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Abstract

The photocatalytic-adsorption performance of the composites of volborthite (CuVA) and graphitic carbon
nitride (g-C5N,) was studied in this work using oxytetracycline (OTC) as model pollutant under LED light
irradiation. CuVA at different weight percentage (10, 30, 50), namely C10, C30 and C50 were loaded onto
graphitic carbon nitride using wet chemical method. The physical, chemical and optical properties were
evaluated via various analytical techniques. Through integrated adsorption-photocatalytic process, no
significant photocatalytic reaction occurred in g-C3N, and the composite even after 4 h of irradiation. The
setup was modified such that each run was conducted in the presence and absence of light. Aside from
photolysis and g-C3N,, all composites performed better under the presence of light in which CuVA
improved the most from ~50% down to ~20% of initial concentration. CuVA performed almost identically
(80% removal of OTC) under the presence of light irradiation at ambient temperature (22 °C) and in the
dark at 32 °C, confirming that temperature was the contributing factor to the improvement instead of
light. CuVA exhibited excellent adsorption capacity of 171 mg/g and adsorption rate of 90% towards the
removal of highly concentrated OTC (100 mg/L) under optimized parameters of pH 5.0 and at 42 °C after
3 h of adsorption process. Life cycle assessment revealed that close to 50% of fresh 100 ppm OTC could
be removed after 5 cycles without any desorption process.

Introduction

Over the past half-century, the usage of oxytetracycline (OTC) has been increased with the development
of livestock breeding and aquaculture. However, majority of the administered antibiotics are being
excreted as original compounds into the environment (Li a., 2019). This large introduction of antibiotics
may potentially destroy the natural microbial ecological community as well as the animal up the food
chain (Kraemer, Ramachandran and Perron, 2019). In particular, OTC has low volatility and extremely
soluble in water (Lin et al., 2022). This result in the pollutant being difficult to separate in its solution form
through conventional wastewater treatment method. Removal of OTC from ambient environment is
crucial as these residues promotes mutation of antibiotic resistant microorganism, reducing the effect of
said antibiotics (Mog et al., 2020). Adsorption and photocatalysis are both promising technology for
removing stable pollutants from water. However, photocatalyst are usually nanoparticle sized thus is very
costly to be separated from solution after use, especially when the volume is large. Moreover,
photocatalyst are prone to agglomeration due high surface energy (Chairungsri et al., 2022) and the
reaction rate of photocatalysis is slow. On the other hand, adsorbent often have trouble with regeneration
and disposal (Tan et al., 2020). Using porous and large surface area characteristic of adsorbent, the
nanoparticle of photocatalyst may be distributed evenly and fixed onto the surface. The high adsorptive
ability and porous structure keeps the pollutant molecules near the active sites of photocatalyst,
enhancing the performance and lowering the generation of by-products (Long et al., 2021). By integrating
these two mechanisms together, the adsorption process can probe the pollutants onto substrate surface
to increase the reaction rate of photocatalysis. At the same time, photocatalysis process will degrade the
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pollutants into CO, and H,0, thus regenerating the adsorbent. Such coupling mechanisms could provide
a high potential to the practical applications of photocatalysis.

When photocatalyst being deployed alone, the reaction may be incomplete, generating by-products that
will aggregate on the surface, blocking the active sites and thus reducing the performance over time (Isari
et al., 2020). As a result, there is a balance needed when selecting materials to be combine. Graphitic
carbon nitride (g-C3N,4) as a non-metal photocatalyst with high thermal and chemical stability have been
studied extensively in degradation of dye, organic pollutant, and hydrogen evolution (Vignesh et al.,
2022). However, commercialization is still unfeasible without solving the high recombination rate of
electron-hole pairs and slow reaction rate. Several adsorption-photocatalysis g-C3N, based hybrid
materials such as adsorbent-g-C3N, hybrid material, g-C3N,-adsorptive photocatalyst and modified g-
C3N, and its heterojunction were attempted to realize the idea of integrated materials (Yu and Huang,
2023). Yu et al. (2020) fabricated a hybrid TiO,/Si0,/g-C3N, composite using ternary-soft-template
method. The removal rate of berberine hydrochloride (BH) using the composite was 2.63 time than that of
g-C3N, after 60 min of adsorption-photocatalytic reaction. The flower-like microsphere SiO, could provide
a higher specific surface and lead to a higher adsorption rate of BH. While TiO,/g-C3N, heterojunction
could promote in situ photocatalytic degradation of the adsorbed BH. Jiang et al. (2016) reported
adsorptive photocatalyst namely polyaniline/g-C;N, nanosheets composite hydrogel with 3D hierarchical
nanostructure which removed 89.1% and 84% of methylene blue and phenol, respectively. Similar hybrid
mechanism was observed in which polyaniline hydrogel adsorbed the pollutants and degraded by
polyaniline/g-C5N, heterojunction. Modified g-C3N, with two-dimensional (2D) or three-dimensional (3D)
structures is extensively employed due to its higher specific surface area and good adsorption ability.
Chen et al. (2023) synthesized 3D porous Ce0,/g-C3N, composite using one step calcination and
achieved 88.4% of tetracycline removal efficiency through adsorption-photocatalytic mechanism. They
found that 55% of tetracycline was removed by adsorption which indicates that adsorption is the
dominant mechanism.

In parallel with the efforts on binary metal oxide, the focus is recently shifted to multinary metal oxide
semiconductor which have been widely studied for water splitting (Song et al., 2023; Fawzy et al., 2019),
energy storage and conversion (Xie et al., 2023; Zequine et al., 2019) and degradation of pollutant
(Kamble and Ling, 2020; Thendral et al., 2023). The multinary metal oxide consists of multiple type of
metal oxide, for example, vanadate-based molecule containing Ag,0, Bi,03, In,05 or CuO. Copper
vanadate-based material in particular have multiple type of arrangement (Cu3V,05, Cu,V,05, CuV,0g,
etc.). This is caused by vanadium, being a multivalent element, can undergo oxidation to various
oxidation states by manipulating conditions such as temperature, pressure, and density (Liang et al.,
2012). This difference in arrangement of structure alters the bandgap, recombination rates and
photocurrent density of the materials, which in turns contributes to varying photocatalytic performance
(Wang et al., 2018). Volborthite (Cu3V,0-(0OH),-2H,0) is a hydrated form of copper vanadate, it has a

unique Kagome lattice structure containing CuO (octahedra), V,05 (tetrahedra) and crystal H,0 molecule
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(Hiroi et al., 2019). The main advantage of volborthite over other copper vanadate phase is that it does
not require high temperature annealing post-synthesis. This allows the synthesis of volborthite to be
much simpler. It could be a potential to surpass other adsorbents and photocatalyst. Song et al. (2022)
studied a heterostructure consists of volborthite, copper oxide and metallic copper as semiconductor for
CO,, reduction. They found that volborthite was showing good visible light response when measured
using UV-vis spectrometer. When copper oxide is introduced, the composites showed further
enhancement in near-infrared range. In their study, pristine volborthite showed zero yield of CH, while CO
is being produced at 0.55 pmol/g/h. At 13.1 wt% copper oxide and 9.4 wt% metallic copper, the sample
was significantly improved, at 6.97 and 1.64 pmol/g/h of CH, and CO generation, respectively. This
improvement may be contributed by heterojunction interaction between the three components, which was
confirmed by photoluminescence (PL) spectra, photocurrent response, and electrochemical impedance
spectra (EIS) result (Song et al., 2022).

This research work focuses on the investigation of the feasibility of using volborthite (CuVA) and g-C5N,
composite, namely CuVA/g-C5N, for the removal of high concentration OTC (100 mg/L) under LED light
irradiation. Different weight percentage of CuVA (10, 30 and 50 wt%) was incorporated into g-C3N, and
the as-prepared composites were evaluated together with comparison with CuVA and g-C3N, by
investigating their removal efficiency towards the OTC. To the best of our knowledge, little attention has
been paid on applications of CuVA and its family of composite in hydrated form. Besides, most of the
reported work adopted lower range of OTC concentration (10 mg/L) as pollutant model (Senasu et al.,
2023; Chin et al., 2023; Cheng et al., 2023) whereas higher range of OTC concentration is seldom
reported. These factors necessitate the elucidation of the prominent role of CuVA and g-C3N, in the
integrated system for the removal of highly concentrated OTC. The prepared samples were characterized
to examine the materials’ innate physical and chemical properties. Integrated photocatalytic-adsorption
process was adopted to remove OTC at first but the photocatalytic efficiency was insignificant after
achieving adsorption-desorption equilibrium. Hence, OTC removal performance was conducted
separately in the dark adsorption and irradiation of light to identify the best performing sample, in this
case, CuVA. Upon discovery, CuVA is excel in removing OTC through adsorption and the direction had
moved to study the adsorption behavior of CuVA, this includes effect of pH, temperature and presence of
light. This is followed by kinetic and isotherm modelling, thermodynamic study and finally, life cycle
assessment on CuVA. This study could provide a new insight towards the current state-of-art removal of
highly concentrated OTC.

Experimental
Materials

All the chemical reagents were of analytical grade and used without any further purification. Urea (99.0-
100.5%, Fisher Scientific), copper (Il) nitrate trihydrate (Cu(NO3),-3H,0, = 99.0, R&M chemicals),
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ammonium metavanadate (NH,VO3, = 99.0, Sigma-Aldrich) and oxytetracycline hydrochloride
(022H24N209'HC|, 94.5-1 02%, Slgma-AldrICh)

Synthesis of g-C5N,4

Bulk g-C3N, was synthesized by thermal polymerization of urea. In a typical procedure, 20 g of urea were
placed into an alumina crucible with a cover, wrapped with aluminium foil and heated up to 580°C for 4 h
at heating rate of 10°C (Hak et al., 2020). Wrapping is necessary as the ammonia vapor generated from
decomposition of urea is crucial for the formation of g-C3N,4, without covering, the vapor will escape, and
reaction will not occur. The products were left cooling inside the furnace overnight without control. The
pale yellowish products were then collected and crushed into fine powder using pestle and mortar.

Synthesis of CuVA/g-C3N, Composites and Pure CuvVA

Different weight percentage of volborthite (CuVA) (10, 30 and 50 wt%) was incorporated into g-C5N, using
wet chemical method to obtain integrated adsorbent-photocatalyst. It was found that 10 wt% loading will
face the issue of lack of active species and limited light absorbance region, 50 wt% loading will encounter
the issue of aggregation and blocking the surface of g-C3N,. On the other hand, 30 wt% could produce
enough photoactive species while did not block the surface of g-C3N, (Ye et al., 2016). Hence, specific
weight percentage of 10, 30 and 50 wt% were chosen to represent little, moderate, high loading of CuVvA
on g-C3N,. The obtained samples were named as C10, C30 and C50, respectively. Using C50 as example,
81.697 mg of g-C3N, were dispersed into 125 mL of 5 mM Cu(NO3),-3H,0 solution through sonication
for 5 min. Next, 125 mL of 5 mM NH,VO; were added dropwise into the suspension at room temperature
and the mixture was adjusted to pH 7. The suspension was ultrasonicated for 40 min for CuVA to
crystallize. The obtained precipitate was centrifuged at 10,000 rpm and washed multiple times with
distilled water and 99% isopropanol. The solids were then dried at 80°C overnight to obtain the final
products. C10 and C30 was prepared following the similar route. The feed quantity of g-C3N, for each
composite was adjusted according to the mass ratio and yield of CuVA. Pure CuVA was synthesized
using the exact method without adding g-C3N, during the preparation procedure.

Characterization

Morphology and composition of samples were evaluated by field emission scanning electron microscopy
(FESEM), performed on a JEOL JSM6701F and transmission electron microscopy (TEM) (LIBRA 120, Carl
Zeiss NTS GmbH) equipped with an energy dispersive X-ray spectrometer (EDX). The crystalline and
phase compositions were analyzed by X-ray diffraction (XRD, Shimadzu XRD-6000) with Cu Ka radiation
A =0.154 nm. Fourier transform infrared (FT-IR) spectra (400-4000 cm™ ") of samples were recorded on a
Nicolet IS10 at room temperature. UV-vis diffuse reflectance spectra (DRS) were performed through
Perkin Elmer, Lambda 950. Time-resolved photoluminescence (TRPL) was performed on an Edinburgh
FLS-920 with excitation wavelength at 376.4 nm and emission wavelength at 450 nm to obtain the
recombination time. Specific surface area of the samples was evaluated using Brunauer, Emmett and
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Teller (BET) theory on a Micromeritics 3Flex using nitrogen adsorption at 77 K. Sample was degassed at
120°C for 180 min with a ramping rate of 10°C/min before undergoing adsorption analysis. X-ray
photoelectron spectroscopy (XPS) was performed using Shimadzu, AXIS ULTRA DLD. The sample
surface was excited using aluminium monochromatic X-ray source (Al Ka).

Removal of Oxytetracycline in Absence and Presence of
Light Irradiation

Integrated photocatalytic-adsorption process was adopted to remove OTC in which dark adsorption was
carried out for 16 h, followed by the photocatalysis process. Since the photocatalytic efficiency was
plateau after reaching adsorption-desorption equilibrium (Fig. S2), OTC removal performance was
studied separately in the absence and presence of light irradiation. The adsorption efficiency of OTC was
studied using the composite of CuVA/g-C5N, (C10, C30 and C50) in the dark condition. Using C10 as
example, 100 mg of C10 was added into 200 mL OTC solution (100 mg/L) and stirred in the dark. The
OTC sample was collected at 0, 30, 60, 90, 120, 150, 180, 240, 300, 360 min. Similar steps were repeated
for C30, C50, g-C3N, and CuVA. In photocatalytic process, 100 mg/L of OTC was prepared, and the
solution was adjusted to pH 5. Using C10 as example, 100 mg of C10 was introduced into the prepared
200 mL OTC solution and 30 W LED light (Philips) was switched on. The distance of the light bulb to the
surface of the solution is fixed at 10 cm. Aliquot (3 mL) of samples was collected and filtered using a
0.21 um syringe filter to remove all the solid. The whole procedure was conducted at room temperature of
22°C for 360 min and the similar steps were repeated for g-C3N,4, C30, C50 and CuVA as comparison. The
concentrations of OTC were examined using UV-vis spectrophotometer (Agilent Cary 100) at maximum
absorbance wavelengths of 274 nm. Further studies were carried out for the dominant process
contributing to the removal of OTC.

Effect of Temperature and pH

Herein, the effect of temperature and pH was investigated using the best adsorption performance sample,
CuVA. The effect of temperature and pH on removal efficiency of OTC through adsorption was studied
using the similar setup as adsorption process. The effect of temperature was studied by varying the
solution temperature at 22°C, 27°C, 32°C, 37°C and 42°C. Study on blank OTC solution was first
conducted to confirm the thermal stability of OTC under these temperature conditions. Using the kinetics
obtained, the activation energy can be obtained using Arrhenius equation. The effect of pH was studied
by varying the solution initial pH at pH 2.0, 5.0, 8.5 and 11.0. Initial pH of the OTC solution was adjusted
using 0.5 M ammonia and 0.5 M HClI solution. Study on OTC solution without samples were first
conducted to confirm the pH stability of OTC under these pH conditions.

Reusability Test

The reusability of CuVA was evaluated in five cycling experiments, with the removal of OTC under the
same reaction condition (100 mg of sample dispersed in 100 ppm OTC solution at pH 5 and 42°C). At the
end of each cycle, the spent solutions were centrifuged at 10,000 rpm to recover the samples and washed
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with water and ethanol, followed by oven drying at 80°C overnight. The recovered samples were applied
for the next cycle.

Results and Discussion
Characterization

Before performing any characterization technique, the increase in wt% of CuVA on g-C3N,4 can be
observed physically based on the colour shift of the powder synthesized (Fig. S1). As the wt% of CuVA
increases, the intensity of green grows. The powder presented in green is also a preliminary indication of
synthesis of copper vanadate in its hydrated form is successful, as the dehydrated form of copper
vanadate (Cu,V,05) is red in colour (Khan and Qurashi, 2017). From Fig. 1(a), CuVA appears to have
needle or rod-like structure while bulk g-C3N, appears with sheet-like structure (Fig. 1(b)). As shown in Fig.
1(c)-(e), CuVA was successfully incorporated onto surface of g-C3N,. Crystalline size of CuVA did not
seem to be affected by the introduction of nucleation point by g-C3N,. Moreover, the distribution of CuVA
on the surface of g-C5;N, appears to be more uniform instead of agglomerating like the pristine CuVA. The
elemental EDX analysis (Table S1) detecting the presence of Cu, V, O, C and N, further indicating the
successful incorporation of CuVA onto g-C3N, in an increasing trend. Presence of carbon in CuVA could
be contributed by carbon tape background or impurities as calcination process were not conducted
during the synthesis process. Calcination was not conducted as it will alter the chemical structure of
CuVA into its dehydrated form (Khan and Qurashi, 2017). Presence of oxygen in g-C3N, was contributed
by the unreacted residue of intermediate product during pyrolysis of urea (Feng et al., 2017).

The surface morphologies of prepared C50 and CuVA were examined using HRTEM analyses. Figure 2(a)
demonstrated that CuVA nanoparticles were deposited on the lamellar sheet like morphological structure
of g-C3N,4. On the other hand, CuVA exhibit rod like morphologies with lattice fringes ranging from 0.70 to
0.78 nm as shown in Fig. 2(b) and (c). These interplanar spacing values were indexed to (0 0 1) plane of
CuVA (Song et al., 2022). Morphologies of both samples in distinctive shape agrees with the previous
observation from FESEM image. The single crystalline nature of CuVA was also confirmed from the
lattice fringes as the lattice fringe is facing one direction. The particle size of CuVA ranges from 70 nm to
150 nm with an average length of 111.04 nm (Fig. 2(d)), confirming that CuVA was successfully
synthesized in nanosized.

As revealed by XRD in Fig. 3(a), the typical peaks of CuVA are well-indexed to the monoclinic phase of
Cu3V,0-(0H),-2H,0 and they are in accordance with the JCPDS card no. 80-1169 (Jain et al., 2020). The
sample has high purity and well crystallinity with crystallite diameter of 27.7 nm. On the other hand, the
as prepared g-C3N, showed two pronounced peaks at 13.1° and 28.33°, which are in accordance with the
JCPDS card no. 87-1526. The major peak at 13.1° represent the in-plane tri-s-triazine unit with (1 0 0)
diffraction while the peak at 28.33° represent the aromatic C-N unit with (0 0 2) diffraction (Modwi et al.,
2023). The peaks of CuVA become more apparent as the wt% increases, signifying the introduction of
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CuVA onto g-C3N, were successful and the trend is positive. The typical diffraction peak of CuVA in each

sample remain almost unchanged, suggesting that the crystal lattice of CuVA was not affected during the
fabrication process of CuVA/g-C3N, composites.

FTIR spectrum of CuVA/g-C3N, composites (Fig. 3(b)) shows the surface functional group of as prepared

composite. For CuVA, V-0-V and V-O can be observed at 841 cm™' and 1018 cm™ ' (Sdnchez-Loredo et al.,

2023). Asymmetric vibration of V-O-Cu and V-0-V at 764 cm™ ' and weak band at 524 cm™ " contributed
by Cu-O (Bayat et al., 2018). On the other hand, for g-C53N,, the broad-band present around 3000—-3500

cm™ ' is due to stretching vibrations of uncondensed primary (-NH-) and secondary (-NH,) amines present
in residual amino groups on the edges of CN heterocycles. The fingerprint region presented near 1150-
1750 cm™ ' can be ascribed to C-N and C = N stretching vibration unit of CN aromatic repeating unit
(Benisti et al., 2021). Peak observed at 880 and 810 cm™ " is contributed by the out-of-plane vibrations of
triazine or s-triazine repeating units (Pareek et al., 2018). As weight percentage of CuVA increases from 10
wt% to 50 wt%, a minor decrease in intensity near 841 cm™ is observed. This is contributed by V-0-Cu
(region b). The changes in spectra with the introduction of CuVA onto g-C3N, are not obvious because g-
C3N, provides a strong IR intensity near region (2). Based on the FTIR spectra, introduction of CuVA onto
g-C5N, was successful. Moreover, insignificant changes in the overall spectra contributed by g-C5N,
indicates that the incorporation process does not alter the molecular structure of g-C3N,.

The light harvesting capability of samples were measured using UV-vis DRS, and from the Kubelka-Munk
transformation of the measurement (Fig. 4(a)), the strength followed the order of CuVA>C50>C30>C10
>g-C5N,. Pure g-C3N,4 exhibit strong absorption band in the region of 300—-420 nm and has a sharp
adsorption edge up to 420 nm. The strong absorption band is attributed to the r-t* transition of lone
pairs of N atoms of triazine/heptazine ring (Ge et al., 2021). On the other hand, CuVA exhibits strong
absorption band in the region of 300—560 nm and has a sharp adsorption edge up to 560 nm towards
the visible light region of solar spectrum. Small shoulder presented above 600 nm is attributed to partially
dehydrated CuVA phase (Wang et al., 2018). Band gap energy was estimated by converting the Kubelka-
Munk transformation spectra into Tauc plot. Tauc plot is generated by assuming the energy-dependent
absorption coefficient can be represented by Eq. 1:

(-h)” =Bt - O

where h is the Plank constant, is the photon frequency, E is the bandgap, and B is a constant.
Depending on the nature of electron transition, the can be either %2 or 2 for direct and indirect transition
band gap respectively. In the case of CuVA/g-C3N, composites, direct bandgap showed a better fitting to

the plot thus the materials were assumed to have direct bandgap characteristics (Fig. 4(b)-(c)). Band gap
of g-C3N, was estimated to be 3.05 eV and pristine CuVA was estimated to be around 2.47 eV. The

absorption spectra of all composites are red-shifted after the introduction of CuVA onto g-C3N,. This is
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attributed to successful incorporation of CuVA to narrow the band gap energy of g-C3N,. Using the band

gap obtained, their respective valance band (VB) and conduction band (CB) can be calculated using
Egs. 2 and 3:

Ece=X-E.+0.5E; (2)

Eve = Ece + Eq 3)

where Ecg and Ey g are their respective potentials, E, is the potential of free electron against hydrogen
electrode (4.5 eV), and ¥ is the electronegativity of semiconductor, and is calculated using Eq. 4:

1

X = [X(A)“ * X(B)b « } (a+b+.,.)

4
where A, B are the respective element, a, b are the number of atoms of respective element, and x(Y) is
Mulliken's electronegativity of respective element Y with Pauling values and is expressed by Eq. 5:

X(Y) =0.1 87(E|1 + EEA) + 0.1 7(5)

where E;; is the first ionization energy of the respective element Y (eV/particle), and Eg, is the electron
affinity of the respective element Y. With the utilization of these equations, the band position of the
conduction band (CB) edge and valence band (VB) edge were established.

The results are illustrated in Fig. 4(d), indicating that g-C3N, exhibits a CB edge at-1.08 eV and a VB edge
at 1.97 eV, while CuVA displays a CB edge at-1.54 eV and a VB edge at 0.93 eV. The position of both
CuVA and g-C3N, are lower than +1.98 eV (vs. NHE, pH 7), which is the potential needed to form hydroxyl
radicals (®OH) (Baudys et al., 2020). This indicates that the oxidation potential of holes in the VB edge is
insufficient to produce ®OH. On the other hand, the position of CB edge of both materials is more
negative compares to the potential needed to form superoxide radicals (‘0,") (-0.33 eV vs. NHE, pH 7)
(Giannakopoulou et al.,, 2017). This indicates that the reduction potential of free electron in CB edge is
sufficient to reduce molecular oxygen to form ‘0,". These results suggest that the photocatalytic process
using CuVA/g-C3N, composites relies solely on ‘0, due to the unavailability of ®OH, as determined from

the band-edge position. From the band-edge position illustrated in Fig. 4(d), provided if heterojunction
incorporation is successful, CuVA/g-C3N, composite will exist as a Type Il heterojunction photocatalyst.

The lifetime of charge carrier was analysed using TRPL. These values were estimated by fitting triple
exponential decay function to the data point obtained as shown in Fig. 5(a). The measured lifetime
corresponds to the duration it takes for electron-hole pairs to decay to approximately 1/e of their initial
quantity (Nagappagari et al., 2021). From the inset, g-C3N, has the highest charge-carrier lifetime at 5.75
ns, with decrease in lifetime as loading of CuVA increases. This indicates that the incorporation of CuVA
increased the recombination rate of electron-hole pairs which could be detrimental to the overall
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photocatalytic properties of the CuVA/g-C3N, composites (Nguyen Van et al., 2020). The decrease in
emission lifetime in the material suggest a non-radiative pathway from electronic interaction between
CuVA and g-C3N, (Ye et al., 2016). As shown in Fig. 5(b), all composites exhibit type IV physisorption
isotherm that indicates the porous nature of the nanostructured material. The hysteresis loop resembling
type H3, suggest that the pore structure resemble wedge with opening at both ends or groove pores
formed by flaky particles (Chen et al., 2018). This is in line with the observation from FESEM image where
g-C3N, possess flaky structure while CuVA possess non-rigid crystal structure. Table 1 indicates that g-
C3N, possesses the largest surface area at 88.2 m?/g, followed by 83.4, 80.1, 68.7 and 49.4 m?/g for
C10, C30, C50 and CuVA, respectively. As the wt% of CuVA increases, specific surface area of composite
decreases. Barrett-Joyner-Halenda (BJH) pore size distribution (inset of Fig. 5(b)) calculated from BJH
adsorption branch indicates the pore size are majority in the range of around 2.7 nm. As loading of CuVA
on g-C3N, increases, the calculated pore volume decreases although no shifting in pore width was
observed. This phenomenon appears due to CuVA, a relatively smaller sized material is being deposited
on the pore of g-C5N,. Higher overall surface area is often correlated to improve in photocatalytic
performance because it exposes more active sites for both physisorption and chemisorption which
improves the efficiency of interaction between pollutant and the surface (Amrute et al., 2021).

Table 1
Specific surface area and overall pore volume of g-C3N,4, C10, C30,
C50 and CuVA.

Sample  gpecific surface area (m2/g) ~ Pore Volume (cm3/g)
g-CsN,  88.2085 0.171545
C10 83.3924 0.171784
C30 80.0809 0.165875
C50 68.7386 0.126169
CuVA 49.3588 0.086291

Removal Performance of OTC

Typical adsorption-photocatalytic process involves conducting dark adsorption to achieve adsorption-
desorption equilibrium before proceeding to photocatalysis. However, this approach was not viable for
our study as no substantial OTC removal was observed after maintaining the dark adsorption for 16 h
(Fig. S2). Hence, the removal performance of OTC was conducted separately under dark adsorption

(Fig. 6(a)) and light irradiation (Fig. 6(b)). It was observed that CuVA improved the most, and at the same
time was the best performing sample, by introducing light into the system, from remaining around 50% in
dark to 20% of OTC initial concentration (100 mg/L) after 6 h. Notably, g-C3N, which is a well-studied
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photocatalyst did not appear to have any significant photocatalytic degradation properties towards OTC
as the concentration of OTC remained relatively similar after 6 h. As shown in Fig. 6(c), chemical oxygen
demand (COD) of the solution under the influence of light were consistently lower than that of in the
absence of light. The COD analysis shows that the solution contained lower amount of organic
compound after the reaction in the presence of light. Notably, Fig. 6(d) also shows the solution pH tended
to rise after the reaction. It can be observed that the amount of pH increased is correlated to the amount
of OTC being removed from the aqueous solution. This phenomenon was caused by OTC, existing as
OTCHZO("/') at pH 5.0 were slowly removed from the aqueous solution. Throughout the experimental
process to produce Fig. 6(b), under the influence of light, it was observed that temperature of all OTC
solution gradually increased and settled at around 32°C with the ambient temperature controlled at 22°C.
Since the temperature of OTC solution was not controlled under the presence of light, two possible
factors were considered which may contribute to the improvement of performance: presence of light and
higher temperature condition.

Using the resources available, eliminating the presence of light by wrapping the solution with aluminium
foil and at the same time increased the temperature using a hotplate proof to be easier to setup
consistently compared to maintaining the solution temperature to ambient temperature. Through this
study, it was discovered that CuVA exhibited excellent adsorption capability towards OTC, and that the
removal was adsorption dominated. This was observed through CuVA performing almost identically
under the presence of light at ambient temperature and absence of light under 32°C. As shown in Fig. S3,
close to 80% of OTC was removed after 6 h. Performance of CuVA in dark while heating performed
slightly better than that of CuVA with light irradiation. This behaviour is due to the setup of initial
temperature of the solution was fixed at 32°C prior to adding the sample in the dark while for light
irradiation, the temperature was slowly raised by the passive heat generated by the LED bulb throughout
the experiment. This analysis confirms that the improvement of OTC removal performance in the
presence of light was due to the higher temperature condition. Hence, adsorption study on CuVA was
further carried out under dark condition to identify the adsorption mechanism towards OTC.

The surface elemental oxidation state binding energies of pristine CuVA and after being used to adsorb
OTC (denoted as CuVA R1) were analysed with XPS spectra. The full survey spectrum (Fig. 7(a))
confirmed the presence of Cu 2p, V 2p, O 1s and C 1s elemental peaks. N 1s impurities was observed

located near 405 eV for both samples. This is due to the presence of NH,* and NO3™ in each of the
precursor during the synthesis of CuVA. Figure 7(b) shows the Cu 2p peaks centred near 932 eV and 952
eV, which belong to Cu?*. Moreover, the presence of satellite peaks was attributed to Cu 2p3,, and Cu
2p+,, (Karikalan et al., 2017). There are no significant changes observed after the adsorption process,

suggesting that adsorption of OTC did not change the chemical state of Cu in CuVA. However, effects can
be observed for V 2p in Fig. 7(c) which shows that V 2p spectra of CuVA and CuVA R1 at 514.4 and 521.4

eV were associated with V 2p3,, and V 2p,,,, respectively. This indicates that V exists in V°* state for the
case of CuVA (Yamuna et al., 2021). After adsorption process, the V 2p3,, and V 2p; , is shifted ~2 eV to
higher binding energies. This suggests that adsorption of OTC changed the oxidation state of V.
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Investigation of Photocatalytic Properties

To validate that the increased removal of OTC in the presence of light was attributed to thermal effects
rather than the photocatalytic properties of CuVA, photocatalytic degradation of MB dye was performed
using the similar setup. 10 mg/L of MB dye was chosen as it is a well-studied pollutant for
photocatalysis (Khalid et al., 2019) compared to OTC. MB dye was stirred in the dark overnight to achieve
complete adsorption-desorption equilibrium prior to photocatalytic degradation to isolate the removal
performance of adsorption and photocatalysis mechanisms (Huang et al., 2020). OTC on the other hand
was impossible to analyze with this setup as there is no further change in removal efficiency after
immersing in the solution overnight (Fig. S2), further suggesting that the removal is adsorption
dominated. As shown in Fig. 7(d), the concentration of MB remained relatively unchanged after stirring
overnight which indicated adsorption-desorption equilibrium have been achieved. Upon exposing to
visible light for 3 h, it was observed that g-C3N, performed the best, removing around 60% of MB. CuVA
on the other hand shows practically zero improvement compared with the blank, suggesting that CuVvA
did not display photocatalytic behavior for MB degradation. However, CuVA/g-C3N, composites such as
C10, C30, and C50 exhibited a better photocatalytic efficiency compared to CuVA alone, owing to the
photocatalytic behavior of g-C3N,4. This further supports the claim from Tauc plot analysis (Fig. 4) that
combining both CuVA and g-C5N, did not yield a better performing heterojunction photocatalyst.

Adsorption Performance of CuVA (pH and Temperature
Dependence)

Figure 8(a) and (b) show that CuVA was unable to maintain its solid form and dissolved into the solution
when the pH decreases below 3. Thus, removal performance of CuVA at pH 2.0 was not presented in

Fig. 8(b). OTC was relatively stable throughout the pH range, only self-degraded by maximum of 10%
after exposing to visible light for 6 h. By introducing CuVA into the solution, pH 11.0 performed the worst
among the setup, only lowering to 50% of the initial concentration after 6 h. pH 8.5 and pH 5.0 performed
relatively identical, at close to 90% removal after 6 h. Poor performance at pH 11.0 could be due to the
surface of CuVA was negatively charged, resulting in the repulsion between the pollutant molecule
(OTC?) and CuVA. As the pH lowered to 8.5 and 5.0, the OTC species shifted to a more positively charged
species (OTCH™ and OTCH,°*/7)) (Ferchichi et al., 2022). Through this analysis, since pH 5.0 and 8.5
performed similarly, it was concluded that pH 5.0 is the optimum pH in this setup as it was closer to the
initial condition of the solution before pH adjustment, at around 3.8. The thermodynamic of adsorption
mechanism is shown in Fig. 8(c). OTC is stable even after exposing to 42°C for 6 h. By increasing the
temperature, the adsorption performance of CuVA increased, up to 90% removal at 42°C with initial
concentration of 100 mg/L. Performance at temperature of 37°C and 42°C were nearly identical (Fig.
8(d)) because CuVA has achieved adsorption-desorption equilibrium at 37°C. Further increase in
temperature did not affect the final concentration of OTC after 6 h even though the initial kinetic of 42°C
was higher.

Adsorption Kinetic, Isotherms and Thermodynamics
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Different kinetic models were fitted to identify the most suitable model and their model is expressed by
equations provided in Supplementary Information. The models were fitted and shown in Fig. 9(a). Apart
from intra-particle diffusion (IPD) model, the correlation coefficient (R?) of other models was relatively
similar in the high 0.99 region. For this reason, another statistical test method was employed to identify
the best fitting model, chi-square (x?). Table S2 summarizes their respective R? and x2. Based on the fitted
model, pseudo second-order (PSO) is the most suitable model with the highest R? and lowest x? to
describe the adsorption mechanism. Table S3 lists the PSO rate of reaction at various temperature point
using CuVA as adsorbent by fixing the equilibrium adsorption capacity at 180 mg/g. It can be observed
that as temperature increased, the PSO rate of reaction increased. Based on collision theory, as
temperature increased, the average kinetic energy of the molecules in the system will increase, this leads
to higher collision probability between molecules and are more often able to reach the activation energy
required for reaction (Fang et al., 2020).

In order to have insights into the mechanism of the adsorption process, isotherm models consist of one-,
two- and three-parameter were selected to evaluate the experimental data (see Supplementary
Information). The most direct method to solve the isotherm model is to transform all the equations into
linear form to allow the constant to be calculated through linear regression. However, several studies had
determined that linearization of isotherm model often produce statistical biases i.e., poor linearity despite
high R? (Gonzélez-L6peza et al., 2022). Therefore, non-linear model was used to assess the parameters of
the adsorption model. Similarly, both R and x? were utilized as statistical test method. Table S4 presents
the fittingness of all the isotherm model used and Fig. 9(b) shows the fitted model in a plot. Based on
ranking model analysis, the two-parameter, Dubinnin-Radushkevich (D-R) model represented the most
suitable model for the adsorption of OTC using CuVA with the highest R? and the lowest x2. D-R isotherm
model assumes the adsorbent size is comparable to micropore size. It assumes a Gaussian-type
distribution onto heterogeneous surface (Wjihi et al., 2021). From the K pr obtained, the apparent
adsorption energy, E (kJ/mol) can be determined using Eq. 6:

E= 1,39

]</2KDR

According to D-R model, if E <8 kd/mol, the reaction is physisorption dominated, if E> 16 kJ/mol, the
reaction is chemisorption dominated, if 8 < E <16 kJ/mol, ion exchange dominates the reaction (Tsamo et
al., 2019). By fitting the present work with D-R model, ¢,, =3578.45 mg/g and Kpr =0.00608 mol?-kJ2
were obtained. Using this data, E = 9.07 kJ/mol was obtained, and therefore the adsorption mechanism
was ion-exchange dominated.

The thermodynamic properties of the adsorption reaction were calculated using Arrhenius’s equation (see
Supplementary Information). Figure 9(c) shows the non-linear fitting of Arrhenius’s equation, E, was
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calculated to be 134.87 kJ/mol and A of 1.20 x 1022 g-mg™ "'min~ ! was obtained. Activation energy plays
a crucial role in governing the reaction rate. At a specific temperature, a higher activation energy leads to
a slower reaction, whereas a lower activation energy results in a faster reaction. At room temperature, if
the calculated activation energy is below 40 kJ/mol, the reaction proceeds rapidly; however, if it exceeds
120 kd/mol, the reaction rate proceeds rather slowly. For ion exchange of OTC on CuVA, the apparent
activation energy of PSO kinetic model is 134.87 kJ/mol, this shows that the adsorption process is slow.
To understand the change in enthalpy and entropy of the adsorption reaction, Gibbs free energy, A,G was
calculated using Van't-Hoff equation (see Supplementary Information). As shown in Fig. 9(d), the fitted
A,S was calculated as 244.61 J-mol™ "-K™ ! and the A, H was calculated as 71.06 kJ-mol™ . Since A,H
is positive, the adsorption process was endothermic and at the same instance, positive A.S indicates the
adsorption process was becoming more irreversible as temperature increased (Meloun et al., 2020). From
the Table S5, it can be concluded that the adsorption reaction was spontaneous when the temperature
was higher than 290.5 K (17.35°C), and the reaction became more favorable as temperature increased.

Reusability of CuvVA

Life cycle assessment were carried out (Fig. 10 (a)) to determine the lifetime of CuVA as an adsorbent. It
was found that after 5 cycles, the sample was still able to remove 46.93% of the pollutant after 6 h,
without any desorption step in between. By considering adsorbed mass of OTC in loading after each
adsorption cycle, the apparent adsorption capacity was readjusted using Eq. 7, and the values appears to
be remained unchanged (Table S6).

(Co—Ce)V

Qe,adjusted = (IIl B mOTC)

7
where m is the mass of CuVA used and mqgrc is the mass of OTC being adsorbed previously by the
CuVA.

The FTIR spectra of the recycled sample (Fig. 10(b)) indicates that with each successive cycle, the
spectra increasingly exhibited similarities to the spectrum of OTC. This observation further reinforces the
notion that the dominant removal mechanism was adsorption, and there was no evidence of any
additional decomposition reactions taking place.

Conclusions

Different weight percentage of CuVA (10, 30 and 50 wt%) was successfully incorporated onto g-C5N,
using wet chemical method. These weightages were verified using EDX, XRD and FTIR, with all three of
the characterization techniques showing positive trends. The prepared composites were direct bandgap
in nature and the bandgap decreased as the weightage of CuVA increased, down from 3.05to 2.47 eV.
The enhancement of OTC removal was not significantly influenced by the photocatalytic characteristics
of g-C3N, as the contribution to the decrease in OTC concentration was minor (10% removal compared to

Page 14/29



80% removal by CuVA). Increased removal of OTC noted under light conditions was attributed to thermal
effects rather than the photocatalytic properties of CuVA. The adsorption of OTC using CuVA has
demonstrated high effectiveness, with up to 90% of OTC being removed under optimized conditions at
42°C and pH 5.0 within 3 h. Adsorption kinetics and isotherms model of CuVA resembled more to pseudo-
second order model and D-R model the most, respectively. Based on the fitted parameters, E=9.07
kJ/mol was obtained which indicated the adsorption mechanism was predominantly influenced by ion-
exchange. Both of thermodynamic and Gibb’s free energy analysis performed on CuVA showed the
adsorption behavior was slow in nature and endothermic (A,H = 71.06 kJ/mol). The adsorption reaction

was more irreversible as temperature increased (A,S = 244.61 J-mol™1-K™ 1) and it can be initiated from
17.35°C and above.
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FESEM image of (a) CuVA, (b) g-C3N, (c) C10, (d) C30 and (e) C50.

(d)
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Figure 2

(@) HRTEM image of C50, lattice fringes of (b) C50, (c) CuVA at 195k magnification, and (d) CuVA particle
size distribution.
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(@) XRD pattern, and (b) FTIR spectra of g-C3N,4, C10, C30, C50 and CuVA.
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(@) Kubelka—Munk transformation of UV-Vis DRS of as-prepared samples, Tauc plot using (b) indirect
bandgap and (c) direct band gap calculated from Kubelka-Munk transformation. Inset table of (c) shows
the band gap energy of the samples, and (d) Band-edge position of CuVA and g-C3N,.
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Figure 5

(@) TRPL spectra, and (b) BET specific surface area of g-C3N,4, C10, C30, C50 and CuVA. Inset table of (a)
shows recombination time of all samples.
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(dark), (b) in the presence of light, (c) COD, and (d) pH of remaining OTC solution after removing OTC in

the dark and light irradiation.
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(@) XPS survey of CuVA and CuVA R1 (spent CuVA). High magnified spectra of (b) Cu 2p, (c) V 2p, and (d)
Photocatalytic performance of all samples for MB dye removal.
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Removal performance at various pH and fixed temperature setup of CuVA represented in (a) and (c)
timeline, and (b) and (d) bar chart of C/Cy at T = 360 mins at various pH and temperature.
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(@) Non-linear kinetic models of removal of OTC using CuVA at 42 °C, (b) Fitting of the isotherm models
on data from present work, (c) Arrhenius’s equation using PSO rate of reaction obtained from fitting PSO
kinetic models, and (d) Fitting of Van't-Hoff equation from temperature dependency study of CuVvA

towards OTC.
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(a) Life cycle assessment of CuVA towards OTC for 5 cycles, and (b) FTIR spectra of recovered spent

CuVA of respective cycles and OTC.
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