
Research Article

Mehwish Amanat, Tayyaba Shahzadi*, Tauheeda Riaz, Maria Zaib, Faisal Nawaz, Ahmed M. Tawfeek,
Muhammad Ramzan Khawar, Sung Jea Park*, and Dongwhi Choi*

Enhanced catalytic degradation of amoxicillin
by phyto-mediated synthesised ZnO NPs and
ZnO-rGO hybrid nanocomposite: Assessment
of antioxidant activity, adsorption, and
thermodynamic analysis

https://doi.org/10.1515/ntrev-2023-0189
received November 12, 2023; accepted December 23, 2023

Abstract: Antibiotics are resistant compounds that become
emerging contaminants that cause hazards to human health
and the ecological environment due to their wide produc-
tion and consumption. The present research reveals the
remediation of amoxicillin (AMX) antibiotic by catalytic
degradation using fabricated zinc oxide (ZnO) and zinc oxide-
reduced graphene oxide (ZnO-rGO) catalysts. The characteriza-
tion of the catalyst was carried out via UV–Vis spectroscopy,
Fourier transform infrared spectroscopy, X-ray diffraction,
energy dispersive X-ray spectroscopy, and scanning electron

microscopy to evaluate the morphology and composition
of synthesised catalyst. The catalytic ability of ZnO-rGO
and ZnO was investigated by analysing the degradation of
AMX. The ZnO-rGO nanocomposites (NCs) showed improved
catalytic performance towards AMX degradation (96%) than
pure ZnO nanoparticles (85%), which may be attributed to
the incorporation of rGO, which enhanced the adsorption
rate and changed the electron–hole recombination rate. The
antioxidant potential of synthesised nanomaterials was also
analysed by three different methods. The adsorption beha-
viour was explained through the Langmuir and Freundlich
models, and the results revealed that AMX adsorption fol-
lowed the Freundlich model more closely for both catalysts.
The adsorption of AMXwas also studied thermodynamically
at different temperatures. The negative Gibbs energy change,
positive enthalpy change, and entropy change showed the
reaction’s spontaneity and endothermic nature. Finally, it
can be assumed that the ZnO-rGO NCs could be an effective
semiconductor for the degradation of AMX from wastewater.

Keywords: ZnO-rGO nanocomposite, Litchi chinensis, amox-
icillin, adsorption, catalytic removal

1 Introduction

The entry of different emerging pollutants into water
bodies has now become a major environmental threat. In
recent years, pharmaceutical products specifically antibio-
tics have been identified as the most common contami-
nants found in various water sources, including drinking
water, groundwater, and surface water. Various sources
such as domestic sewage, human and animal excretion,
pharmaceutical manufacturing plants, hospital effluents,
and agriculture release pharmaceutical compounds into
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the water [1]. The antibiotics that enter water bodies and
the soil ecosystem cause endocrine disruption and the emer-
gence of antibiotic resistance in microorganisms [2]. In micro-
organisms, resistance to β-lactams is caused by chromosomal
mutations in cell-wall-synthesizing enzymes known as peni-
cillin-binding proteins (PBPs). Such mutations in PBPs are
caused by a continuous mutation process that causes resis-
tance [3]. So, it is important to remove and degrade antibiotics
from aqueous media to protect the ecosystem.

Amoxicillin (AMX) is a semisynthetic beta-lactam anti-
biotic that belongs to the penicillin family and destroys
bacterial cell walls. It is used to cure human as well as
animal infectious diseases caused by susceptible microor-
ganisms. It is the most widely used antibiotic in the peni-
cillin family because of its ability to be absorbed orally.
However, unfortunately, AMX is hardly degradable [4].

In the literature, various treatment techniques have
been utilized to eliminate antibiotics from an aqueousmedium,
such as biodegradation [5], flocculation [6], membrane filtration
[7], adsorption [8], and various advanced oxidation processes
such as ozonation [9] and semiconductor photocatalysis [10].
Among all these approaches, the adsorption process is one of
the most potent techniques used to remove organic contami-
nants from aqueous media owing to its high removal capacity,
simplicity, and low operation cost [11].

Different adsorbent materials, i.e., reduced graphene
oxide (rGO), carbon nanotubes, activated carbon, magnetic
graphene oxide, metal/metal oxide nanoparticles (NPs), and
graphene-based nanocomposites (NCs), have been used for
antibiotics removal methods [8].

Zinc oxide (ZnO) NPs were chosen as they possess
remarkable properties such as a large specific surface
area, nano size, broad bandgap (3.37 eV), chemical and
physical inertness, non-toxicity, high adsorption capacity,
easy to synthesize, biocompatibility, excellent electronic,
catalytic, and optical properties [12]. Various approaches
have been applied to increase the effectiveness of ZnO NPs.
One of the most favourable strategies is the coupling of
ZnO NPs with graphene and its derivatives to enhance
catalytic performance by enlarging surface area and sup-
pressing electron–hole recombination rates in ZnO [13].
Many antibiotics such as beta-lactams have aromatic rings
in their structure, which make the graphene-based mate-
rial an excellent adsorbent for the removal of antibiotics
via π–π interactions [14].

Green synthesis provides significant advantages over tradi-
tional approaches and a wide range of biological applications. It
avoids the use of toxic reagents and the production of undesir-
able by-products by offering sustainable synthesis methods. The
use of plant leaf extract in the synthesis ofmetal NPs is one of the
most compatible, safe, and environmentally friendly methods.

Plant extracts contain a variety of bioactive compounds,
including alkaloids, flavonoids, and phenols, which help to
stabilise and control the size of NPs [15].

Phyto-mediated synthesised ZnO NPs exhibited many
biomedical applications such as antibacterial, anti-inflam-
matory, and antioxidant. ZnO NPs have received a lot of
interest due to their antioxidant properties, which are sig-
nificant in resisting oxidative stress in biological systems.
ZnO NPs have the potential to scavenge reactive free radi-
cals produced by oxidative stress, which cause a variety of
diseases such as cancer and neurological diseases. As anti-
oxidants, ZnO NPs neutralise free radicals and minimise
oxidative damage. ZnO NPs as antioxidants neutralize free
radicals and reduce oxidative damage [16].

The present work reports the green synthesis of ZnO
NPs and ZnO-rGO NCs by using an aqueous leaf extract of
the Litchi chinensis plant as a reducing and capping agent
for the first time. The properties of prepared nanomater-
ials were analysed by different characterization techni-
ques, and the efficiency of synthesised nanomaterials in
AMX degradation was also assessed.

2 Materials and methods

2.1 Chemicals

Leaves of L. chinensis were taken from the local area of
Sialkot. The analytical grade chemical reagents used in this
study were graphite powder, Zn(NO3)2⸱6H2O, KMnO4, H2O2,
H2SO4, DPPH radical (1,1-diphenyl-2-picrylhydrazyl), methanol,
Folin–Ciocalteu reagent, Na2CO3, ammonium hexamolybdate,
Na3PO4, NaOH, and HCl.

2.2 Preparation of plant leaf extract

Plant leaves were thoroughly washed with distilled H2O,
dried under shade, and crushed. For preparing aqueous plant
extract, 2 g of powdered leaves were added to 100 mL of
distilled water and heated at 80°C for 60 min. The extract
was filtered and then placed at 5°C for further use [17].

2.3 Preparation of ZnO NPs

A solution of 2.97 g (1 M) of Zn(NO3)2⸱6H2O in 10 mL of DW
was prepared. Afterwards, 10 mL of plant extract was
mixed with a salt solution in a 1:1 ratio and stirred for 60
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min at 60°C using a magnetic stirrer. The transformation of
colour from yellow to brown indicates the formation of
NPs. After centrifugation, NPs were washed with distilled
H2O to obtain pure ZnO NPs [18].

2.4 Preparation of graphene oxide and ZnO-
rGO NC

Graphene oxide was prepared via the modified Hummers
method [34]. To synthesize ZnO-rGO NCs, 0.1 g graphene
oxide was transferred into distilled H2O (20 mL) and soni-
cated for 60 min to get a homogeneous mixture. Then, 20
mL solution of 2.97 g Zn(NO3)2⸱6H2O was mixed with rGO
dispersion and stirred for 60 min. Then, 40 mL of plant
extract was slowly poured into the resulting mixture and
then centrifuged. The solid residues were dried overnight
at 60°C to get ZnO-rGO NCs [17].

2.5 Determination of point zero charge
(pHpzc)

To determine the pHpzc of both synthesised ZnO NPs and
ZnO-rGO, 40 mL of 0.1 M NaCl solution was taken in dif-
ferent beakers, and the initial pH (pHi) from 2 to 12 was
adjusted using 0.1 M HCl and NaOH solutions. After main-
taining pHi, the desired amount of synthesised nanomater-
ials was added to all beakers and stirred at the speed of 150
rpm on an orbital shaker at room temperature for 24 h.
After that, the final pH was measured. The pHpzc was
calculated by plotting the graph between pHi and ΔpH [19].

2.6 Characterization

The formation of prepared nanomaterials was confirmed using
a UV–Vis spectrophotometer (Specord 210 plus, Analytic Jena
AG, Germany), Fourier transform infrared (FTIR), scanning elec-
tron microscopy (SEM), energy-dispersive X-ray (EDX) spec-
troscopy (JEOL JAPAN), and X-ray diffraction (XRD, X-PERT
PANalytical diffractometer). High-performance liquid chro-
matography (HPLC) analysis was performed to analyse the
degradation of AMX with Waters Alliance™ e2695 XE HPLC
instrument.

2.7 Antioxidant potential

Antioxidant potential of green synthesised nanomaterials
was determined by three different methods.

2.7.1 DPPH free radical scavenging activity

DPPH radical scavenging capacity of prepared ZnO NPs
and ZnO-rGO was determined by the standard method
[20]. To determine free radical scavenging ability, different
concentrations (500, 1,000, and 1,500 μg/mL) of synthe-
sised nanomaterials were taken. Then, 3 mL of DPPH
solution, which was prepared by adding 4 mg of DPPH
in 100 mL of methanol, was added and shaken vigor-
ously. The mixture was kept for 30 min at room tempera-
ture in the dark and centrifuged for 10 min at 3,000 rpm.
The colour of the solution changed from violet to yellow,
indicating that the DPPH radical was reduced. The absor-
bance of the supernatant was recorded using a spectro-
photometer at 517 nm. The DPPH radical scavenging
capacity of synthesised nanomaterials was calculated
using this formula:

=
−

×

%Scavenging activity

Control absorbance Sample absorbance

Control absorbance
100.

(1)

2.7.2 Total phenolic contents (TPCs)

The TPCs were measured by the method of Makkar et al.
using the Folin–Ciocalteu reagent [21]. The TPC was deter-
mined by adding 0.5 mg/mL of prepared nanomaterials in
0.1 mL Folin–Ciocalteu reagent (2 N). Then, 2.8 mL of 10%
Na2CO3 was added to the mixture and shaken vigorously.
The solution was stored at room temperature for 40 min,
and then absorbance was recorded at 765 nm. TPC was
calculated as mg of gallic acid equivalents per gram of
sample by extrapolation of different concentrations of
gallic acid.

2.7.3 Total antioxidant activity

The total antioxidant capacity was measured by the
phosphomolybdate method [22]. About 0.5 mg/mL of
synthesised nanomaterials were mixed with 4 mL of
reagent solution (4 mM of ammonium molybdate, 28
mM of sodium phosphate, and 0.6 mM of sulphuric
acid). The mixture was taken in test tubes, which were
then sealed and heated in the water bath at 95°C for 90
min, and then the solution was cooled. After cooling, the
absorbance of the solution was checked at 695 nm. The
typical blank solution consisted of 4 mL of reagent solu-
tion and was heated under the same conditions as the
sample solution.
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2.8 Adsorption studies

The batch experiment was performed to compare AMX
removal by ZnO and ZnO-rGO with 5 mg/L of AMX solution.
The appropriate amount of catalyst was mixed into 25 mL
of AMX solution, placed in a shaker for 60 min, and then
centrifuged. The absorbance value of the supernatant
after centrifugation was determined, and the equilibrium
concentration Ce (mg/L) was converted from the standard
concentration curve of AMX. The adsorption capacity is
measured using the following formula [23]:

=
−

×q
C C

M
V

ₑ
,

e

0 (2)

where initial and equilibrium concentrations of AMX are
C0 and Ce (mg/L), respectively, V is the volume of the AMX
solution (L), and M (g) is the adsorbent quantity.

The AMX degradation efficiency is calculated by using
the following equation [24]:

=
−

×
C C

C
%Degradation efficency 100.

i f

i

(3)

3 Results and discussion

3.1 Proposed mechanism for the formation
of ZnO NPs

In the green preparation of ZnO NPs, potential phytochem-
ical agents present in the leaves of L. chinensis plant, such
as polyphenols (epicatechin), reduced Zn2+ to ZnO or aggre-
gates of ZnO NPs, as shown in Figure 1a; first, zinc nitrate
hexahydrate was ionized in aqueous media to give Zn2+

Figure 1: (a) Proposed mechanism for synthesis of ZnO NPs; (b) proposed mechanism for the reduction of GO to rGO; (c) UV–Vis spectra of plant
extract, ZnO, GO, and ZnO-rGO; and (d) FTIR spectra of plant extract, ZnO, GO, and ZnO-rGO.
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ions which reacted with epicatechin and formed Zn-epica-
techin. It oxidized to quinone and produced electrons and
hydrogens, which reduced Zn2+ ions into ZnO NPs [25].

3.2 Proposed mechanism for reduction of GO
to rGO by plant extract

The reducing agents (polyphenols) in the leaf extract of the
L. chinensis plant reacted with graphene oxide, as depicted
in Figure 1b. The epoxide group of GO came into contact
with the alcohol group. The epoxide and phenolic groups of
GO generated an intermediate due to the nucleophilic
attack of the –OH groups, and the water was removed.
After reduction, rGO was produced [26].

3.3 Characterization of ZnO NCs

The absorption spectra of plant extract, ZnO NPs, GO, and
ZnO-rGO NCs are shown in Figure 1c. The spectrum of ZnO
NPs displayed a single broad and strong peak at 250 nm
because of surface plasmon resonance. GO absorption
peaks in aqueous suspension were detected at 234 nm
and a weak peak at 305 nm. The peak at 234 nm was caused
by π → π* transition of aromatic –C]C bonds, and the
small peak observed at 305 nm was caused by n→π* transi-
tion of –C]O bonds of carboxyl and carbonyl groups. The
ZnO-rGO absorption spectrum showed a broad peak in the
250–300 nm range. Compared to the GO absorption spec-
trum, the peak at 234 nm was shifted to 274 nm after reduc-
tion, and a weak peak at 305 nm vanished completely due
to carboxylic acid group reduction with the regeneration of
graphitic nature in ZnO-rGO NCs [27,28]. As a result of

the above-mentioned observations, the position of the NC
absorption peaks was very close to individual peaks, indi-
cating a strong reaction between ZnO NPs and rGO in ZnO-
rGO NCs.

The FTIR spectra of plant leaf extract, ZnO, GO, and
ZnO-rGO are presented in Figure 1d. The FTIR spectrum of
L. chinensis leaf extract showed a broad peak at 3,229 cm−1

assigned to vibrational stretching of –OH groups that arise
due to the presence of phenols, carbohydrates, and alco-
hols. The peaks at 2,918 and 2,850 cm−1 regions correspond
to C–H stretching of CH3 and CH2 functional groups of
alkanes, and a band at 1,730 cm−1 was ascribed to −C]O
stretching vibration of aldehyde, ketone, carboxylic acid,
and ester. The vibrational peaks at 1,615, 1,515, and 1,454
cm−1 were also noted, which were ascribed to the bending
of N–H bonds originating from amines or amides and aro-
matic C]C stretching. The peaks at 1,371 and 1,238 cm−1

originated from the bending of the –OH group of phenol
and C–O or C–N stretching, respectively, while the corre-
sponding peaks at 1,032 and 716 cm−1 were attributed to the
C–O stretch of esters or ethers and C–X stretching [25].

When the spectra of ZnO NPs were compared with the
spectra of L. chinensis leaf extract, shifting of peaks was
observed in spectra, indicating the reduction of molecules.
As a result, secondary metabolites, such as polyphenol
functional groups, covered the ZnO NPs. From FTIR ana-
lysis, it was confirmed that bioactive compounds present in
plant leaves performed dual functions for the synthesis
and stabilization of ZnO NPs [29].

FTIR spectra of graphene oxide showed various char-
acteristic absorption peaks (Figure 1d). A broad absorption
peak that appeared at 3,348 cm−1 indicated –OH groups
stretching vibrations present on graphene sheets and water
absorbed on the surface of GO. The typical absorption peak
at 2,934 cm−1 was assigned to CH2 stretching, and the peak at
1,714 cm−1 represented the −C]O stretching of carboxyl

Figure 2: SEM images of ZnO NPs: (a) 500 nm, (b) 5 µm, (c) 2 µm, and (d) 1 µm.
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groups. Absorption peaks at 2,088 and 1,642 cm−1 were attrib-
uted to –N]C]O and –C]C stretch. Peaks observed at 1,338,
1,050, and 878 cm−1 were ascribed to stretching peaks of C–O
epoxy and alkoxy groups and bending vibration ]C–H. The
presence of functional groups containing oxygen proved that
the graphite was oxidized to GO, and the occurrence of
hydroxyl groups allowed GO to quickly establish hydrogen
bonds with H2O, giving it a hydrophilic appearance [30,31].

The FTIR spectrum of ZnO-rGO NCs displayed various
representative absorption bands. Compared with GO spectra,
the intensity of the –OH peak at 3,239 cm−1 in ZnO-rGO NCs
reduced dramatically due to the loss of –OH groups, which
might be due to the bonding of –OH groupswith ZnONPs, while
the absorption peak at 1,714 cm−1 for C]O was absent in NCs
compared to GO, confirming the GO reduction. The stretching
peak at 1,151 cm−1 represented a more powerful Zn–O–C combi-
nation. It is worth noting that after reduction, peaks of GO either
vanished or appeared with considerably reduced intensities.
These results are consistent with the literature [32].

SEM analysis was conducted to analyse the morphology
of nanomaterials. The SEM images of ZnO NPs have distinct
spherical and hexagonal morphologies (Figure 2). The ZnO
NPs that were synthesised were random [33]. The ZnO-rGO
NCs were made up of clumps of ZnO nanostructures that
were well anchored on the rGO sheet (Figure 3).

The EDX analysis was carried out to evaluate the che-
mical composition of prepared samples. The EDX spectra in
Figure 4a and b showed the elemental composition of ZnO
NPs and ZnO-rGO NCs. It revealed that all the predictable
elements were available in the prepared nanomaterials. It
also showed the high-purity composition of the samples by
detecting only the peaks of elements in NCs. The peaks
shown in the ZnO-rGO spectrum were attributed to zinc,
oxygen, and carbon constituents. No other peaks of impu-
rities were detected in the spectra [34].

XRD patterns of ZnO NPs and ZnO-rGO are shown in
Figure 4c. The strong prominent peaks on 2θ values of 31.7°,

34.4°, 36.2°, 47.5°, 56.6°, 62.8°, 66.4°, and 67.9°, for ZnO NPs,
and 31.7°, 34.4°, 36.2°, 47.5°, 56.6°, 62.8°, 67.9°, 69.1°, 72.6°,
and 76.9°, for NCs were observed. XRD spectra of ZnO NPs
exhibited a series of diffraction peaks that perfectly indexed
to highly crystalline, spherical, and hexagonal wurtzite
structural patterns of ZnO NPs from JCPDS card No. 46-
145. When compared to ZnO NPs, XRD spectra of prepared
ZnO-rGO NCs exhibited no significant difference in peak
shapes and locations, showing that the addition of rGO
had no effect on the orientations of crystals of ZnO NPs.
There were no peaks identified that could be attributed to
foreign impurities. An average crystallite size of the ZnO NPs
and ZnO-rGO NCs were 23.4 and 18.7 nm, which were calcu-
lated by the Debye–Scherrer equation [35]:

=D
kλ

β θcos
.

3.4 Adsorption studies

3.4.1 Adsorbent dosage effect

Adsorbent dosage effects of ZnO NPs and ZnO-rGO NCs on
degradation efficiency of AMX were studied in the range of
0.5–10 mg by keeping AMX solution concentration constant
(5 mg/L, V = 25 mL) for 1. The degradation efficiency decreased
by increasing the dosage, as shown in Figure 5(a). This might
be attributed to decreased light penetration, increased light
scattering, and aggregation of ZnO-rGO NCs in aqueous solu-
tion at high adsorbent amounts, which greatly reduced the
surface area for adsorption. In the case of ZnO NPs, initially,
the degradation efficiency increased by increasing the cata-
lyst amount owing to more binding sites and then declined
due to the agglomeration of particles [36]. The result indicated
that the degradation efficiency of ZnO-rGO NCs (96% at 0.5
mg) was maximum as compared to ZnO NPs (88% at 5 mg).

Figure 3: SEM images of ZnO-rGO NCs: (a) 500 nm, (b) 5 µm, (c) 2 µm, and (d) 1 µm.
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3.4.2 Effect of initial AMX concentration

The influence of AMX initial concentration was studied by
adjusting AMX solution concentration from 5 to 25 mg/L
(V = 25 mL) and keeping the amounts of both catalysts

constant (ZnO = 5 mg, ZnO-rGO = 0.5 mg) for a contact
time of 60 min. The results are presented in Figure 5(b),
which revealed that at a lower concentration (5 mg/L),
maximum degradation of AMX occurred as compared to
higher concentrations because active sites present on

Figure 4: (a) EDX spectrum of ZnO NPs, (b) EDX spectrum of ZnO-rGO NCs, and (c) XRD spectra of ZnO and ZnO-rGO.
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catalysts were sufficient, whereas, at a higher concentra-
tion, degradation of AMX dropped because more and more
molecules of AMX adsorbed on the catalyst's surface and
fully covered the surface of active sites and also reduced
the generation of active oxidizing •OH radicals which
decreased the degradation of AMX. The saturated active
sites of catalysts showed repulsion for incoming AMX
molecules and reduced adsorption [37]. The result showed
that ZnO-rGO has greater degradation efficiency (92%)
compared to ZnO NPs (83%) at the same AMX concentra-
tion and reaction time.

3.4.3 Effect of pH

To find out the effect of pH on AMX degradation, the pH
was adjusted from 2 to 10 by keeping the concentration of
AMX solution and catalysts constant during the entire
experiment. The pH of the original AMX solution was 6.
The result is presented in Figure 5(c), which depicts that
the degradation of AMX increased by increasing the pH
of the solution. The highest degradation of AMX occurred
in an alkaline medium could be due to two facts. First, the
presence of a large number of OH− ions on the surface and
in an aqueous solution promoted ˙OH radical formation
that has been regarded as potent oxidizing agents in cata-
lytic processes that initiate degradation of adsorbed AMX
molecules. Second, the reason was hydrolysis of AMX
attributed to β-lactam ring’s instability at high pH [38].

3.4.4 Temperature effect

The temperature effect on AMX degradation efficiency was
evaluated at four temperatures (308, 318, 328, and 338 K).
The percentage degradation increased by increasing the
temperature as presented in Figure 5(d). This might be
attributed to the presence of more adsorbent sites because
of the activation of adsorbent surfaces at high temperatures.
The rate of diffusion of AMX molecules from aqueous solu-
tion onto the adsorbent surface enhanced as the tempera-
ture elevated. The removal of AMX was facilitated at higher
temperatures due to the breakdown of the C–N bond of the
β-lactam ring [39]. The result illustrated that AMX adsorp-
tion on the adsorbent's surface was endothermic.

3.4.5 pHpzc of ZnO and ZnO-rGO

The pHpzc values calculated for synthesised nanomaterials
were 5.2 (ZnO Nps) and 5.4 (ZnO-rGO), as shown in Figure 5(e).

The pHpzc is the value of pH at which the adsorbent surface
is neutral. When the solution’s pH is less than pHpzc, the
adsorbent surface has a positive charge and vice versa. In
this case, the pH of the solution is 6, which is higher than
pHpzc. As a result, the synthesised adsorbents are negatively
charged [40].

3.5 Antioxidant potential

3.5.1 DPPH free radical scavenging activity

The free radical scavenging activity of nanomaterials was
evaluated by DPPH (1,1-diphenyl-2-picrylhydrazyl), a stable
free radical organic molecule. The DPPH scavenging method
based on DPPH molecule reduction. The antioxidant activity
of synthesised nanomaterials is owing to their reducing
power. Nanomaterials neutralized DPPH free radicals and
formed a yellow-coloured stable non-radical molecule. The
disappearance of the purple colour indicated the scavenging
potential of nanomaterials [41]. The results presented in
Figure 6 showed that with the increase in the amount of
prepared nanomaterials, the ability to scavenge DPPH free
radicals also increased. The scavenging ability of ZnO-rGO
(93%) was greater than that of ZnO NPs (88%). It was
observed that ZnO-rGO composites were effective in inhi-
biting DPPH, which was primarily caused by electron charge
transfer.

3.5.2 TPCs

Using Folin–Ciocalteu reagents, the TPCs of ZnO and ZnO-
rGO synthesised by the L. chinensis plant were determined
spectrophotometrically. This method relies on the forma-
tion of the blue complex as a result of the interaction of
phenolic compounds with the Folin–Ciocalteu reagent [42].
The calculated TPC of nanomaterials was measured as
given in Table 1. The result implied that ZnO-rGO showed
a high TPC, i.e., 71.6 ± 0.02 mg/g GAE compared to ZnO 45.7
± 0.04 mg/g GAE.

3.5.3 Total antioxidant activity

The total antioxidant capacity of synthesised nanomater-
ials was assessed spectrophotometrically using the phos-
phomolybdenum method. This method depends on the
reduction of Mo(VI) to Mo(V) by antioxidants contained in
the sample material at an acidic pH, which results in the
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preparation of the green-coloured phosphate–molybdenum
complex, commonly used to identify the antioxidants such
as phenolic, carotenoids, and tocopherols [41]. The results of
total antioxidant activity are presented in Table 1, which indi-
cates that the antioxidant activity of prepared ZnO-rGO (0.644
± 0.04) was better than that of ZnO NPs (0.510 ± 0.01).

3.6 Adsorption isotherm

The adsorption isotherm is the most essential parameter
that summarises how adsorbate molecules interact with
the adsorbent. This study used the two most common iso-
therm models, Langmuir and Freundlich. A linear form of

Figure 5: (a) Effect of adsorbent amount on AMX degradation efficiency, (b) influence of initial AMX concentration on its degradation efficiency, (c) pH
effect on the AMX degradation efficiency, (d) effect of temperature on degradation efficiency of AMX, and (e) determination of pHpcz of ZnO and
ZnO-rGO.
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Langmuir and Freundlich isotherm models is presented by
the following equations [43]:

·

= +
c

q

c

q K q

1
,

e

e

e

m L m

(4)

= +q K
n

clog log
1

log ,
e f e

(5)

where qe is the amount of AMX adsorbed at equilibrium, Ce
is the equilibrium concentration of AMX in solution, qm is
maximum adsorption capacity, and KL is the Langmuir
constant. The values of qm and KL were obtained from
the plot Ce/qe vs Ce, and the values of Kf and 1/n were
derived from the plot of log qe vs log Ce.

The isotherm parameters are shown in Table 2, indi-
cating the value of R2 (correlation coefficient) for both

models was >0.9, but AMX adsorption on ZnO and ZnO-
rGO was better explained by the Freundlich model because
the values of R2 for Freundlich were greater than R2 for the
Langmuir model. A similar result was reported in the litera-
ture [44]. The 1/n value described the favourability if its
value was less than 1, it indicated that adsorption was
favourable [45].

3.7 Thermodynamics studies

Thermodynamic parameters for the adsorption of AMX on
ZnO NPs and ZnO-rGO NCs were examined at four different
temperatures (308, 318, 328, and 338 K). It was demonstrated
that higher temperatures enhanced AMX adsorption on both
adsorbents. Thermodynamic parameters including ΔG0, ΔH0,
and ΔS0 are calculated using the following equations:

∆ = −G RT Kln ,d (6)

=K
q

C
,d

e

e

(7)

=
∆

−
∆

K
S

R

H

RT
ln ,d

0 0

(8)

where Kd depicts the distribution coefficient, R is the gen-
eral gas constant (8.314 J/mol K), and T is the tempera-
ture (K).

Thermodynamic parameters are presented in Table 3.
At all temperatures, values of ΔG0 were negative, indi-
cating that AMX adsorption on both adsorbents was fea-
sible and a spontaneous process. Moreover, a decrease in
negative values of ΔG0, as temperature increased, revealed
that the adsorption of AMX on ZnO and ZnO-rGO becomes
more favourable at higher temperatures. The positive value

Figure 6: % Scavenging of DPPH radical by ZnO NPs and ZnO-rGO NCs.

Table 1: Results of total phenolic content and total antioxidant activity

Sample TPC (GAE mg/g of
sample)

Total antioxidant activity

ZnO NPs 45.7 ± 0.04 0.510 ± 0.01
ZnO-rGO NCs 71.6 ± 0.02 0.644 ± 0.04
Blank 11.2 ± 0.03 —

BHT 0.813 ± 0.05

Table 2: Langmuir and Freundlich isotherm parameters

Langmuir Freundlich

Adsorbent qm
(mg/g)

KL
(L/mg)

R2 Kf
(mg/g)

1/n R2

ZnO 109.7 0.25 0.988 23.7 0.554 0.991
ZnO-rGO 909.0 0.53 0.928 328.3 0.395 0.981

Table 3: Effect of temperature on AMX adsorption and thermodynamics
parameters

Adsorbent T (K) qm
(mg/g)

Thermodynamics parameters

ΔG
(kJ mol−1)

ΔH
(kJ mol−1)

ΔS (J
mol−1K−1)

ZnO 308 21.75 −8.98
318 22.25 −9.78 19.67 92.86
328 22.75 −10.69
338 23.25 −11.79

ZnO-rGO 308 225 −15.6
318 232.5 −17.18 46.77 201.66
328 237.5 −18.69
338 245 −21.92
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of enthalpy also implied that the process was endothermic.
Furthermore, the positive value of ΔS0 implies that random-
ness was increasing throughout the adsorption process [46].

3.8 Degradation mechanism of AMX

The degradation experiment was carried out at room tem-
perature (35°C). When AMX solution and catalyst (ZnO-
rGO) were subjected to diffuse light, a hole (h+) was created
in VB of ZnO. These electrons were received at the surface
of rGO, which was a good electron acceptor, and reacted
with O2 available in an aqueous solution, forming super-
oxide radical (˙O2

−). On the other hand, hole (h+) generated
in VB captured H2O or OH− ions and produced ˙OH radicals,

which acted as oxidizing agents, converting AMX into
degraded products. The degradation mechanism relies on
the electron–hole pair recombination rate. The recombina-
tion rate was quite fast in pure ZnO, which eventually
delayed the degradation rate. However, in ZnO-rGO, excited
electrons were received at the surface of rGO, which increased
the time duration of the electron pair recombination period
and accelerated the degradation process. First, AMX gets
adsorbed on the adsorbent material by π–π interaction
between aromatic rings of rGO and AMX, and then its degra-
dation takes place. The mechanism of AMX degradation is
presented in the following steps [35]:

( )+ → ++ −ZnO light ZnO h e , (9)

( ) ( )+ → +− −ZnO e rGO ZnO RGO e , (10)

Figure 7: (a) HPLC chromatogram of AMX, (b) HPLC chromatogram of AMX degraded products after reaction with ZnO-rGO, and (c) HPLC chroma-
togram of AMX degraded products after reaction with ZnO.
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( )+ → +− −O rGO e O rGO,2 2
• (11)

+ →− +H O/OH h OH,2 (12)

+ →−•OH/O AMX degraded products.2
• (13)

3.9 HPLC analysis

The degradation of AMX was confirmed by HPLC analysis.
A well-defined chromatogram of standard AMX, as shown
in Figure 7(a), is obtained at a retention time of 2.70 min
with a 1 mL/min flow rate of mobile phase (methanol:DI
water) at 228 nm wavelength. No peak was observed at a
retention time of 2.70min in chromatograms of AMX degraded
by ZnO-rGO and ZnO in Figure 7(b) and (c), which confirmed
the degradation of AMX into its by-products. The degraded
products reported in the literature are AMX penicilloic acid,
AMX penicilloic acid, AMX diketopiperazine, and phenol
hydroxypyrazine [47].

3.10 Comparison with literature

AMX degradation efficiency of ZnO and ZnO-rGO has been
compared with other adsorbing materials, as shown in
Table 4.

3.11 Recyclability of catalysts

Recyclability is a crucial feature of heterogeneous catalysts
for their practical applications. The reusability of ZnO NPs
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Figure 8: Recyclability of catalysts.
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and ZnO-rGO was investigated under optimum conditions
for four consecutive cycles. The catalysts were collected
after each run from the reaction mixture by centrifugation,
washed with distilled water, and dried in an oven at 60°C.
It was found that the degradation of AMX by ZnO-rGO is
slightly reduced from 96 to 93% after four cycles, while in
the case of ZnO NPs, AMX degradation decreased from 85 to
80%, as shown in Figure 8. Figure 8 shows the recyclability
of ZnO NPs and ZnO-rGO for the degradation of AMX. A
small loss in the catalytic efficiency confirmed that both
catalysts have good stability [49].

4 Conclusion

ZnO NPs and ZnO-rGO NCs were prepared using the leaf
extract of the L. chinensis plant and applied in AMX degra-
dation. The spherical and hexagonal morphologies of pre-
pared nanomaterials were confirmed by SEM analysis. The
particle sizes of ZnO and ZnO-rGO were 23.4 and 18.7 nm,
respectively, as calculated by XRD measurement. The influ-
ence of parameters such as the dose of catalyst, AMX con-
centration, pH, and temperature on the degradation of
AMX was also examined. AMX showed maximum degrada-
tion under optimum conditions, i.e., 5 mg/L of solution
concentration, 65°C temperature, adsorbent dosages of
5 mg (ZnO) and 0.5 mg (ZnO-rGO), and pH values of
8 (ZnO) and 10 (ZnO-rGO). The catalytic activity of ZnO-rGO
NCs showed higher potentiality towards AMX degradation
(96%) as compared to ZnO NPs (85%). The antioxidant poten-
tial of synthesised nanomaterials was also evaluated, and the
result showed that NCs exhibited a higher antioxidant
potential than ZnO NPs. The isotherm and thermodynamics
analysis revealed that AMX adsorption followed the Freundlich
model more closely. Also, it was an endothermic and sponta-
neous process. So, this research demonstrated that the pre-
pared NC was potent, highly efficient, and suitable adsorbents
for the removal and degradation of AMX. It was also confirmed
by HPLC.
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