oxygen vacancy. Figure S.20 in section S.14 of the
Supplementary Information illustrates the adsorption in the dark and total removal of TBZ in each
cycle. No considerable change has been observed in catalytic activity after 5 cycles of TBZ
degradation. The adsorption (in dark) and total (dark and light phases) removal of TBZ in all cycles

are about 20.3 £ 1.3 % and 98.1 £ 0.6 %, respectively.
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In order to investigate the possible changes in the structure or surface oxygen vacancy of the
T500 catalyst, XPS, FE-SEM, EDS, TEM, PCO, and EPR analyses were performed on the catalyst
after 5 cycles of reuse. Figure S.21 in section S.14 of the Supplementary Information illustrates
the O 1s spectrum of the XPS data for the 5-times-reused T500 at the surface and depth of about
5 nm of the catalyst. The oxygen vacancy to lattice oxygen ratio of the reused catalyst at the surface
is about 55.4 %, which is almost the same as for the fresh T500 (56.9 %). The same ratio for the
depth spectra of reused catalyst is 39.4 %, while that for fresh T500 is about 38.6 %. Figure S.22
in section S.14 of the Supplementary Information shows the FE-SEM, EDS, and TEM images of
the reused catalyst. The particle size and shapes are the same as for the fresh T500 catalyst. EDS
results show that the weight percentage of oxygen atoms at the surface is about 20.91 %, which is
almost the same as for the fresh T500 catalyst (20.80%), as seen in Table 2. The TEM image shows
that the d-spacing of the reused T500 catalyst is about 2.82 A which corresponds to the lattice
plain of (100). The same as the fresh T500 catalyst, the SAED pattern illustrates the lattice plains
of (100), (002), (101), and (103) that are in agreement with the results of XRD analysis for T500
catalyst.

Figure S.23a in section S.14 of the Supplementary Information shows the EPR analysis of the
reused T500 catalyst. Similar to the fresh T500 EPR graph, the reused catalyst has two signals at
g = 1.96 and 2.01 that are attributed to Zn and oxygen vacancies, respectively. Figure S.21b
illustrates the PCO analysis of reused T500 catalyst compared to the fresh T500. The results
indicate that the concentration of oxygen vacancies is almost equal in both reused (3.97 %10~ mol
geat'!) and fresh catalyst (3.99%107° mol gea!). This provides experimental proof that the oxygen

vacancies remained stable during the photocatalytic process.
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The reason for the oxygen vacancy stability is that most of the H> reduction occurred at high
temperatures, see TPR graph in Figure 1. Hence, reoxidation of the catalyst needs a high amount
of energy which is not provided at room temperature [37]. This can be confirmed by the TPO
results on the T500 catalyst in Figure 3a, which shows that the most of reoxidation occurs at
temperatures higher than 100°C. To further investigate the possibility of reoxidation of oxygen
vacancies, PCO analysis was performed on fresh T500 catalyst at room temperature. As indicated
in Figure S.23b in section S.14 of the Supplementary Information, no oxygen consumption was
observed in PCO analysis at room temperature. However, a very slow rate of oxygen vacancy
reoxidation in air at room temperature is reported in some studies [42, 99]. To prevent eventual
reoxidation at room temperature conditions, the catalyst was stored in closed tubes, and flushed
with N> to minimize its contact with atmospheric oxygen. Furthermore, it is reported that the UVA
beams available in the solution during the photocatalytic process by simulated sunlight together
with annealing under vacuum at 100°C (which is performed for drying the catalyst after each reuse
cycle) can prevent the reoxidation of the vacancies [100]. Hence, it can be concluded that no
considerable changes have occurred in the oxygen vacancy of the catalyst after 5 reuse cycles.
Closing this section, it is worthwhile to compare the photocatalytic performance of the present
work and some of the similar studies that have been recently published. The apparent first order
reaction rate of the reported studies is illustrated in Table 5. However, the proposed kinetic model
in the present work has two separate degradation rate coefficients k3 and k4 (for degradation in the
solution and on the catalyst surface) that should be considered at the same time. By taking the sum
of k3 and ks, the T500 catalyst displays the highest photocatalytic activity amongst similar

published works.
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4. Conclusions

The oxygen vacancy has a considerable effect on both the adsorption capacity and photocatalytic
behavior of commercial ZnO catalysts. The C-ZnO catalyst attained the optimal amount of surface
oxygen vacancies when subject to a reduction treatment at 500 °C for 5 hours. As such, it exhibited

pronouncedly improved performances such as increases in the TBZ adsorption removal (e.g., from

7.0% to 20.2%) and initial reaction rate (e.g., from 4.88 10 to 7.56 10” (mol g-cat™! hr!)).
Characterization of the commercial and reduced catalysts by different techniques such as XPS,
XRD, BET, FE-SEM, EDS, Tauc plot, TEM, EPR, TPO, PCO, PL, and FTIR have confirmed the
relation between surface oxygen vacancies and the activity of the catalysts. EPR, PL, TPO, and
PCO analyses indicate the creation of oxygen vacancies due to hydrogen reduction. XPS analysis
shows an increase in oxygen vacancy to lattice oxygen ratio, while XRD analysis confirms the
decrease of oxygen mobility in reduced catalysts. Tauc plot analysis indicates a narrower bandgap
for the reduced catalyst. This narrowed bandgap can increase the amount of photons in the range
of visible light, absorbed by the catalyst. An upward shift was also observed in the maximum
valence band of the reduced catalyst (T500), indicating a higher production rate of hydroxyl
radicals at basic pH as well as a higher degradation rate at the surface of the catalyst at acidic
conditions. Such superior performance of T500 catalyst is also in line with the estimated quantum
yield patterns between different catalysts. FTIR and XPS analyses on T500 catalyst after TBZ
adsorption in the dark confirmed the presence of TBZ molecules at the surface of the catalyst.
Both C-ZnO and T500 have higher adsorption removal at acidic pH and higher degradation
removal at basic pHs. Based on the kinetic model we developed recently, it was possible to offer

valuable insights into continuous adsorption/degradation at distinct pH values. The total amount

of active sites increased from 1.17 10™ in C-ZnO to 1.96 10™ mol g'1 in T500. However, the value
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for the parameter m increased from 1.12 to 2.09, which shows that the active sites are more
concentrated and closer to each other. Due to the negative zeta potential of both C-ZnO and T500,
positive specimens of TBZ have a superior adsorption rate coefficient with a smaller desorption
rate coefficient than the neutral and negative species. The parameters ks and k4, which represent
the degradation rate coefficient inside the liquid and at the catalyst surface, have linear
relationships with pH such that k3 increases with increasing pH while k4 is higher at acidic pH.
This reveals that under basic conditions, most degradation occurs in the solution, while most of
that occurs on the surface of the catalyst at acidic conditions, which was approved by experiments
performed in presence of hydroxyl radical and hole scavengers. In C-ZnO, as the adsorption
removal is very low, the k4 values are sufficiently small to be neglected. Accordingly, it can be
concluded that almost all of the degradation is due to active radicals in the solution. The
degradation pathway of TBZ was investigated by LC-MS analysis, indicating that almost complete
mineralization can be achieved. The COD and TOC removal of TBZ degradation by T500 reached
87.5 and 85.7%, respectively. The reusability of T500 catalyst has been confirmed up to five
sequential cycles as supported by XPS, FE-SEM, EDS, TEM, EPR, and PCO analyses. The results
of this study indicate that a considerable improvement in photocatalytic activity of commercial

catalysts can be obtained by performing surface oxygen reduction treatments.
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Roman symbols

C Concentration of total species of thiabendazole

C. Concentration of available active sites on catalyst surface

Ciot Concentration of total active sites on catalyst surface

k, Adsorption rate coefficient

k, Desorption rate coefficient

ks, Degradation rate coefficient by active radicals in solution

k, Degradation rate coefficient by electron holes at catalyst surface
Kad Adsorption coefficient

K, Acid dissociation constant

m Occupied active sites to adsorbed thiabendazole molecules ratio
m,, Catalyst mass

n Number of each experiment

N; Number of samples at different retention times in an experiment
S Residual sum of squares

tso Reaction time for 50% TBZ removal

too Reaction time for 90% TBZ removal

A% Volume of the solution

Greek symbols

o Partition ratio of species 1

g
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mol L

mol g-1

mol g'1

g mol”! min”
gL! min”'
min’

min”'
L mol

mol L™

mol mol™

g

mol mol™

Light switch (= 0 for the dark zone; = 1 for the light zone, see Eq (11)) -
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Subscripts
ad Adsorbed
aq Aqueous

i

exp

Specimen of thiabendazole
Experimental data

Calculated value

Abbreviations and acronyms

A
AH

+

AH,
At
BET
BJH
CE
C-ZnO
EPR
LI
LOD
LOQ
PCO

RMSD

RSSQ

QY

Negative thiabendazole specimen
Neutral thiabendazole molecule
Positive thiabendazole specimen
Total thiabendazole specimen
Brunauer-Emmett-Teller
Barrett-Joyner-Halenda
Continuity equation

Commercial zinc oxide

Electron paramagnetic resonance

-2

Light intensity Wm
Limit of detection mg L' ormol L™
Limit of quantification mg L' ormol L'

Pulse chemisorption oxidation

Root-mean-square deviation
. 2.2
Residual sum of squares mol™ L

Quantum yield molecules photon'1
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Figure 4. Results of FE-SEM, HR-TEM, and EDS analysis of ZnO: a) FE-SEM of C-
ZnO, b) EDS of C-ZnO, c) FE-SEM of T500, d) EDS of T500, ¢) HR-TEM of C-

ZnO, and f) HR-TEM of T500.
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1225  scavenger (m), and with hole scavenger (m). TBZ 10 mg/L, and T500 catalyst 500

1226  mg/L.

1227
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1231

1232

Simulated sunlight',
4

Figure 14. Proposed reaction mechanism for TBZ degradation at catalyst surface

and in the solution.
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1234  Figure 15. Degradation pathway and possible products of TBZ by T500 catalyst.

1235  Initial TBZ concentration 20 mg/L, T500 500 mg/L, pH7.
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Table 1. Summary of reduction and pH conditions for the treatment of ZnO catalysts.
All experiments are performed in duplicate and the error bars are demonstrated in
the corresponding figures. TBZ initial concentration is 10 mg/L, -catalyst
concentration 500 mg/L, light intensity 1700 W/m?2, and the volume of solution is 50

mL for all experiments.

Experiment (ri?i?iﬁs;n Reduction time Initial pH Figure
temperature) (hr)

1 C-ZnO 0 7 (2) and (12)
2 T270 5 7 (2)
3 T415 5 7 (2)
4 T470 5 7 (2)
5 T500 5 7 (2) and (12)
6 T650 5 7 (2)
7 T500 1 7 (2)
8 T500 3 7 (2)
9 T500 7 7 (2)
10 T500 5 3 (12) and (S.11)
11 T500 5 5 (S.11) and (S.12)
12 T500 5 7 (12) and (S.11)
13 T500 5 9 (S.11) and (S.12)
14 T500 5 11 (12) and (S.11)
15 C-ZnO 0 3 (12) and (S.11)
16 C-ZnO 0 5 (S.11) and (S.12)
17 C-ZnO 0 7 (12) and (S.11)
18 C-ZnO 0 9 (S.11) and (S.12)
19 C-ZnO 0 11 (12) and (S.11)
20 TPO-ZnO 5 (Oxidation) 3 (12)
21 TPO-ZnO 5 (Oxidation) 7 (12)
22 TPO-ZnO 5 (Oxidation) 11 (12)
23 T500 5 3 with IPA scavenger (13)
24 T500 5 11 with IPA scavenger (13)
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25
26
27 (reuse)

T500
T500
T500

5

3 with KI scavenger
11 with KI scavenger

7

(13)
(13)
(S.18)
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1243  Table 2: EDS analysis results for different catalysts. !

Sample O (Wt%) Zn (Wt%) X (ZnO1x) Mass loss (mg)
1 C-ZnO 24.99 75.01 0.00 -
2 T270 23.54 76.46 0.03 6.2
3 T415 22.84 77.16 0.05 9.8
4 T470 21.95 78.05 0.07 12.4
5 T500 20.84 79.16 0.10 18.1
6 T650 20.81 79.19 0.10 52.8

1244 ! Initial mass of each sample is 200 mg. The mass loss is measured by the difference
1245  between the mass of each sample before and after reduction.
1246
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1247  Table 3: Estimated crystalline size (D) and lattice strain (¢) of ZnO samples.

Sample D (Scherrer) D (Williamson-Hall) & (Williamson-Hall)

1 C-ZnO 5.3+0.4 6.2+0.8 27.5%10*
2 T500 5.4£0.3 6.0+0.5 17.0x104
3 T650 6.9 £0.6 6.8£1.0 6.91x107

1248
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1249  Table 4: Estimated parameters of the kinetic model for TBZ adsorption and

1250  degradation on C-ZnO and T500.

Parameter C-ZnO T500 TPO-ZnO
1 kio(gmol' min")  1.6810° 4.04 10° 1.59 10°
2 -1 .-l 2 2 2
ki1 (gmol min ) 4.63 10 9.66 10 4.1510
-1 | 2 2 2
3 kiz(gmol min ) 3.26 10 4.50 10 2.5110
4+ koo(gL " min™) 1.12 10" 1.69 10" 1.14 10"
5 ko1 (gL min™) 2.5310" 2.10 10" 2.87 10"
6 ka2 (gL min™) 2.4510" 2.07 10" 24210
7 Kado (L mol™) 1.49 10* 2.39 10* 1.40 10*
8 Kad.1 (L mol™) 1.83 103 4.59 103 1.4510°
9 Kad2 (L mol™) 1.33 103 2.18 103 1.04 10°
10 k3 (pH 3) (min™) 1.7510° 234107 1.1410”
11 ks (pH5) (min™) 2.10 107 332107 -
12 ks (pH7) (min™) 245107 445107 1.56 10
13 ks (pH9) (min™) 2.59 107 6.58 107 -
14 Kk (HI1)(min")  3.66107 9.23107 1.95 107
15 k4 (pH 3) (min™) 2.8810° 5.90 107 451107
16 k4 (pH 5) (min™) 3.30 10° 453107 -
17 ki (pH7) (min™) 1.99 10 1.92 10° 1.44 107
18 k4 (pH9) (min™) 0 453107 -
19 ku(pH 11) (min™) 0 3.66 10 0
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20

21

22

23

Cyop (mol g

pkal

pka2

1.1710™*
1.12
5.09

7.96

1.96 107
2.09
5.09

7.96
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1.06 10™
1.06
5.09

7.96
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1253  Table 5: Comparison of the results of this study with similar photocatalytic

1254  degradation studies using OV catalysts.

Catalyst Contaminant OV production Light source Max k (min™) Ref.
Zn0O Rhodamine-B Calcination uv 0.042 [19]
Ag-Zn0O/Ce0, Methane Photo deposition SSL! 0.017 [44]
ZnO0@In203 Tetracycline  Doping/calcination SSL 0.010 [101]
Ag-ZnO Methyl orange  Metal deposition SSL 0.120 [102]
ZnO Tetracycline NaBHj4 reduction SSL 0.062 [103]
ZnO TBZ and MB H; reduction SSL k3 =0.092 Present
k4 =0.059 work

1255 ! Simulated sunlight



