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ARTICLE INFO ABSTRACT

Editor: Xiaying Xin A simple and easy route was employed to synthesize TiO2/ZnO (TZ) and TiO2/ZnO/Graphene oxide (TZG)
nanocomposites (NCs) followed by various characterizations using Powder X- Ray Diffraction (P-XRD), Field
Emission Scanning Microscopy (FE-SEM), Energy dispersive X-Ray analysis (EDS), High-Resolution Transmission
Electron Microscopy (HR-TEM), Raman and Ultraviolet-Visible Diffuse reflectance spectroscopy (UV-Vis-DRS)
spectrophotometer. The P-XRD confirmed the formation of the anatase and zincite phases of TiO5 and ZnO,
respectively. The TZG NCs were evaluated for the removal of two antibiotics Amoxicillin (AMX) and Azi-
thromycin (AZI) and two organic dyes Methyl Orange (MO) and Malachite Green (MG) via adsorption and
photocatalytic degradation under solar-simulated light, achieving degradation efficiencies of 88 %, 50 %, 50.06
%, and 99.99 %, respectively. The degradation kinetics followed to the pseudo-second-order (PSO) kinetics
model, with rate constant (ky) 0.603 x 10’2,0.066 x 1072 mol™! L min~! for AMX and AZI, respectively, while
pseudo-first order (PFO) kinetics model with rate constant (k;) 0.252 x 1072 and 35.4 x 10~2 min~! for MO and
MG dyes, respectively. Antimicrobial activity tests of TZG NCs against bacteria Gram (+ve) Staphylococcus
aureus, Streptococcus sp., Gram (—ve) Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa and Salmo-
nella typhi showed good results for both Gram (+ve) and Gram (—ve) bacteria with Chloramphenicol antibiotic as
a control drug. Among all tested bacteria, it showed a maximum inhibition zone for P. aeruginosa (23.0 + 0.42
mm) among all tested microbial strains. These results indicated the remarkable advantages of TZG NCs for the
degradation of antibiotics, dyes and antibacterial activity applications in wastewater treatment.
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1. Introduction [71, chemotherapeutic agents [8], and also developed antibiotic-

resistant bacteria [9]. In past years, due to the endemic and different

Water contamination has emerged as a critical global challenge due
to the combined effects of rapid population growth, urbanization,
climate change, and inadequate water management [1]. This issue poses
significant risks to both human health and ecological systems [2].
Among the key contributors of water pollution are, organic dyes [3],
pesticides, herbicides, pharmaceuticals [4], and pathogenic bacteria [5].
Organic dyes are highly toxic due to their carcinogenic and non-
biodegradable in nature and are widely used in textiles, paper, plastics
industries, etc. [6]. Antibiotics are broad-spectrum active compounds
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pandemic crises [10,11], the production of antibiotics and their utili-
zation by humans and animals has increased exponentially [12].
Therefore, there is a need to develop an effective material and
method that can remove pollutants and act as antimicrobial agents. For
this purpose, heterogeneous catalysis via photocatalytic activity would
be performed a significant role. In the photocatalytic process, semi-
conductors are used as a photocatalyst and oxidizing radicals such as
hydroxyl and super oxides radicals are produced which efficiently
oxidize pollutants as well as played an important role in disinfection of
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Table 1
Comparison of different antibiotics removal with other sorbents.
Materials Pollutants Time % References
degradation
Au/MIL101(Fe)/BiOBr Norfloxacin 75 81.8% [45]
min
MIL-101(Fe)/BiOBr Enrofloxacin 45 84.4 % [46]
min
Ag/AgeSin07/ Tetracyclin 60 82.8 % [47]
Bi;2017Cly min
Levofloxacin 100 85.1
min
Bi,WOg/C3N,4/carbon Tetracyclin 90 84.4 % [48]
fiber cloth composite min
Oxyteracyclin - 97.5 %
Norfloxacin - 71.4 %
Ciprofloxacin - 81.2%
Mny 5Cdo 5S/BiOBr Oxytetracyclin 75 92.4 % [49]
min
Cdg 5Zng 5S Oxytetracyclin 40 92.4 % [50]
nanoparticles/ min
Bi>MoOg
microspheres/carbon
dots
Ag/AgsP04/C3Ns Levofloxacin 90 84.7 % [51]
min
Scallop shell coated Tetracyclin - - [52]
Fe,03
Biochar of pine bar Tetracyclin 15 89.5 % [53]
min
Mnyg 5Cd 5S/BisM0oOg Tetracyclin 60 90.7 % [54]
min
BiOBr/N-C3Nsg Tetracyclin 90 81.7 % [55]

microorganisms [13]. These are cost effective, environment friendly and
easy to handle [14]. Previously, different metal, metal oxides and their
nanocomposites such as TiO, [15], ZnO [16] TiO2-GO [17] and TiOy/
ZnO/rGO [18] etc. are reported in the degradation and mineralization of
several contaminants including dyes and antibiotics. Li et al. removed
tetracycline (TC) antibiotics by GO/Titania composite to from aqueous
solution [19]. Further, Tabrizian et al. removed TC via adsorption by
preparing bimetallic nanocomposites (Fe/Cu-GO) [20]. Recently, Raj-
kumari et. al degraded the Rhodamine B and Amoxycillin by TiO/GO
and ZnO/GO NCs and found that Amoxycillin more degraded by TiOy/
GO in comparison to ZnO/GO while both show similar efficiency for
Rhodamine B [21]. Manda et. al efficiently degraded MB dye up to 98.5
% by ZnO/TiO2/rGO NCs. They varied the concentration of rGO in (5, 10
and 20 %) to degrade the MB dye contaminants and found that 5 % rGO
(ZnO/TiO2/rGO NCs) was more efficient [22]. Recently, Rudd et al.
synthesized Tantalum nitride (TasN3) as aphotoelectrode materials
[23].

Both the metal oxides ZnO and TiO, have almost similar band gap
(approximately 3.2 eV), similar photocatalytic mechanism, high active
sites, size tuning, environment friendly, and low cost, which make them
suitable candidates as a good photocatalyst [24]. These also have
excellent oxidizing and reducing potential due to the photo-induced e/
h* pair which are responsible for effective photocatalytic efficiency in
the presence of light irradiation [25,26]. The combination of ZnO and
TiO, decline the recombination of e /h™ pair under UV light irradiation
and therefore synergetic effect of both metal oxides are responsible for
greater photocatalytic activity [27]. Due to all mentioned reasons ZnO/
TiOy binary nanocomposites are being considered as an encouraging
photocatalyst [28]. Both materials also exhibited good antimicrobial
activity against both strain of Gram (+ve) and (—ve) bacteria. ZnO/TiO5
nanocomposite has shown excellent antimicrobial activity against both
type of strain of bacteria as compared to ZnO [29]. Although semi-
conductor materials are considered very good photocatalyst, but these
also possess some drawbacks such as fast recombination of e /h* pair,
large band gap and band gap energy not tuned with visible light range
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which leads to insufficient photocatalytic degradation of pollutants and
limit its application as a catalyst in real wastewater on large scale [30].

To enhance the catalytic efficiency and to lessen the drawbacks in
semiconductors, the carbon-based materials doping [31,32], hybrid
materials [33], and hydrogenation [34] like modification are exten-
sively used. Among all, graphene oxide (GO) has been widely applicable
for suppression of recombination of e /h" pair due to having greater
surface area, high conductivity, and movement of charge carriers
[17,35,36]. It also increased the interaction between catalyst and pol-
lutants [37], expanded spectrum of light absorption towards visible
range [38], and showed antimicrobial activity by wrapping and act as
cutter for bacterial cell [39].

Amoxicillin (AMX), is semisynthetic [40] and f-lactam antibiotic
which is act as a barrier for bacterial cell wall formation [41]. Azi-
thromycin (AZI) is toxic and macrolide semisynthetic antibiotic [9].
AMX and AZI are used on large scale as a medicine, and their elimination
is very low due to slow metabolism [42]. On the other hand, MG dye is
water soluble triphenyl methane cationic dye [43], while MO dye is
water-soluble azo anionic dye [44]. The biological pathogens which are
chosen such as K. pneumonias, P. aeruginosa and S. typhii are responsible
for pneumonia, blood- infection, lungs (pneumonia) and typhoid fever
respectively. On the basis of above reasons, all these were selected as
model contaminants.

Comparative study of different materials catalytic activity is given in
Table 1.

In present work, binary TiO2/ZnO (TZ) and ternary TiO2/ZnO/Gra-
phene oxide (TZG-NCs) nanocomposite are prepared via simple and easy
chemical approach, and studied first time for the photodegradation
capability onto two antibiotics as AMX, AZI and two organic dyes as MO
and MG. The antimicrobial activities were also investigated against both
strain of bacteria. In last section, tentative dye degradation mechanism
was also proposed.

2. Experimental
2.1. Materials

Details are given in supplementary file.
2.2. Graphene oxide (GO) preparation

Graphene oxide (GO) was synthesized from graphite powder using a
modified Hummers method. Briefly, 2 g each of graphite powder and
NaNOj3 and concentrated HoSO4 mixed properly. The reaction mixture
was placed under ice bath. Then, 6 g of KMnO4 was gradually added.
Afterward, 20 mL of 30 wt% H20; solution was added and resulting
product was separated and dried in an oven at 65 °C [56].

2.3. Synthesis of TiO2/Zn0O binary nanocomposites (TZ-NCs)

Binary TZ-NCs were synthesized using the sol-gel method. Initially,
2 g of zinc acetate dihydrate was dissolved in 20 mL of ethanol and
stirred at room temperature for 4 h. Subsequently, 20 g of titanium
isopropoxide (TTIP) was gradually added to the solution, with stirring
continued until a gel formed. The gel-like material was then washed
with deionized water and ethanol before being placed in an oven at
100 °C for 12 h. A white powder material was TZ NCs [57].

2.4. Synthesis of TiO2/Zn0O/GO ternary nanocomposites (TZG-NCs)

To prepare TZG-NCs, 1.0 g of binary TZ-NCs were dispersed in 10 mL
ethanol followed by stirring and ultrasonication to form homogenous
solution (solution I). On the other hand, 100 mg GO was dispersed also
in 1 mL ethanol and followed by ultrasonication to homogenise (solution
II). Solution II was added in solution I slowly by stirring and ultra-
sonication to form homogenous mixture. The grey coloured
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Fig. 1. P-XRD (a)-(b) Nitrogen adsorption-desorption isotherms(c)-(d).

homogenous solution was formed which is centrifuged by DI water and
ethanol. Further it was dried up to 400 °C in furnace for 3 h to get TZG-
NCs.

2.5-2.8 Procedure of Photocatalysis and antimicrobial activity and
characterization given in supplementary file.

3. Results and discussion
3.1. P-XRD analysis

The P-XRD patterns of synthesized GO, TZ and TZG-NCs are given
(Fig. 1 aand b). GO (Fig. 1 a) shows broad peak at (260) 10.3° confirming
the formation of GO from graphite powder.

Bragg's formula Eq. (1) was used to calculate the inter-planar
spacing, which was 0.789 nm, confirmed a random packing of gra-
phene sheets in the GO.

N/ = 2dsind (@]

Where, n is denoted as positive integer, A is wavelength of incident
wave, 6 is glancing angle and d is inter-planar distance.

The P-XRD diffraction peaks of TZ-NCs displayed at 260 with
respective planes as resemble anatase phase of TiO, are 25.43° (101),
38.05° (103), 48.00° (200), 55.20° (105) (JCPDS no.: 21-1272), while
32.93° (100), 35.49° (002), 62.98° (200), and 68.01° (201) correlates

with zincite phase of ZnO respectively (JCPDS no.: 36-1451), which
confirms the high crystallinity. The displacement of peak anatase (101)
is due to lattice contraction in TZ and TZG NCs. The average crystallite
size calculated by Scherrer formula [58] of TZ-NCs was found approxi-
mate 21.18 nm. The P-XRD pattern of TZG-NCs revealed the diffraction
peaks nearly same theta as TZ-NCs with low intensity, due to the in-
clusion of GO. The average crystallite size of TZG-NCs was found 16.60
nm which is lesser than TZ-NCs. This is probably due to TiO3 and ZnO
NPs interaction with GO matrix as previously reported [59]. The peak of
GO is not exist in P-XRD of TZG-NCs, this might be due to good exfoli-
ation of GO and lesser amount (10 % GO) used in the composite prep-
aration [60,61].

The lattice parameters (a, c) along with unit cell volume (V),
microstrain (g), dislocation density and stacking fault of synthesized TZ
and TZG NCs are calculated by (Eq. 1S-5S). All parameters are enlisted
in (Table 2S and 3S).

3.2. BET surface area

The Nj adsorption-desorption measurements were performed to
determine the specific surface area, pore volume and pore size distri-
bution of the prepared TZ and TZG NCs nanocomposites. Fig. lc,
d showing the Ny adsorption-desorption isotherms for the prepared
samples and textural data are given in Table 4S. Data showed type IV
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Fig. 2. HR-TEM Images: a) GO. b, ¢) TZ (20 nm). d, e) TZG-NCs (20 nm). SAED pattern: f) TZ. g) TZG-NCs.

isotherm with hysteresis loops type H3, indicating the mesoporous
structure. The BET surface area, cumulative pore volume and average
pore sizes were calculated and reported in Table 4S. This large surface
area and porosity of composites favored the adsorption and photo-
catalytic activity application.

3.3. FE-SEM and SEM-EDX analysis

FE-SEM images of GO, TZ and TZG-NCs are displayed in (Fig. 1S a-e).
GO showing a sheet type structure with overlapping to each other as
shown in (Fig. 1S a). TZ-NCs showing both TiO3 and ZnO NPs contain
spherical shape (Fig. 1S b and ¢). In TZG NCs both TiO; and ZnO NPs are
scattered over the GO layer to form a compact structure and morphology
of TZ NCs is changed due to the insertion of GO (Fig. 1S d and e).

In EDS (Fig. 2S a and b) of TZ and TZG-NCs include Ti, O and Zn at
specific position which confirms pure form of compounds. There was no
other peak was observed, confirmed the high purity of the synthesized
both NCs. In TZG-NCs, carbon peak (C) is also observed due to GO in
TZG NCs (Fig. 2S b).

3.4. HR-TEM analysis

HR-TEM analysis was further investigated to know more deeply
about the morphologies, average size and crystallographic structures of
prepared GO, TZ-NCs and TZG-NCs as shown in (Fig. 2 a-g). The HR-
TEM (Fig. 2 a) image of GO showing sheet like morphology over-
lapped to each other. The TEM images of TZ-NCs (Fig. 2 b and c) indi-
cating the aggregation between TiO5 and ZnO due to partial charges.
The TEM images of TZG-NCs (Fig. 2 d and e) showing that TiO2 and ZnO
are speared over GO nanosheet in agglomerated form which makes a
compact structure. As the activity of the photocatalytic materials is

depend upon intrinsic band structures, specific surface area and particle
size “Higher degree of crystallinity higher will be the photocatalytic
activity” [62] and it is confirmed from the TEM images that there was
good interaction among the TiO,, ZnO and GO in the nanocomposites
which is good for photocatalytic activity. The selected-area electron
diffraction (SAED) patterns (Fig. 2 f and g) patterns of the TZ and TZG-
NCs confirmed that both materials have good crystallinity and poly-
crystalline in nature because of multiple ring type structures and
confirm the indexing with P-XRD. The lattice fringes in (Fig. 2 c and e)
are not in same directions which confirms the polycrystalline nature of
TZ as well as TZG-NCs respectively. The calculated average particle size
of TZ-NCs was 138.57 nm (calculated by using image J software). On the
inclusion of GO in TZG-NCs, the crystallinity reduced upto some extent
while remained polycrystalline in nature (Fig. 2 f and g). Calculated
average particle size of TZG-NCs was 104.71 nm.

3.5. Raman analysis

Raman spectra of samples GO, TZ and TZG NCs (10 wt% GO) were
presented in (Fig. 3S a and b). The two prominent bands were exhibited
at 1363 cm ~! (D band) and 1608 cm ~! (G band) which resembles GO.
(Fig. 3S b). Bands matching to anatase phase of TiO, at around 144 (Eg
1)), 393 (B 1g (1), 513 (A;8), and 642 em™! Eg (3), in TZ as well as in the
TZG NCs respectively. TiOo-ZnO peak at 313 cm ™! appeared in TZG NCs
[63] (Fig. 3S a). The relative intensity declines in the TZG NCs as
compared to TZ NCs which is due to the insertion of GO. The clear peak
of ZnO is not visible here. The Raman data have been taken of TZ NCs
between 200 and 800 while TZG NCs upto 1800 cm L.
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Table 2
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PFO and PSO kinetics parameters of AMX, AZI, MO, and MG pollutants degradation in presence of TZG-NCs.

Pollutants Time (min) % Degradation PFO PSO

ki (min™1) R? ka (mol 1. L. min~1) R?
AMX 135 88 0.312 x 1072 0.928 0.603 x 1072 0.942
AZI 120 50 0.123 x 1072 0.970 0.066 x 1072 0.990
MO Dye 200 50.06 0.252 x 1072 0.939 0.434 x 1072 0.915
MG Dye 11 99.99 35.40 x 1072 0.954 496.7 x 1072 0.953

3.6. Zeta potential

The stability of photocatalysts were investigated by zeta potential.
The value of zeta potential of GO, TZ and TZG NCs were — 40, —10.5
and — 12 mV respectively (Fig. 4S). All 3 prepared nanomaterials are
having negative zeta values, which is favourable for the removal of
cationic dyes such as MG.

3.7. UV- visible spectrum and Kubelka Munk function

The reflection spectra of TZ and TZG NCs were recorded UV-Vis DRS
and data is presented in (Fig. 5S). The band gap data of the NCs were
found by plotting the graph as shown in (Fig. 5S a- b), and calculated by
Kubelka Munk function Eq. (2) as given below:

K (1-R)?

S 2R F®B) 2

Where, R = diffuse reflectance, (F (R ) = Kubelka Munk function, h =
Planck constant, v = frequency, K = molar absorption coefficient, S =
scattering factor.

The calculated band-gap energy was 3.5 eV and 3.4 eV for TZ and
TZG-NCs respectively. Although, the difference between the band gap
values for these both NCs are lesser but is lower for TZG-NCs. The
presence of oxygen-containing functional groups and the electronic
interaction between the nanoparticles and GO layers lead to an upward
shift in the valence band edge. This shift enhances light absorption and
reduces the band-gap energy of the nanocomposites. Uniform dispersion
of TiO5 and ZnO nanoparticles (NPs) on the surface of GO results in the
formation of TZG NCs, which improves light absorption and boosts
photocatalytic efficiency in degrading organic pollutants [64].

3.8. Photocatalytic degradation of AMX and AZI by TZG-NCs

The photocatalytic degradation was carried out under solar-
simulated light illumination and the activity was measured by UV-Vis
spectrometer. Absorbance values were declined with reaction time due
to photocatalytic degradation as indicated in (Fig. 3 a-b), and their
respective degradation efficiencies are shown in (Fig. 3 c-d) according to
the following Eq. (3):

MO Dye TZ NCs @ MO Dye TZG NCs (b)
0.8+ == MO Dye 0.8 == MO Dye 504 ©
e () min e () min
. — 30min — 30 min ,
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Fig. 5. Photocatalytic activity: a-c) MO dye; d- e) MG dye.
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Where, Ag = initial absorbance and A; = absorbance after photocatalytic
degradation respectively.

It has been observed that the adsorption and degradation of AMX was
completed upto 88 % within 135 min while in case of AZI, it was upto 50
% were observed in 120 min by TZG-NCs. The kinetic data were
analyzed using two models: the pseudo-first-order (PFO) and pseudo-
second-order (PSO), represented by egs. (4) and (5), respectively.

A
kit=1In (X") “4)

1 1
= (3a) ©

The kinetics parameters values were calculated by fitting linear plot
as shown (Fig. 4 a-d). The various parameters are listed in (Table 2). As
per fittings data, the R? value is more for PSO than PFO kinetics model
for both AMX and AZI antibiotics, confining the chemisorption degra-
dation of both antibiotics.

3.9. Photocatalytic degradation of malachite green (MG) and methyl
Orange (MO) by TZG- NCs

The photocatalytic degradation of MO and MG dyes were examined
at Amax 463 and 617 nm respectively (Fig. 5 a-b), which were decreased
with reaction time. The % degradation efficiency with time are

presented in (Fig. 5 c-e). It was analyzed that the MO dye was degraded
up to 48 % and 50.06 % in 200 min, while MG was degraded 98 % during
adsorption and remaining upto 98.84 % and 99.99 % in 11 min with TZ
and TZG-NCs respectively during light exposure. The faster adsorption
and degradation of MG dye is due to its cationic nature which adsorb due
to electrostatic interactions, while MO dye is an anionic dye and consist
electrostatic repulsion with TZ and TZG-NCs and obtained less adsorp-
tion [65]. In general, “More the adsorption leads the more photo-
catalytic activity”.

The kinetic parameters for both the PFO and PSO models were
determined by linear plotting, as illustrated in Fig. 6 (a-d). The corre-
sponding parameter values are summarized in Table 1. Based on the
data, the PFO model shows higher R? values compared to the PSO model
for the degradation of MO and MG dyes on TZG-NCs, indicating a better
fit with the PFO model.

3.10. Antibacterial activity

To investigate the health and environmental effects of the materials,
antibacterial activity towards both Gram (+ve) and Gram (—ve) bacteria
using a disc diffusion method, and the results are presented in (Fig. 7 a-
f).

The TZG-NCs showed excellent antimicrobial activity towards
S. aureus, Streptococcus sp. (Gram + ve bacteria) and E. coli, K. pneu-
monias, P. aeruginosa and S. typhii (Gram —ve bacteria) shown in (Fig. 7 a-
f). The inhibition zones are (20.1 + 0.14 mm), (11.5 + 0.35 mm), (10.3
+ 0.84 mm), (23.0 £+ 0.42 mm), (20.0 £+ 0.28 mm), (23.0 £+ 0.42 mm),
and (15.2 + 0.21 mm) with TZG NCs for S. aureus, Streptococcus sp. and
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Fig. 7. Antibacterial activity of TZG-NCs against: (Gram + ve bacteria) a) Staphylococcus aureus. b) Streptococcus sp. (Gram — ve bacteria), ¢) Escherichia coli. d)

Klebsiella pneumoniae. €) Pseudomonas aeruginosa. f) Salmonella typhii. g) Inhibition zone (mm). h) Comparison of Inhibition zone (mm) by TZG-NCs and Chlor-
amphenicfol as control drug.
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Table 3
Antibacterial performance of TZG-NCs against Gram (+ve) and Gram (—ve)
bacteria.

Bacteria Inhibition zone (mm)
TZG-NCs Chloramphenicol

Staphylococcus aureus 20.1 +0.14 30 + 0.28
Streptococcus sp. 11.5+ 0.35 30.0 £ 0.0
Escherichia coli 20.0 + 0.28 30.2 £ 0.14
Klebsiella pneumoniae 10.3 + 0.84 35.0 + 0.0
Pseudomonas aeruginosa 23.0 £ 0.42 30.0 £ 0.0
Solmenella typhii 15.2 £ 0.21 31.0 £ 0.0

E. coli, K. pneumoniae, P. aeruginosa and S. typhii respectively which is
comparable with standard drug Chloramphenicol (Fig. 7 g-h) (Table 3).
Among all tested bacteria the maximum inhibition zone was observed
for P. aeruginosa (23.0 &+ 0.42 mm) (Fig. 7 g).

3.11. Mechanism for dye degradation

As illustrated in Fig. 8, the adsorption process of MG/MO dyes,
particularly MG, on the surface of TZG NCs can be explained as follows:
(i) MG contains three aromatic rings and two -N—C-C—C-bonds, while
GO possesses delocalized conjugated = electrons and oxygen-containing
groups, facilitating n-n interactions. (ii) When dissolved in water, MG's
protonated amino group interacts with the GO surface through cation-n
bonding. (iii) Electrostatic attraction occurs between the positively
charged MG molecules and the oxygen-containing groups in GO, TiOz,
and ZnO [66]. In general, the energy levels follow the order ZnO (CB) >
TiOz2 (CB) > GO. [54]. Upon solar irradiation, TZG NCs are excited,
leading to the generation of electron-hole (e /h™) pairs. Electrons move
from the valence band (VB) to the conduction band (CB) [67]. Specif-
ically, electrons transfer from the CB of ZnO (—0.33 eV) to the CB of TiO2
(—0.20 eV), and subsequently to the GO nanosheets. Simultaneously,
holes (h™") transfer from the VB of TiO:2 (+2.87 eV) to the VB of ZnO
(+2.82 eV). This efficient separation of e /h™ pairs reduces recombi-
nation, enhancing the photocatalytic efficiency of TZG NCs. The

HOOC
Energy Level
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generated superoxide O5 ~ and hydroxyl OH radicals are responsible for
the effective photocatalytic degradation of pollutants [68].LC-MS data
and probable pathway of MG dyes is presented in Fig. 7-8S. Few major
peaks are not presented in degraded dye indicated degradation of dye in
presence of photocatalyst. Probable mechanism is given in eq. 6-12.

TZG + hv—h" + ¢ (6)
h* + H.0O~OH +H*'h" + H.0~OH +H* %)
02"+ 2H—H:02 + 02 (8
H20:+ hy—20H ©)]
OH' + MO/MG Dye—Degraded Products 10)
e +02-0z" (1D
O:2""+ MO/MG Dye—Degraded Products 12)

3.12. Effect of scavengers and recyclability

The mechanism is studied by using scavengers for MO and MG dyes.
In this degradation process, the dye solution (1 x 1075 M) was with the
TZG-NCs (0.1 g/100 mL of reaction solution). The selected scavengers
(103 mol/L) were i-propyl alcohol, AgNOg, and EDTA for OH, 05", h™,
respectively. The percentage removal for MO dye was found 50.06 % for
TZG-NCs when no scavengers were added. It was observed that degra-
dation was declined from 50 % to 12 %, 13 % and 19.6 % with the
addition of i-propyl alcohol, AgNO3 and EDTA scavengers respectively
(Fig. 6S a). But in the case of MG dye (1x 107° M) degradation was
99.99 % which falls to 44.5 %, 34 % and 66 % on using scavengers i-
propyl alcohol, AgNO3 and EDTA, respectively (Fig. 6S b). In all the
cases, the degradation was declined when the scavengers were added
which confirms that all the intermediates like OH , O, ~ and h* plays an
important role during the photocatalytic process. On the basis of all
observations, photocatalytic degradation is controlled by both charge
carriers and radicals.

H,0 W

Fig. 8. Mechanism of Photocatalytic degradation of MO/MG dyes with TZG-NCs.



N. Verma et al.

Recyclability tests were done in 5 cycles of MO and MG dyes solution
with TZG-NCs. After every cycle, C.HsOH and DI water were used for
washing the photocatalyst then dry in oven and used it again for next
cycle. The regeneration efficiencies of photocatalyst for the five
continuous cycles for MO and MG dye degradation is shown in (Fig. 6S c-
d). There were almost 20 % drop in the MO dye efficiency while 2-3 %
loss was observed which concluded that TZG-NCs photocatalyst can be
reused multiple times without any significant lose in efficiency.

4. Conclusions

In summary, TZG NCs were synthesized via a simple and efficient
route for the effective degradation of antibiotics and dyes. The photo-
catalytic degradation efficiencies of TZG-NCs for AMX and AZI antibi-
otics, and MO and MG dyes were 88 %, 50 % and 50.06 %, and 99.99 %,
respectively, with MG dye degrading the fastest (99.99 %). The anti-
microbial activity of TZG NCs was evaluated, showing excellent results
against Gram-positive and Gram-negative bacteria, with the highest
inhibition zone (23 + 0.42 mm) observed for P. aeruginosa. The photo-
catalytic degradation followed PSO kinetics for antibiotics (AMX and
AZI) and PFO kinetics for dyes (MO and MG). The degradation mecha-
nism confirmed the involvement of OH , O5 -, h™ scavengers. The
excellent reusability of TZG NCs highlights its potential as an efficient
photocatalyst for antibiotics and dye degradation.
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