Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Plant-based green fabrication of S-scheme
Cu0/CdO/bentonite heterojunction with enhanced
photocatalytic performance for degradation of
levofloxacin

Maijid Mahjoore
University of Birjand

Moones Honarmand (&% honarmand.moones@yahoo.com )
Birjand University of Technology

Ahmad Aryafar
University of Birjand

Research Article

Keywords: Bentonite, S-scheme heterojunction, Photocatalysis, Levofloxacin, Sunlight
Posted Date: August 2nd, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1887737/v1

License: © ® This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Page 1/26


https://doi.org/10.21203/rs.3.rs-1887737/v1
mailto:honarmand.moones@yahoo.com
https://doi.org/10.21203/rs.3.rs-1887737/v1
https://creativecommons.org/licenses/by/4.0/

Abstract

In this research, for the first time, CuO and CdO nanoparticles (NPs) were synthesized and anchored on
layered bentonite using Ferula persica in the interest of developing a novel S-scheme nano-heterojunction
(denoted as CuO-CdO-BT). Ferula persica acted as a naturally-sourced reducing agent and stabilizer for
the synthesis of NPs. The performance of CuO-CdO-BT was evaluated for the degradation of levofloxacin
from aqueous solution under sunlight. The bentonite as a support not only reduced the agglomeration of
CuO and CdO NPs, but also decreased the size of biosynthesized NPs, which in turn increased the active
surface of NPs and the photodegardation efficiency. The effect of operational reaction system variables
was examined in an attempt to optimize the photocatalytic capability of CuO-CdO-BT. Under optimum
conditions (catalyst dosage = 0.4 g/L, LVF concentration = 10 mg/L and pH = 8), 96.11% of levofloxacin
was degraded using CuO-CdO-BT after 30 min with degradation kinetic of 0.108 min~', which was about
2.4 and 4.2 times higher than those of bare CuO and CdO NPs, respectively. The prominent role of
superoxide radicals (O, ~) and hydroxyl radicals (OH) was determined in the photocatalytic reaction by

the radical quenching experiments. The possible levofloxacin pathways were suggested based on the
HPLC-MS analysis. High stability was demonstrated for biosynthesized photocatalyst during recycling
experiments and 88.56% degradation efficiency was obtained after three cycles of photodegradation. The
unique structural features of the new generation of S-scheme heterojunction and green synthesis of NPs
using plant provide promising photocatalysts with synergistic features to improve wastewater treatment.

1. Introduction

Fluoroquinlone is a well-known synthetic antibiotic which has been utilized as an efficient antibacterial
drug in the medication of many infectious ailments[1]. The US Food and Drug Administration reports that
the total amount of consumed Fluoroquinolones is about 24,176 (kg)? in 2020. Levofloxacin is the
second generation of fluoroquinolones, which is listed as one of the most widely used antibiotics due to
its unique properties in the treatment of dysentery, tuberculosis and HIV[2]. However, recent studies have
illustrated that levofloxacin is not fully metabolized in human and animal bodies and released into the
wastewater through faces and urine[3]. Unfortunately, the traditional water treatment process cannot
effectively degrade levofloxacin. The presence of this antibiotic in the environment raises widespread
concerns about potential harm to public health and aquatic life. As a result, the development of effective
treatment technologies for the complete degradation of antibiotics is an important necessity. Recently,
the advanced oxidation processes in the presence of heterogeneous photocatalysts has emerged as an
important and universally accepted technique for the efficient degradation of antibiotics[4, 5]. In this
technique, semiconductor mediated photocatalysis is recognized as a promising tool due to its excellent
performance and chemical-free approach.

The metal oxide nanoparticles (NPs) recently attracted tremendous attention as photocatalyst in
eliminating organic pollutants from water bodies due to unique properties such as simplicity, high
oxidation ability, mild reaction conditions, cost-effectiveness and excellent activity even at low amount of
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the photocatalyst[6—9]. Among the various metal oxide nanoparticles, CuO NPs as p-type semiconductor
are a good candidate for the removal of pharmaceutical contaminants because of their attractive
properties including high chemical and physical stability, availability and simple preparation with
different morphologies[10, 11]. In addition to all the mentioned advantages, the effective utilization of
CuO NPs to remove antibiotics is limited in the range of short visible light absorption. The reason for this
restriction is the broad bandgap of CuO NPs [12]. Also, high recombination rate of photo generated
electron-hole pairs lead to a decrease in amount of reactive species for the oxidation of organic
compounds and ultimately reduce the degradation efficiency. To enhance the use of natural sunlight and
improve the separation efficiency of photo-induced electron-hole pairs, researchers have adopted a
number of strategies such as the fabrication of heterostructure by coupling with other semiconductors
and doping with metals and non-metals[13, 14]. One of the best ways is the construction of
heterojunction between semiconductors with suitable band alignment through step scheme (S-scheme)
electron-hole transfer model. In S-scheme heterojunction model, which was recently introduced for the
first time in 2019, the recombination of electron-hole pairs are accelerated at the low potentials, but on the
contrary, are inhibited at high potentials[15]. In other words, after light irradiation, the electrons in
conductive band (CB) of one semiconductor with higher positions of CB and valence band (VB)
recombine with the holes in VB of the other semiconductor with lower positions of CB and VB. In this way,
useless electrons and holes are removed via recombination, while the strong oxidative photo-induced
electrons in CB and holes in VB are preserved [16]. Therefore, the construction of S-scheme heterojunction
is an efficient route to enhance the photocatalytic performance.

In order to design S-scheme heterojunction, CuO NPs can be combined with other semiconductors for
construction of the novel nanocomposites[17]. Cadmium oxide (CdO) NPs thanks to some benefits like
high chemical and physical stability, cost-effectiveness, non-toxicity and n-type narrow bandgap is
among promising semiconductors to fabricate p-n heterojunction nanocomposites with CuO NPs[18].

Although NPs play an important role in the removal of pollutants, but agglomerate and their separation
problems during work cannot be ignored. To ameliorate these drawbacks, the NPs are dispersed or full-
grown onto solid supports such as silica[19], chitosan[20], starch [21] zeolite[22], carbon nanotube[23],
and graphene oxide[24, 25]. Some of these supports are expensive and difficult to access. Bentonite (BT)
is a plentiful and economical natural clay mineral[26]. Luckily, the high specific surface area and layered
structure of BT can effectively prevent agglomeration and even recombination of photogenerated
electron-hole pairs, thereby increasing the photocatalytic activity of nanoparticles[27, 28]. Thus, in-situ
growth of CuO and CdO NPs onto bentonite lead to an economical eco-friendly nanocomposite for the
effective photodegradation of pharmaceutical contaminants.

Due to the widespread use of nanoparticles in various fields, different methods for their synthesis have
been proposed[29]. Most of these methods are costly and time consuming and, most importantly produce
harmful waste. Hence, relying on environmental protection, recently, the various research communities
have synthesized nanoparticles through green routes[30, 31]. The plants-assisted synthesis technique of
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nanoparticles not only prohibit the use of toxic solvents and chemicals, but also control the release of
hazardous by-products into wastewater.

Inspired from this green approach, herein, the environmentally-friendly and cost-effective copper
oxide/cadmium oxide/bentonite (CuO-CdO-BT) S-scheme nano-heterojunction is synthesized using
Ferula persica. Ferula persica, also known as Ferula, effectively acts as a green reducing and capping
agent for the biosynthesis of CuO and CdO NPs. To the best of our knowledge, this is the first report for
the green synthesis of S-scheme nano-heterojunction photocatalyst using plants extract. In the following,
to eliminate drug contamination, the CuO-CdO-BT is utilized for the degradation of levofloxacin. As
anticipated, the combination of CuO and CdO NPs with bentonite as an efficient S-scheme heterojunction
shows superior photocatalytic performance and stability in the photodegaradion of LVF under natural
sunlight. The obtained results display that the CuO-CdO-BT has a better photocatalytic performance
compared with pure CuO NPs and CdO NPs. The key environmental operating parameters such as
solution pH, concentration of LVF and catalysts dose are evaluated and fixed optimized condition.
Furthermore, impact of the presence of various anions and scavengers are investigated on the
photodegradation efficiency of LVF. Also recyclability test are studied. Finally, the pathways of LVF
degradation and the charge transfer in CuO-CdO-BT are suggested.

2. Experimental Section
2.1. Materials and characterization

The used chemicals and apparatus in this study were provided in Supplementary materials.

2.2. Plant-based green fabrication of CuO-CdO-BT nano-
heterojunction

The fabrication process of the CuO-CdO-BT nano-heterojunction using Ferula was described as below.
Bentonite (0.2 g), Cd(NO3),.4H,0 aqueous solution (50 mL, 0.1 M, 1.542 g) and CuS0,.5H,0 aqueous
solution (50 mL, 0.1 M, 1.245 g) were vigorously stirred for 30 minutes at room temperature. The Ferula
aqueous extract (100 mL) was slowly added to the above well-mixed mixture for 30 minutes. The
resulting mixture was kept stirring for 2 h at 80°C under reflux conditions. After cooling to laboratory
temperature, the formed precipitates was rinsed multiple times with water to remove impurities and dried.
In the end, the obtained powder was calcined in an electric furnace at 500°C for 2 hours. For comparative
purposes, pure CuO and CdO NPs were produced under similar conditions without the use of bentonite as
well as Cd(NO3),.4H,0 and CuS0,.5H,0, respectively.

2.3. Photocatalytic experiments

The photocatalytic performance of CuO-CdO-BT was evaluated for the degradation antibiotic levofloxacin
(LVF) under natural sunlight. All experiments were performed on sunny days with radiation intensity of
~270 Klux in August and September 2021 from 12 noon to 2 p.m. at latitude 32.8621 and longitude
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59.193995. Typically, the CuO-CdO-BT (0.4 g/L) were added into 50 mL of LVF solution (10 ppm). Prior
irradiation, to reach adsorption—desorption equilibrium, the reaction samples were stirred in the darkness
conditions for 30 minutes at laboratory temperature. Subsequently, the light reaction was performed
under sunlight with an average intensity of 280 Klux. At predetermined time intervals, 3 mL suspension
was separated using filter paper to remove the CuO-CdO-BT. The relevant concentration of residual LVF
was measured using an UV-Vis spectrophotometer at 288 nm using the related calibration plot. The
degradation efficiency of LVF was calculated as below:

(Cp—0)

Degradation efficiency (%) = Cq X 100

Where, Cy and C denote the initial concentration and LVF concentration (mg/L) at time t (min).

3. Results And Discussions
3.1 Synthesis of CuO-CdO-BT heterojunction

In the present study, the CuO-CdO-BT is synthesized via a green route in the presence of the aqueous
extract of Ferula without the using any toxic chemicals and hazardous organic solvent. In this
environmentally-friendly process, the Ferula effectively acts as a green reducing and capping agent for
the synthesis of CdO and CuO NPs. A schematic representation of the synthesis of CuO-CdO-BT is
exhibited in Fig. 1. The phenolic compounds in Ferula contributed to the bio-reduction of the Cu?* and
Cd?* ions to Cu and Cd NPs, respectively[32, 33]. Finally, CdO and CuO NPs are obtained after calcination
in a furnace at 500°C for 2 h.

3.2. Characterizations

FTIR analysis is carried out to study the functional group of compounds. The FTIR spectra of CuO-CdO-
BT, bentonite, CuO NPs and CdO NPs are displayed in Fig. 2a. In all spectra, a broad peak at 3414 cm™ is
observed, which is attributed to O-H stretching vibrations[34]. Also, the spectral peak at about 1620 cm™’
is related to the H-OH bending vibrations. In FT-IR spectra of bentonite and CuO-CdO-BT, the absorption
band at 3626 cm™ ! is corresponded to in-plane O-H stretching vibrations of Si/Al-OH in the structure of
bentonite[35]. The strong band located at 1033 cm™ ! is correlated to the stretching vibrations of Si-O
functional groups[36]. Also, the absorption band at about 470 cm™ is related to Si-O-Si and Si-Al-O
bending vibrations in structure of bentonite [37]. Two bands at 543 and 532 cm™ ! are the characteristic
bands of metal oxide Cd—0 and Cu-0 bonding, respectively[38, 39]. As shown in Fig. 2a, the absorption
bands of the functional groups are observed without any special shift in the structure of biosynthesized
nanocomposite.

Comparative crystal structure and phase purities of raw bentonite, CuO-CdO-BT and biosynthesized CdO
and CuO NPs are determined by using XRD patterns (Fig. 2b). The diffraction peaks for CdO NPs are seen
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at26=33.09°(111),38.39°(200),55.37°(220),66.14° (31 1) and 69.75° (2 2 2) which are indexed to
the crystal structure cadmium oxide (JCPDS No. 075-0593)[40]. In XRD pattern of CuO NPs, the peaks at
20 values of 32.540,35.610, 38.750, 48.840, 54.020, 58.460, 61.740, 66.44-,68.37-, 72.86° and 75.700
corresponded to the (-110),(002),(111),(-202),(020),(202),(-113),(-311),(220),(311) and (-2
2 2) planes of monoclinic copper oxide, respectively (JCPDS No. 45-0937)[30]. The raw bentonite
contains constituents such as quartz (JCPDS No 083-0539)[41], albite (JCPDS No 001-0739)[42], and
montmorillonite (JCPDS No 002-0037)[43]. The diffraction peak at 26.66- (1 0 1) is consistent with the
characteristic peaks of quartz. The peaks at 26 =21.92° and 27.80° correspond to (20 1) and (0 0 2)
planes of albite. The presence of montmorillonite is also indicated by the located peaks at 26 =7.16° (0 0
1), 19.90° (11 0), 29.52 (1 1 3),35.39° (1 0 4), 54.01 (1 4 4) and 62.35° (0 6 1). After the anchoring of CuO
and CdO NPs on support, not only is the crystalline structure of bentonite retained, but also the diffraction
peaks of CuO NPs, CdO NPs and bentonite is observed in XRD pattern of CuO-CdO-BT. The obtained
results are confirmed the successful fabrication of CuO-CdO-BT.

The morphology of raw bentonite, CuO NPs, CdO NPs and CuO-CdO-BT is identified using field emission
scanning electron microscopy (FE-SEM). As shown in the Fig. 3a, the raw bentonite shows the irregular
sheet-like structure. The thickness of the layers in bentonite is about 19 nm. Fig.s 3b and 3c reveals FE-
SEM of the bare CuO NPs and CdO NPs. After anchoring of nanoparticles on bentonite, the layered
configuration of bentonite is somewhat preserved and the uniform dispersion of CuO and CdO NPs on the
bentonite layers is also well seen. As shown Fig. 3d, the use of bentonite as a support not only reduces
the agglomeration of CuO and CdO NPs, but also decreases the size of biosynthesized NPs, which in turn
increases the active surface of NPs and enhances the adsorption of pollutant molecules[44]. Further, the
presence of CuO and CdO NPs on the surface of bentonite is confirmed by elemental mapping and EDX
analysis. EDX analysis clearly indicates that CuO-CdO-BT contains O (48.37 wt%), Fe (23.39 wt%), Si
(12.84 wt%), Al (5.52 wt%), Ca (2.81 wt%), Mg (0.82 wt%), Na (0.37 wt%), Cd (3.47%) and Cu (2.41 wt%)
elements (Fig. 3e). Fe, Si, Al, Ca, Mg and Na elements are associated with bentonite platform whereas Cd
and Cu elements are originated from decorated CuO and CdO NPs. O element is also present in both the
bentonite and nanoparticles. The elemental mapping shows the distribution of elements in
nanocomposite (Fig. 3f). This proves the successful synthesis of biosynthesized CuO-CdO-BT.

The surface elemental compositions and valence state of CuO-CdO-BT are studied by XPS. Binding
energy of C1s peak at 285.5 eV is applied as an internal calibration standard. As shown in Fig. 3g, the
survey XPS spectrum of CuO-CdO-BT indicates the presence of Fe, O, Ca, Si, Al Cu and Cd elements which
are the main components of bentonite, CuO and CdO NPs, respectively. To more information on oxidation
states of Cu, Cd and O elements, the Cu2p, Cd3d and O1s are performed in high resolution (Fig. 3h-j). Two
peaks at 933.00 and 953.93 eV attributed to the Cu2p; ,,and Cu2p; 5, which correspond to the typical

Cu? *valance state in CuO[7]. Also, the XPS spectrum shows two peaks at 403.41 and 411.04 eV
characteristic for Cd 2d 3, , and 2d 5, pwhich are attributed to 2+ oxidation state of cadmium in the form

of CdO. The peak attributed to O2 ~is exhibited at 532.24 eV which corresponds to 01s[45].
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Consequently, the combination of XRD, Fe-SEM, EDX, elemental mapping and XPS results confirms that
the bentonite surface is sucssefully decorated with CuO and CdO NPs.

N, adsorption—desorption isotherms of bentonite and CuO-CdO-BT are displayed in Fig. S1. As shown,
isotherms are type IV with a H3-type hysteresis hoop, indicating that the samples possess layered
mesoporous structure[46]. The surface structure characteristics of bentonite and CuO-CdO-BT are
summarized in Table S1. The BET results demonstrate that the specific surface area of CuO-CdO-BT is
almost twice that of bentonite. These increases can be due to the intercalation of nanoparticles into/on
the bentonite interlayers[47]. The high specific surface area of CuO-CdO-BT enables the possibility of
efficient transfer of electrons and ions, leading to the better photocatalytic activity of nanocomposite. In
addition, larger specific surface and pore volume lead to better interaction between CuO-CdO-BT and
contaminant molecules.

The photo-absorption behavior of the biosynthesized is studied by UV-vis DRS. As displayed in Fig. S2a,
the measured absorption edges of the CuO NPs and CdO NPs are 383 and 501 nm. Fig. S2b presents the
Tauc's plot of samples which is in step with the Kubelka—Munk equation, i.e. ahv = A(hv — Eg)”
where, A is the absorption constant, hv is the photon energy, Eg is the energy band gapand nis 1/2 or2
for direct or indirect optical transition, respectively[48]. The direct band gap energy of pure CuO NPs and
CdO NPs are found as 3.20 and 2.47 eV, respectively. The these results are similar to the findings in the
literature[12, 45]. Amazingly, contrasted with bare CuO NPs and CdO NPs, the edge of absorption of CuO-
CdO-BT reveals distinct red-shift and the band gap energy of nanocomposite is obtained about 1.87 eV.
The decrease in band gap value of CuO-CdO-BT may be due to the defects in the crystal system[49].
Therefore, it can be concluded that the presence of bentonite and CuO/CdO heterojunction reduce the
energy of the band gap and consequently increase the photocatalytic activity of the biosynthesized
nanocomposite in the visible region[50].

3.3. Photocatalytic performance

LVF antibiotic is utilized as target pollutants to investigate the photocatalytic performance of the CuO-
CdO-BT under sunlight. To obtain the optimal catalytic activity, the influences of the initial pH value, LVF
concentration and dosage of photocatalyst on LVF degradation are investigated. The effect of solution
pH on photocatalytic degradation of LVF using CuO-CdO-BT is examined at pHs 3 to 9. As shown in

Fig. 4a, an increase in photodegradation of LVF is seen with increasing initial pH values up to 8. However,
the difference in degradation efficiencies at pHs 7 and 8 was almost negligible. Then, with further
increase in pH, the LVF removal efficiency is decreased. It is important to note that when the pH < 5.85,
LVF has cationic form and if the pH value > 8.39, LVF has anionic form. The zwitterionic form of LVF
exists when pH value is in the range of 5.85-8.39[3]. Meanwhile, the point of zero charge (pH ) of
CuO-CdO-BT is determined to be 5.3 using the zeta potential measurements (Fig. S3). This result
indicates that charge surface of CuO-CdO-BT is positive at pH< 5.3, and is negative at pH>5.3. It is
concluded that the decreasing in degradation at low pH values is due to electrostatic repulsions between

the positively charged CuO-CdO-BT and LVF, which reduces the synergy of adsorption and photocatalytic
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activity. Further degradation of LVF in relatively alkaline conditions compared to neutral or acidic
conditions may be due to the better formation of ‘OH and O, ~ radicals, which ultimately improves the
degradation process. As a result, the best LVF degradation efficiency is obtained 96.11% at pH 8.

In real environments, the concentration of LVF is very variable. Therefore, it is necessary to investigate the
effect of different initial concentrations of LVF on photocatalytic performance. As shown Fig. 4b, the
photodegradation efficiency of LVF is decreased from 96.11-24.95% as the LVF concentration increases
from 10 to 100 mg/L. In fact, the generated intermediates in higher concentration of LVF are the main
competitors of LVF molecules for contact with photocatalyst. In addition, high initial concentrations of
LVF can limit the penetration of light into the solution and prevent photons from reaching the
photocatalyst surface. So, the LVF concentration is selected as 10 mg/L in remaining tests to achieve the
best photocatalytic activity.

The catalysts dose is an important factor in reducing industrial production costs and achieving high
efficiency. The photocatalytic performance of CuO-CdO-BT in LVF degradation is investigated by
changing the catalyst dose from 0.4 to 0.02 g/L to find the optimal dose. As displayed in Fig. 4c, the
degradation of LVF is decreased from 96.11-41.46% with decreasing in the amount of catalyst from 0.4
to 0.02 g/L. However, the low degradation efficiency at low doses of CuO-CdO-BT can be attributed to lim
ited active sites on the photocatalyst surface, which leads to reduced production of active species[52].

The photocatalytic degradation of LVF is studied in the absence and in the presence of metal oxides
forming the CuO-CdO-BT nano-heterojunction under the optimal conditions (catalyst dosage: 0.4 g/L, LVF
concentration: 10 mg/L and pH: 8). Any degradation of LVF is not observed in the absence of CuO-CdO-
BT under sunlight after 30 min. The photodegradation yield of LVF is obtained 96.11%, 74.54% and
53.69% using CuO-CdO-BT, bare CuO NPs and CdO NPs, respectively (Fig. 4d). For better understanding
the difference in the degradation performance using different catalysts, kinetic study for
photodegradation of LVF is evaluated as the equation for pseudo-first-order kinetic model[53]:

C
—In C_O = kObSt

Where ks is the first-order rate constant (min~'), C, and C are the initial concentration and LVF
concentration (mg/L) at time t (min), respectively. As presented in Fig. 4e, k., is calculated to be

0.108225, 0.045626 and 0.025666 min~ ' for CuO-CdO-BT, CuO NPs and CdO NPs, respectively. The
degradation of LVF using CuO-CdO-BT is about 2.4 and 4.2 times higher than bare CuO NPs and CdO
NPs, respectively. The obtained results reveals that CuO-CdO-BT has much better photocatalytic
performance than individual components, which can be related to fast electron-hole recombination and
high aggregation of bare nanoparticles[44]. Also, since the correlation coefficient (R2) is higher than 0.96
for all samples, it is inferred that the experimental data of LVF degradation by all studied processes are in
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good agreement with the pseudo-first-order kinetic model[54]. To better evaluate the effectiveness of the
CuO-CdO-BT, the synergy index is also calculated using the following equation:

Kobs( cuo— cdo- BT)

Synergyindex =
Kops(cuo) t Kobs(cdoy

The synergy index is calculated at 1.518. Due to the fact that the synergy index more than 1 has positive
effect on the coupling of semiconductors, so this heterojunction is able to perform LVF degradation better
than any of the nanoparticles alone. A detailed discussion of the reasons for this increase is provided in
the section of charge transfer process.

In real water, there are some anions that can interfere with the removal of contaminants. Investigating the
effect of the presence of anions on IVF degradation can provide a theoretical basis for industrial

applications. Here, the typical anions (1 mM) such as sulfate (SOﬁ_), bicarbonate (HCO3'), nitrate (
NOj ) and chloride (C1 ™) are added into the system to study their influence on the LVF degradation. As

displayed in Fig. 5a, the presence of 80421_, HCO3 , and NO3 anions cause negligible effect on the
degradation process. SO, , HCO; andNOs5 radicals are more selective than “OH radicals because of

their large structure, so they are less likely to react with LVF. The presence of C1 ™ anion leads to a slight
decrease in the photodegradation process, which probably results from the inevitable competitive
adsorption between C1 ~ and LVF molecules at the active sites of CuO-CdO-BT[51].

In the following, the radical quenching experiments are performed to find the predominant contribution of
each reactive species in LVF degradation process. Benzoquinone (BQ), isopropyl alcohol (IPA) and

ammonium oxalate (AO) are utilized as the quenching agents to determine the role of O, ~ and ‘OH

radicals and h *, respectively[55]. As exhibited in Fig. 5b, although all reactive species participated in the
photodegradation of LVF, the degradation performance of LVF is clearly quenched using BQ and IPA

which illustrated that OHand O, ~ radicals are main active species in the photodegradation of LVF using
CuO-CdO-BT under sunlight.

To verify S-scheme charge transfer process in the CuO-CdO-BT heterojunction, at first, the conduction
bond (E o) and valance bond (Ey) energies of CuO NPs and CdO NPs are determined according to the
Mulliken electronegativity equations[56]:

Eyp=Ecp + Eq4

Where, E - is the energy of free electrons (~ 4.5 eV) on the hydrogen scale. The values of x (absolute
electronegativity) for CuO and CdO NPs are 5.81 and 4.67 eV, respectively [57, 58]. The Eg values of CuO
(3.2 eV) and CdO (2.47 eV) are obtained by DRS analysis, therefore, the calculated E -z and E values
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areto be —0.29 and 2.91 eV for CuO NPs and — 1.06 and 1.40 eV for CdO NPs, respectively. A band
diagram of CuO-CdO-BT is given in three modes: before contact, after contact and after being exposed to
sunlight (Fig. 6). If CuO or CdO NPs were used alone, an undesirable recombination of electron-hole pairs
would occur rapidly, ultimately reducing photocatalytic activity. Fortunately, in the present case, this
problem has been solved by using the S-scheme heterojunction through the efficient separation of
photogenerated charge transporters[16]. As shown in Fig. 6, since CdO NPs have higher E - and Ey
than those CuO NPs, when CdO and CuO NPs are in close contact, the electrons are transferred from CdO
to CuO spontaneously across their interface. The electron transfer causes CdO to be positive and CuO to
be negative at interface of two semiconductors[59]. As a result, an internal electric field (IEF) is formed
directing from CdO to CuO. IEF leads to the energy band edge of CdO and CuO bend upward and
downward toward the interface, respectively[60]. The band bending causes electrons in the VB of CdO
and holes in the CB of CuO at the interface region to be recombined. Thus, under sunlight, the useless
electrons and holes are removed from the photocatalytic system via recombination, in the event that the
useful electrons and holes are retained in the CB of CdO and VB of CuO, respectively. The electrons and

holes at more suitable redox potentials react with O, and H,0 to generate O, ~ and ‘OHradicals,

respectively[61]. Finally, the charge carriers and radicals degrade LVF into simple harmless molecules.

In order to study the pathways of LVF degradation, HPLC-MS analysis is performed and according to the
comparative analysis of the obtained results with related literature[62, 63], six possible pathways of LVF
degradation are suggested (Scheme 1). The chromatograms of the identified degradation intermediates
after 15 min and 30 min are exhibited in Fig. S5. In pathway |, the oxidation of piperazine ring is occurred
and produced P1 that is further oxidized into P2, P3 and P4. P5 is formed via decarboxylation. Also, P6 is
generated through the removal of fluorine group and the cleavage carbon-nitrogen bond on the residue of
the piperazine ring. Pathway Il starts with decarboxylation of the quinolone ring and P7 is produced.
Subsequently, the piperazine ring is separated and only its amine group remains, thus forming the P8.
When this amine group is also separated, P9 is generated. In parallel, P7 can be transformed into P10 via
defluorination. Also, P11 is produced by releasing the fluorine, methyl and hydrogen groups from P7. In
pathway lll, the fluorine group is displaced by a hydroxyl group to generate P12. Then, P13, P14 and P15
are formed through the oxidation and decarbonylation of piperazin. The quinolone ring can be opened by
reactive oxygen species to produce P17 and P18. Also, P19 is generated by demethylation of the
piperazine ring. In pathway IV, initially, the LVF is oxidized via carboxylation, resulting in the formation of
P19. Then, P20 is produced by removing the methyl group from piperazine, followed by the ring opening
process to become P21. Eventually, P22 is obtained following decarboxylation, depiperazinylation and
the ring opening of benzene group process. Pathway V begins with demethylation of LVF to generate
P23. Then, P25 is produced by decarboxylation, defluorination, and hydroxylation. In pathway VI, P26 is
obtained by defluorination and piperazine ring opening of LVF. Then, P27 is produced via
decarboxylation. P27 is further oxidized by cleaving the carbon-nitrogen bond, followed by
decarbonylation to form P28. As displayed in Fig. S1, LVF is effectively degraded using CuO-CdO-BT
because the related peak to LVF (m/z = 362) is disappeared and the intermediate peaks with lower mass
appeared after 30 minutes.
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The catalyst stability study is carried out using CuO-CdO-BT with fresh LVF solution under sunlight in
three consecutive cycles. After each cycle is finished, the photocatalyst is separated by centrifugation and
after washing and drying, it is used again in the experiment under the same conditions. As shown in Fig.
S4, the photodegradation efficiency of CuO-CdO-BT is slightly decreased after three cycles of
photodegradation as compared to the first cycle. Based on these experiments, it can be concluded that
CuO-CdO-BT has high stability and recyclability.

In order to demonstrate the higher degradation of LVF using CuO-CdO-BT than other photocatalysts, the
results of this study are compared with some previous reports in Table 1. As shown Table 1, CuO-CdO-BT
presented relatively higher performance for LVF photodegradation in a shorter time without any auxiliary
agent.
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Table 1

Comparison of the removal efficiency of LVF in various systems

Catalyst LVF Catalyst Time Photocatalyst Efficiency
dosage (min)  synthesis method (%)
concentration @)
g
(mg/L)

CuO-CdO-BT 10 0.4 30 green 96.11[this
study]

(BiOBr)x(Bi;Ogl3)1_, ~ 50 1 120 solvothermal 95.4[64]

BiOCI/BiOBr— 50 1 180 solvothermal 80.2[65]

Bi24031Brqg

a-Bi,05/C-dots 10 1 120 sonochemical 79[66]

g-C3N4/MoS, 10 1 140 hydrothermal 75.81[67]

BaZrO5/W 10 0.2 180 hydrothermal 93.4[3]

TagNs/TiO, 10 1 120 hydrothermal 92.8[68]

Ag,0/Bi;,Ge0, 10 0.5 120 hydrothermal ~ 72[69]

Au/h-BN 10 1 210 wet impregnation 84.4[70]

CdS/Bi{,Ge0,q 10 0.5 120 hydrothermal 80[71]

rGO-CdS 10 0.5 60 hydrothermal 82.7[72]

Cu-TiO, 50 1 360 micelle sol—gel 75[73]

Ag5P0,/GO/UiO - 25 0.8 60 sonochemical 94.97[74]

66 - NH,

CFC/Ui0-66- 10 [t was not 120 chemical deposition 84.5[75]

NH,/Agl mentioned

Conclusion

In this paper, to meliorate the photocatalytic efficiency, a novel S-scheme heterojunction photocatalyst
was synthesized using plant extract for the first time. In this regard, CuO and CdO NPs were synthesized
using Ferula without any toxic reducing agent and surfactant and anchored on layered bentonite
(denoted as CuO-CdO-BT). The physicochemical features of biosynthesized photocatalyst were verified
using various characterization techniques including FT-IR, XRD, FE-SEM, elemental mapping, EDX, XPS,
N, adsorption—desorption and UV-vis DRS analyzes. The photocatalytic activity of CuO-CdO-BT for the

photodegradation of LVF was investigated under natural sunlight. The advanced sunlight-driven catalytic
performance benefited from the unique structure of CuO-CdO-BT. As anticipated, the interfacial defect

Page 12/26




between two CuO and CdO semiconductors in the coupled system creates favorable conditions for the
fast charges transfer, separation of photogenerated electron-hole pairs and the capture of sunlight. The
best reaction conditions were as follows: the reaction pH value was 8, the amount of LVF was 10 mg/L
and catalysts dose was 0.4 g/L. The LVF photodegradation was obtained 96.11% which was much
higher than that of most reported photocatalysts. As Quenching tests, although all reactive species
participated in the photodegradation of LVF, the contribution of O, ~ and ‘OH radicals is more
pronounced in CuO-CdO-BT system. The anions had little effect on degradation, however, among the
considered interfering ions, Cl ~ displayed the most inhibitory effect on LVF degradation. More than
88.5% levofloxacin was degraded by the system after three cycles of photodegradation, suggesting a
cost-effectiveness potential in the recyclability of CuO-CdO-BT. The photodegradation in the presence of
natural sunlight as a renewable energy and affordable source is one of advantages of this method. The
present work will open a novel gateway for the construction of biologically and environmentally inspired
photocatalysts for effective removal of pharmaceutical contaminants and will support the slogan of
achieving a clean land for the future generation.
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Figure 1

Schematic illustration of the green synthesis of CuO-CdO-BT
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(@) FT-IR spectra and (b) XRD patterns of CuO-CdO-BT, bentonite, CuO NPs and CdO NPs
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Figure 4
Photocatalytic degradation of LVF using CuO-CdO-BT at different (a) pH, (b) concentrations of antibiotic,

(c) catalyst doses at pH=6 and (d) Pseudo-first-order kinetic model for degradation of LVF Photocatalytic
degradation of LVF and (e) the corresponding k values in the presence of different catalysts.
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Figure 5

Photocatalytic degradation of LVF using CuO-CdO-BT in the presence of different (a) anions and (b)

scavengers.
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Figure 6

Schematic illustration of the S-scheme charge transfer process in the CuO-CdO-BT heterojunction
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