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Abstract: The design and development of new cost-effective, clean, and efficient synthesis procedures
for the synthesis of nanoparticles have recently become an intriguing research topic with broad
implications. This study aimed to develop an eco-friendly biogenic method that uses minimum
nontoxic chemicals to yield ZnO nanoparticles with enhanced capabilities for degradation of pharma-
ceutical by-products. The present study used black dried lemon peel aqueous extract as a biological
stabilizing agent to prepare pure and stable zinc oxide nanoparticles (LP-ZnO NPs). The surface mor-
phology, elemental composition, crystalline properties, size, optical properties, the role of functional
groups in stabilization, capping, and the thermal stability of LP-ZnO NPs were investigated using
scanning electron microscopy equipped with energy dispersive X-ray (SEM-EDX), X-ray diffraction
(XRD), UV–visible diffuse reflectance spectroscopy (UV-DRS), PL, Fourier transform infrared (FTIR),
Raman spectra, and thermogravimetric (TGA) analyses. Multiphoton resonances were observed in
LP-ZnO NPs along the crystalline structure as per Raman analysis. The developed LP-ZnO NPs were
thermally stable at an annealing temperature of 500 ◦C with a weight loss of 53%. Photodegradation
of antibiotic ciprofloxacin was observed in the presence of UV light via LP-ZnO NPs (serving as
photocatalyst). In addition, in optimal reaction media, the biogenic LP-ZnO NPs retained improved
photocatalytic performance toward ciprofloxacin. Meanwhile, in the photodegradation process of CPI
molecules via ZnO as a photocatalyst, the optimum catalytic dose, concentration of CIP molecules,
and pH were attained at 10 mg, 2× 10−5 M, and pH 8, respectively. The aim of this research work was
to develop a simple, affordable photocatalytic technique for the photodegradation of antibiotics in
aqueous media. The photocatalytic process was performed under different experimental conditions,
including varying catalytic doses, ciprofloxacin concentrations, and pH of the reaction mixture.

Keywords: green synthesis; zinc oxide; photocatalysis; antibiotics

1. Introduction

Nature serves as a biolaboratory that has never-ending replenishment of supplies for
biogenic synthesis. In contrast to the typical chemical approach, important biomaterials are
available to utilize the challenging and exceptional biocompatible yield of nanomaterials.
Green synthesis has several advantages over traditional conventional methods. Nanoscale
particles (NPs) have an increased surface area to volume ratio, enhancing their ability to
react with catalysts, and possess nonlinear photosensitive, chemical stability, and thermal
properties [1,2]. Biomedical uses of nanomaterials have been hailed as the most significant
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medical breakthroughs in the history of humankind [3,4]. Due to their large surface
ratio, metallic nanoparticles exhibit distinct physical and chemical properties compared
to their bulk counterparts [5]. The biocompatible, cost-effective, and safe technique of
synthesizing nanoparticles (NPs) from biomass, including plant extracts, bacteria, fungi,
and algae, using green technologies is given preference nowadays by academics and
industrial researchers [6–9].

Additionally, the introduction of green and eco-friendly synthesis of NPs has found
wide applications in food, space, consumer healthcare, pharmaceutical and cosmetic in-
dustries. Such biogenic NPs were recently cited as significant functional entities that play
a role in the prevention of illness and in combating healthcare-related infections [10–12].
Inorganic metal oxides, such as TiO2, CuO, and ZnO, have been produced and employed
in recent investigations. ZnO NPs are the most interesting of these metal oxides as they are
inexpensive to produce sufficient yield using green methods. Zinc oxide (ZnO), an n-type
semiconducting metal oxide with a wide range of uses in electronics, optics, and healthcare
systems, maintains its innate reducing nature. ZnO has been classified as a GRAS (generally
regarded as safe) metal oxide by the US Food and Drug Administration [13–15]. Plants,
algae, and microbes are attractive candidates for nanoparticle manufacturing because they
contain bioactive chemicals [16–19].

The pharmaceutical industry is one of the most significant industries. The general
quality of life has increased due to the widespread availability of healthcare items, includ-
ing antibiotics, analgesics, anti-inflammatories, hypnotics, etc. However, large amounts of
these medicinal compounds are intentionally and unintentionally released into the environ-
ment. As a result, these pharmaceutical substances are present in various environmental
components, including soil, water surfaces, and even in drinking water. Therefore, these
pharmaceutical compounds are regularly found in natural and wastewater systems [20–23].

The by-products released from the pharmaceutical industry have a direct impact
on aquatic environments. Therefore, they are a cause for concern worldwide. Further-
more, they can have long-term effects on aquatic organisms even at low concentrations,
and an increased number of infectious pathogens resistant to antibiotics are found in
wastewater [24–26]. In general, some antibiotics can be eliminated from water bodies
by different techniques, such as adsorption, nanofiltration, coagulation, electrolysis, and
biodegradation [27–34]. However, high operational costs and poor removal efficiency
are the main obstacles to their widespread use. Advanced oxidation processes (AOPs)
have demonstrated the capacity to decompose antibiotics and transform them into minute,
nontoxic, and biodegradable molecules, thereby reducing the adverse effects of antibiotics
on microorganisms and the environment [27]. Moreover, to remove organic molecules
in particular antibiotics, AOPs have been used as powerful oxidizing agents after the
formation of chloride (Cl), hydroxyl radicals (•OH), ozone (O3), and superoxide radicals
(•O2) in photocatalytic degradation [27,34–36].

ZnO possesses a special place among various heterogeneous semiconductor photocat-
alysts due to its inherent properties, such as long-term stability, nontoxicity, low-cost syn-
thesis, easy recovery by filtration and centrifugation methods, wide bandgap (Ebg = 3.2 eV),
and several other excellent properties [37,38]. In addition, ZnO possesses an excellent
oxidizing capacity, has enhanced photosensitivity as a catalyst, and is eco-friendly and safe
for nature [39]. These attributes collectively make biogenic LP-ZnO a suitable photocat-
alyst for the degradation of ciprofloxacin as a pharmaceutical pollutant and provide an
alternative solution to this environmental pollution problem. In the present study, LP-ZnO
NPs were synthesized by a simple, green synthesis method. In this method, lemon peel
with various phytochemical compositions served as the reducing and capping agents in
biosynthesis of LP-ZnO NPs. The photocatalytic activity of the prepared LP-ZnO NPs was
evaluated for the degradation of ciprofloxacin as a model antibiotic compound under UV
light illumination.
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2. Experimental Section
2.1. Chemicals

Zinc nitrate hexahydrate Zn(NO3)2·6H2O as a metal precursor for the preparation
of ZnO NPs was acquired from Sigma-Aldrich. Ciprofloxacin (C17H18FN3O3), a common
fluoroquinolone antibiotic, was purchased from Sigma-Aldrich. Black dried lemons, com-
monly available from the local market in Jeddah, Saudi Arabia, were utilized as bioreducing
agents. All the solutions and plant extracts were prepared in deionized water.

2.2. Preparation of Aqueous Lemon Peel Extract and LP-ZnO NPs

Black dried lemons were washed and dried before peeling as thinly as possible to
collect the essence. The peel was then dried for 12 h in a food dehydrator before being
powdered into a medium-fine powder. After that, 5 g of the powder was poured into
each of the 250 mL beakers with 100 mL deionized water and swirled for 3 h. Next, each
mixture was macerated before being immersed in an 80 ◦C water bath for 2 h. Finally, the
extracts were flittered and stored in an argon environment for subsequent use. LP-ZnO NPs
were prepared by a facile, low-cost, phytochemical mediated green hydrothermal synthesis
approach using an aqueous extract of dried lemon peel powder. In a typical preparation
method, 50 mL of 0.1 M aqueous solution of zinc nitrate was mixed with 50 mL of aqueous
lemon peel extract under continuous stirring for 30 min at 50 ◦C. Next, the reaction mixture
was transferred to a Teflon-lined autoclave and kept for 18 h at 180 ◦C in an oven. The
autoclave was cooled down to room temperature, and the acquired solid precipitate was
washed with deionized water and ethanol and centrifuged at 4000 rpm for 10 min. The
as-prepared phytochemical capped metal oxide nanoparticles were further purified by
washing several times with deionized water followed by ethanol to remove all impurities
from the surface of the synthesized material. The solid material was dried at 120 ◦C for 12 h
in an oven and finally transferred to the silica crucible for calcination in a muffle furnace at
500 ◦C for 4 h, leading to the formation of stable LP-ZnO NPs. After hydrothermal treatment
followed by calcination, pure and crystalline ZnO nanoparticles were formed [40]. Figure 1
depicts the complete synthesis procedure of the ZnO nanoparticles using aqueous lemon
peel extract.

The phytochemical mediated synthesis mechanism of metal oxide nanoparticles is still
an unknown process and needs extensive investigation [41]. Dried lemon peel extract is rich
in flavonoids, phenols, alkaloids, proteins, carbohydrates, amino acids, tannins, steroids,
and cardiac glycosides. These phytochemicals present in the aqueous extract are mainly
responsible for the formation of metal and metal oxide nanoparticles due to their reducing
and stabilizing/capping properties [7]. Based on previous studies [42], we proposed a
possible mechanism by which the phytochemicals of lemon peel extract acts as reducing
and stabilizing agents [41]. The possible synthetic mechanism of LP-ZnO NP formation is
given in Figure 2. The phytochemicals of dried lemon peel extract first reduce the metallic
Zn ions. Then, the oxygen-containing functional groups of the phytochemicals bind to
the reduced metal ions, forming an organic coat to create metal oxides [42]. Additionally,
phytochemicals help in the stabilizing and growth process of metal oxide nanoparticles
to prevent aggregation/agglomeration between particles. For metal oxide nanoparticle
formation, atmospheric oxygen or oxygen from degrading phytochemicals of dried lemon
peel bind to the zinc metal ion before growth and stabilization of the synthesized material.
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Figure 2. Possible mechanism of LP-ZnO NP formation using lemon peel aqueous extract.

2.3. Characterization

The as-prepared LP-ZnO NPs were further characterized by different techniques to
investigate their surface morphology, thermal stability, and physicochemical structural
properties. Initially, the as-synthesized LP-ZnO NPs were characterized by X-ray diffrac-
tometry (XRD) for phase identification and purification using a Bruker D8 Advance diffrac-
tometer with Cu Kα radiation (λ = 1.5418 Å) generated at 40 kV and at 30 mA current.
Ultraviolet-diffused reflectance (UV-DRS) spectroscopy (Shimadzu, Japan) was used to
obtain the absorption spectra of the nanoparticles over a range of 200–900 nm. FTIR analysis
in the range of 4000–400 cm−1 was performed on Bruker ATRII to confirm the active role of
functional groups in stabilization/capping and reduction during LP-ZnO NP formation. A
scanning electron microscope (SEM) equipped with energy-dispersive X-ray spectroscopy
(EXD) was used to analyze surface morphology and the elemental composition of prepared
LP-ZnO NPs. For photoluminescence (PL) spectroscopy, a fluorescence spectrophotometer
(FLS920T) with a xenon lamp was utilized, and the PL spectra were acquired at room
temperature in an ambient atmosphere. A Bruker MultiRAM Raman spectrometer was
used to record Raman spectra at ambient temperature. A Netzsch thermogravimetric
analyzer (TGA) type SAT 449 F3 was used to perform TGA.
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2.4. Photocatalytic Dye Degradation

The photocatalytic properties of LP-ZnO NPs toward the degradation of ciprofloxacin
as a model pharmaceutical effluent were studied. The photocatalytic degradation was
carried out in a TECHINSTRO photochemical reactor under UV light irradiation. The
photocatalytic reaction chamber consisted of a double-walled chamber with a cooling jacket
made of quartz and an outer coat of borosilicate. A medium-pressure mercury lamp with
a 365 nm wavelength range was used as a light source to generate a sufficient photon
source for photocatalytic reaction. In a typical photocatalytic reaction, 5 mg of LP-ZnO
NPs was dispersed in 100 mL (1.0 × 10−4 M) of ciprofloxacin aqueous solution under
constant stirring in dark conditions. It took 30 min to achieve adsorption/desorption
equilibrium. After UV light irradiation, the photocatalytic behavior of LP-ZnO NPs was
studied using a UV–visible spectrophotometer by taking a small aliquot of the reaction
mixture after fixed time intervals. The photocatalytic degradation efficiency of LP-ZnO
NPs against ciprofloxacin was measured using degradation efficiency = Co − Ct/Co × 100,
and the rate constant of the reaction was calculated using the Langmuir–Hinshelwood
model ln Co/Ct = kapp t, where Co is the ciprofloxacin concentration before UV light
irradiation, Ct is the ciprofloxacin concentration after UV light irradiation at fixed time
intervals, kapp refers to the pseudo-first-order rate constant, and t is the UV light irradiation
time. The reusability of experiments with LP-ZnO NPs against ciprofloxacin degradation
was measured for five consecutive cycles. To detect the active species responsible for
ciprofloxacin degradation during the photocatalytic reaction, superoxide radicals (•O2

−),
hydroxyl radicals (•OH), and holes (h+) were investigated by adding 1.0 mM benzoquinone
(BQ, a quencher of (•O2

−)), 1.0 mM isopropyl alcohol (IPA, a quencher of (•OH)), or
1.0 mM ethylene-diaminetetraacetate (EDTA, a quencher of h+)) to a reaction mixture at
optimum experimental conditions (10 mg LP-ZnO NPs + 2× 10−5 M ciprofloxacin aqueous
solution at pH = 8). The absorbance of the reaction mixture was measured under UV light
irradiation, and the degradation percentage was observed.

3. Results and Discussion
3.1. Morphological and Structural Analysis of LP-ZnO NPs

To investigate the formation of LP-ZnO NPs stabilized by lemon peel extract, the
samples were analyzed by XRD analysis. The XRD patterns of biosynthesized LP-ZnO NPs
are shown in Figure 3, where the narrow and sharp diffraction peaks indicate the formation
of stable and highly pure crystalline material. The XRD patterns showed distinguishable
peaks at 2θ values of 31.86◦, 34.48, 36.41, 47.65, 56.68, 62.96, 66.41, 67.93, 69.10, 72.55, and
77.10◦, which were assigned to (100), (002), (101), (102), (110), (103), (200), (112), (201), (004),
and (202) lattice planes, respectively, corresponding to the hexagonal wurtzite structure
according to the JCPDS card No.00-036-1451 [43,44]. The average particle size of the LP-ZnO
NPs was measured by recording the full width at half maxima (FHWFM) of the diffraction
peaks using the Debye–Sheerer equation D = k λ/β cosθ, where k is the particle shape factor
that depends on the shape of the particle. Its value is 0.90 for hexagonal particles, λ is the
wavelength of Cu Kα radiation (0.15406 nm), β is the full width at half maximum (FHWFM)
of the selected diffraction peaks in radians, and θ represents the Bragg diffraction angle
in degrees obtained from 2θ of the same plane [38]. The average crystalline size of the
as-synthesized LP-ZnO NPs was 20 nm.

UV–visible DRS spectrometer analysis was performed to study the optical properties
and bandgap energy using the Tauc plot, as shown in Figure 4a,b. After electron transfer
from the valence band to the conduction band, the DRS spectrum exhibited a well-defined
distinctive absorption peak at ca. 362 nm associated with the intrinsic bandgap absorption
of LP-ZnO NPs [45]. In addition, LP-ZnO NP absorption spectra indicated a restricted
dispersion of nanoparticles [46]. Unlike metals with integral electron levels, semiconductors,
including LP-ZnO NPs, possess definite bandgap energy. In this regard, we calculated
optical bandgap energy for LP-ZnO NPs, which were about 3.20 eV, as depicted in Figure 4b.
The observed lower numerical values of bandgap energy showed that the as-synthesized LP-
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ZnO NPs had inherited both excellent electronic transaction capability and photocatalytic
capability.
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The photoluminescence (PL) spectra of LP-ZnO NPs were recorded at room tempera-
ture at an excitation wavelength of 325 nm to study the impact of the as-prepared material
on the recombination likelihood of photoinduced charge barriers, the efficiency of charge
carrier trapping and recombination kinetics, and information regarding the presence of sur-
face states. The photoluminescence spectra, as shown in Figure 5, exhibited five emission
peaks centered at 400, 420, 450, 468, 482, 492, and 516 nm. ZnO showed two PL emission
bands: one in the UV region (around 370–400 nm), such as at 400 nm, and one in the visible
region of broadband (400–600 nm), such as the observed visible violet peak intensities of
413, 420, and 450 nm; visible blue intensity at 468 nm; and visible green intensities at 469,
497, and 513 nm. The width of such peak intensities in their corresponding band is related
to the material’s morphology. Strong and sharp UV emission bands are usually observed in
nanorods and nanotubes instead of relatively weak and broader visible emissions [47,48].
However, quantum dots of spherical morphology with a weak UV emission band are ob-
served rather than a widespread broad visible emission band [49,50]. In the present study,
the relative sharp intensity in the UV region and comparatively broader and low-intensity
peaks in the entire visible band indicated the spherical or nearly spherical morphology
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of LP-ZnO NPs with rod-like patterns, as shown in the SEM images, which are further
described in detail below.
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The phytochemical composition of dry lemon peel primarily includes cellulose, hemi-
cellulose, pectin chain, polyphenols, flavonoids as flavones-O-glycosides, flavones-C-
glycosides, flavanols, and flavanones. The inner part of dry lemon contains a significant
amount of citric acid [51,52]. LP-ZnO NPs were prepared and stabilized by these phy-
tochemical moieties. LP-ZnO NP stabilized surface was characterized by FTIR to check
the presence of various functional groups on the surface of the nanoparticles. Figure 6a
presents the FTIR spectra of lemon peel extract with the presence of phytochemical com-
pounds, such as cellulose, hemicellulose, polyphenols, and biomolecules. The observed
valence vibrations of O-H bonds were attributed to 3600 and 3258.8 cm−1 due to free and
bound moisture and the presence of hydroxyl groups in cellulose, hemicellulose, and pectin.
Valence vibrations of C-H bonds were obtained in the range of 2700–2900 cm−1, which
were attributed to saturated carbon aromatic rings and vibration bonds in the -CH2- groups.
Vibrational bands in the range of 2000–2400 and 1550–1650 cm−1 referred to the presence
of primary amine –N-H bond vibration of flavonoids. Valence vibrations of C=O bonds in
different functional groups (ester, ketonic, etc.) were observed at 1752.0 cm−1. However,
in the case of stabilized ZnO nanoparticles, this band was not obtained, which showed
that the Zn2+ ions were reduced and stabilized by flavonoids and pectin biomolecules. The
broadband in Figure 6a,b at 1250–1400 cm−1 was attributed to the deformation vibrations
of C-H and -O-H bonds in hexagonal saturated rings and the terminal group -CH2OH.
Sharp band in the range of 1015–1095 cm−1 was attributed to the valence vibrations of C-C
and C-O bonds in hexagonal saturated rings as well as C-O in the methoxy groups (pectin).
It is worth mentioning here that the observed peaks in Figure 6a, such as 1371 and 1303
cm−1, were assigned to acidic hydrogen groups (-OH) and O-H deformation along the C-C
stretching vibration associated with phytochemicals of aromatic rings [53]. Meanwhile,
the shifting of such intensity peaks was observed in LP-ZnO NPs (Figure 6b) due to the
complex split of stretching vibration of –OH. The observed peak at comparatively lower
wavelengths, i.e., between 1020–1300 cm−1, such as at 1295 cm−1, was due to the presence
of new C-O stretching vibrations [54]. Deformation vibrations in hexagonal saturated
rings of pectin were observed in the extract at 854.9 and 897.2 cm−1. Mixed broader vi-
brations were observed due to the hexagonal saturated rings and deformation vibrations
in the methoxy groups. In Figure 6a, sharp bands at 490–625 cm−1, such as at 541.7 and
623.5 cm−1, were attributed to the presence of C-alkyl chloride and hexagonal phase of ZnO
NPs [55,56]. However, related halogen stretching vibrations shifted to lower broadband at
485.3 cm−1, determining the presence of stabilized LP-ZnO nanoparticles [57,58].



Catalysts 2022, 12, 1347 8 of 17

Catalysts 2022, 12, 1347 8 of 18 
 

 

chemicals of aromatic rings [53]. Meanwhile, the shifting of such intensity peaks was 
observed in LP-ZnO NPs (Figure 6b) due to the complex split of stretching vibration of –
OH. The observed peak at comparatively lower wavelengths, i.e., between 1020–1300 
cm−1, such as at 1295 cm−1, was due to the presence of new C-O stretching vibrations [54]. 
Deformation vibrations in hexagonal saturated rings of pectin were observed in the ex-
tract at 854.9 and 897.2 cm−1. Mixed broader vibrations were observed due to the hexag-
onal saturated rings and deformation vibrations in the methoxy groups. In Figure 6a, 
sharp bands at 490–625 cm−1, such as at 541.7 and 623.5 cm−1, were attributed to the 
presence of C-alkyl chloride and hexagonal phase of ZnO NPs [55,56]. However, related 
halogen stretching vibrations shifted to lower broadband at 485.3 cm−1, determining the 
presence of stabilized LP- ZnO nanoparticles. [57,58]. 

In a controlled environment, the weight change of a substance in response to tem-
perature is measured by TGA. Information on the physical properties of LP-ZnO NPs 
and the components on their surface can be gathered from their thermal stability. Figure 
6b shows the TGA spectra obtained in a nitrogen atmosphere with a heating rate of 
10 °C/min between 0 and 700 °C. The results indicated that a minor weight loss of 1.39 
and 1.87% of calcined LP-ZnO NPs at 500 °C occurred in two steps in the temperature 
range of 45–120 and 120–390 °C, respectively. The DTA analysis revealed that the com-
plex lost 1.39% of its weight at around 100 °C due to the desorption and removal of sur-
face-adsorbed solvents. The second weight loss of 1.87% up to 390 °C indicated the re-
moval of the remaining volatile molecules from the surface of LP-ZnO NPs. In addition, 
the exothermic weight loss peak in TGA analysis showed that 3.79% of overall weight 
loss occurred at 700 °C. These results indicated that the calcination process removed the 
surface capping molecules of black lemon peel extract. Good thermal stability was ob-
served at annealing temperature of 500 °C with a weight loss of 53%.  

 
Figure 6. (a) FTIR spectra of lemon peel extract and LP-ZnO NPs and (b) TGA-DTA plot of LP-ZnO 
NPs. 

To further ascertain the crystal phase of synthesized LP-ZnO NPs, Raman spectro-
scopic analysis was attained. In general, wurtzite ZnO NPs are expected to possess eight 
sets of corresponding optical phonon modes centered on the Brillouin zone ( Γ ) points 
as per the following equation: 

1 1 1 21 2 1 2A B E EΓ = + + +  (1)

where A1 and E1 are optical components of two polar branches that split into longitudinal 
optical (LO) and transversal optical (TO) components of varying frequencies associated 
with macroscopic electric fields accompanied by LO phonons. However, the observed E2 

Figure 6. (a) FTIR spectra of lemon peel extract and LP-ZnO NPs and (b) TGA-DTA plot of LP-
ZnO NPs.

In a controlled environment, the weight change of a substance in response to temper-
ature is measured by TGA. Information on the physical properties of LP-ZnO NPs and
the components on their surface can be gathered from their thermal stability. Figure 6b
shows the TGA spectra obtained in a nitrogen atmosphere with a heating rate of 10 ◦C/min
between 0 and 700 ◦C. The results indicated that a minor weight loss of 1.39 and 1.87% of
calcined LP-ZnO NPs at 500 ◦C occurred in two steps in the temperature range of 45–120
and 120–390 ◦C, respectively. The DTA analysis revealed that the complex lost 1.39% of its
weight at around 100 ◦C due to the desorption and removal of surface-adsorbed solvents.
The second weight loss of 1.87% up to 390 ◦C indicated the removal of the remaining
volatile molecules from the surface of LP-ZnO NPs. In addition, the exothermic weight loss
peak in TGA analysis showed that 3.79% of overall weight loss occurred at 700 ◦C. These
results indicated that the calcination process removed the surface capping molecules of
black lemon peel extract. Good thermal stability was observed at annealing temperature of
500 ◦C with a weight loss of 53%.

To further ascertain the crystal phase of synthesized LP-ZnO NPs, Raman spectro-
scopic analysis was attained. In general, wurtzite ZnO NPs are expected to possess eight
sets of corresponding optical phonon modes centered on the Brillouin zone (Γ) points as
per the following equation:

Γ = 1A1 + 2B1 + 1E1 + 2E2 (1)

where A1 and E1 are optical components of two polar branches that split into longitudinal
optical (LO) and transversal optical (TO) components of varying frequencies associated
with macroscopic electric fields accompanied by LO phonons. However, the observed
E2 modes are expected from nonpolar components, and low-frequency mode E2L and
high-frequency mode E2H are obtained due to the presence of heavy Zn sublattice and only
oxygen atoms, respectively [59]. A1, E1, and E2 are active modes in infrared and Raman
spectra. Meanwhile, the B1 modes are generally known as silent modes as such modes are
inactive in Raman spectra. A close perusal of Figure 7 shows a sharp peak characterized as
E2 (H) at 438 cm−1 corresponding to the Raman active optical phonon mode related to the
wurtzite hexagonal phase of LP-ZnO NPs. The peak observed at 98 cm−1 was attributed
to E2 (LO), and the peak at 201 cm−1 was assigned to 2E2 (LO) after the second-order
Raman spectrum. However, these peaks originated via E2 (H)–E2 (L) of the zone boundary
phonons, as observed by the peak at 330 cm−1. The peak at 387 cm−1 was attributed to A1
(TO) modes of LP-ZnO NPs. In addition, the observed low-intensity peak at 558 cm−1 was
assigned to E1 (TO), and the relatively sharp peak intensity at 580 cm−1 was assigned to E1
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(LO) vibration modes. All our results from Raman data at different modes indicated that
multiphoton resonances were present in the LP-ZnO NPs with a crystalline structure.
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Figure 7. Raman spectra of LP-ZnO NPs.

The N2 adsorption/desorption isotherm plot of LP-ZnO NPs is depicted in Figure 8a.
The as-obtained isotherm for LP-ZnO NPs was type IV isotherm composed of H3 hys-
teresis loop; the P/Po numerical values were found to be within the range of 0.8–0.95,
corresponding to the presence of mesoporous texture of biosynthesized LP-ZnO NPs with
slit-like pores. The observed loops were prominent at relatively higher pressure, which
might be due to the pores within the interparticle spaces. In addition, the pore morphology,
as deduced from the N2 adsorption/desorption isotherm, was not apparent in the SEM
images after the accumulation of spherical or nearly spherical LP-ZnO NPs in a rod-like
pattern. The N2 adsorption/desorption isotherm analysis was further validated for the
pore size distribution using DFT analysis. Our results ascertained amorphous/crystalline
heterostructure with slit-like microporous structures of higher specific surface area. Mean-
while, BET surface area of 24.543 m2/g with a volume of 0.037 cc/g and half pore width
(Mode) of 13.845 Å was attained, as depicted in Figure 8b.
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For LP-ZnO NPs, the SEM image showed numerous spherical and nearly spherical
particles agglomerated and in rod-like patterns, as shown in Figure 9a–c. The formation
of LP-ZnO NPs was further confirmed using EDX analysis, which revealed the presence
of 78.23% zinc and 21.77% oxygen, as shown in Figure 9d, thus indicating the successful
biosynthesis of LP-ZnO NPs in purified form. The presence of the C elemental signal could
be due to the presence of surface capping agents on the surface of LP-ZnO NPs.
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3.2. Photodegradation of Ciprofloxacin in the Presence of PL-ZnO NPs

Photocatalytic PL-ZnO NP mediated ciprofloxacin (CIP) degradation was ascertained
in the presence of UV light, as depicted in Figure 10a. In general, UV light radiations
alone are incapable of degradation or removal of CIP from their aqueous solution [60].
However, the degradation efficiency of CIP is comparatively much less under visible
light irradiation in dark conditions than in the photocatalytic process [61]. We attained
progressive photodegradation of CIP molecules in the presence of a catalyst (PL-ZnO NPs)
at a peak maximum, i.e., 274 nm, along with two small peak intensities at ca. 320 and 332
nm. The complete diminishing of peak intensities ascertained the photodegradation of CIP
within 160 min exposure time.

Meanwhile, the efficiency of degradation percentage of CIP molecules in their mixed
solution was estimated from the relative intensity of the observed absorbance in UV–visible
spectra. The decrease in relative absorbance reached approximately zero within 160 min
exposure, revealing that the photocatalytic PL-ZnO NPs degraded CIP molecules in mixed
solution by about 82%, as depicted in Figure 10b. Remarkably, the observed improvement
in the photodegradation of CIP in the presence of a nanocatalyst (LP-ZnO NPs) under



Catalysts 2022, 12, 1347 11 of 17

UV light irradiation was attributed to the formation of hydroxyl radicals possessing a
powerful oxidizing property. In addition, with the progression of the chemical reaction,
the as-formed by-products under the influence of UV light irradiation might interact with
the hydroxyl radicals in the adsorption sites on the surface of the nanocatalyst (LP-ZnO
NPs). The observed gradual degradation/diminishing of peak intensities is visualized in
Figure 10a,b.
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Figure 10. (a) Photocatalytic PL-ZnO NP mediated ciprofloxacin (CIP) degradation and (b) per-
centage degradation vs. time (min) of PL-ZnO NP mediated ciprofloxacin (CIP). 
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kinetic analysis at a different catalytic dose between 2 and 10 mg was accomplished by 
keeping a constant CIP concentration along with a constant UV light intensity. Mean-
while, a Ct/Co curve against time (min) was established to infer CIP photodegradation, as 
depicted in Figure 11a. However, we observed maximum photodegradation of CIP 
molecules at a comparatively higher catalytic dose, viz. 10 mg, most plausibly after gen-
erating maximum electron-hole pairs in light radiation. 

Furthermore, an increase in the catalytic dose has the potential to occupy the exist-
ing active sites, and further accumulation and sedimentation in the reaction mixture will 
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degradation vs. time (min) of PL-ZnO NP mediated ciprofloxacin (CIP).

Catalytic dose degradation essay is an important parameter after determining the pho-
toassisted degradation of pharmaceutical products [62]. The discoloration due to UV light
irradiation of CIP molecules in the presence of a nanocatalyst (LP-ZnO) was determined
by the Langmuir–Hinshelwood pseudo-first-order kinetics model [63]. Therefore, kinetic
analysis at a different catalytic dose between 2 and 10 mg was accomplished by keeping a
constant CIP concentration along with a constant UV light intensity. Meanwhile, a Ct/Co
curve against time (min) was established to infer CIP photodegradation, as depicted in
Figure 11a. However, we observed maximum photodegradation of CIP molecules at a
comparatively higher catalytic dose, viz. 10 mg, most plausibly after generating maximum
electron-hole pairs in light radiation.

Furthermore, an increase in the catalytic dose has the potential to occupy the existing
active sites, and further accumulation and sedimentation in the reaction mixture will arrest
the possible diffusions of photons. Another reason is the poorer penetration of photons into
a comparatively higher concentrated mixture solution because of turbidity, thus leading
to opacity. However, the scattering of light radiation can reduce the possible passage of
irradiation in a mixture solution with a lower numerical degradation value. In the present
study, we observed the optimum catalytic dose of comparatively higher concentration, i.e.,
10 mg, as an efficient dose for photodegradation of CIP molecules.

The initial concentration effects of mixed CIP solution with a constant concentra-
tion of photocatalyst (LP-ZnO NPs) were investigated. The results are depicted in Fig-
ure 11b, which shows a plot of ln Co/Ct against irradiation time (min) as per the Langmuir–
Hinshelwood kinetic pseudo-first-order kinetic model. The optimization of pharmaceutical
by-products, i.e., CIP molecules, was investigated in the range of 2 × 10−5 to 10 × 10−5

M at a constant dose of LP-ZNO NPs and maintained at basic pH (i.e., pH = 8) with an
irradiation time of 160 min. However, a close glance at Figure 11b shows that an increase
in the concentration of CIP molecules led to a decrease in photodegradation at a constant
catalytic dose with an increase in time intervals up to 160 min irradiation in the presence of
UV light radiation. The results of our study were obtained from the interaction of maximum
possible binding sites in LP-ZnO NPs (fixed concentration) with increased CIP molecules
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with enhanced photodegradation. In addition to catalytic poisoning, our photodegradation
results emphasized the increased concentration of CIP molecules and the predominance of
molecular interaction between active sites of LP-ZNO NPs and CIP molecules, which is a
possible reason for observing higher (%) degradation at higher initial concentration of CIP
molecules. In light radiation, at higher concentrations of CIP molecules, the generation of
electron-hole pairs is enhanced in the presence of a constant catalytic dose.

Consequently, increased photodegradation efficiency was observed. In general, the
process of photodegradation is behind reactive oxidation species (ROS), including the
photogeneration of hydroxyl radicals (•OH), hole pairs (h+), superoxide anion radicals
(O2
•−), and negatively charged electrons (e−1) [64]. As increased ROS with increased CIP

molecules at a constant dose of LP-ZnO NP were observed in our study, we concluded
that a comparatively higher concentration of CIP, i.e., 10 × 10−5 M, was the optimum
concentration for photodegradation of CIP molecules in the presence of both photocatalyst
LP-ZnO NPs and light radiation.
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Figure 11. (a) Kinetic photodegradation of ciprofloxacin (CIP) at varying doses of nanocatalyst; (b) 
kinetic photodegradation at various initial concentrations of CIP molecules at a constant nanocat-
alyst dose; (c) pH-dependent kinetic photodegradation of ciprofloxacin (CIP) in the presence of a 
nanocatalyst (LP-ZnO); (d) effect of various scavengers on the photocatalytic degradation of 
ciprofloxacin in the presence of LP-ZnO NPs. 

The active species of the photocatalytic process was detected by a trapping experi-
ment. Figure 11d reveals the degradation rate of ciprofloxacin after three kinds of free 
radical scavengers, namely, BQ, IPA, and EDTA, were added to the photocatalytic deg-
radation system. BQ, IPA, and EDTA were applied to capture •O2-, •OH, and h+, respec-
tively. The degradation rate decreased to a certain degree with the addition of BQ, indi-
cating that •O2– had a specific effect on ciprofloxacin degradation. The degradation effi-
ciency of ciprofloxacin was also reduced with addition of EDTA, which showed that h+ 
had some role in the reaction process. When IPA was added as the scavenger of •OH, the 
degradation efficiency of ciprofloxacin was significantly reduced, indicating the primary 
effect of •OH in the photodegradation of ciprofloxacin. We can conclude from these ob-

Figure 11. (a) Kinetic photodegradation of ciprofloxacin (CIP) at varying doses of nanocatalyst; (b) ki-
netic photodegradation at various initial concentrations of CIP molecules at a constant nanocatalyst
dose; (c) pH-dependent kinetic photodegradation of ciprofloxacin (CIP) in the presence of a nanocata-
lyst (LP-ZnO); (d) effect of various scavengers on the photocatalytic degradation of ciprofloxacin in
the presence of LP-ZnO NPs.

The pH analysis of catalytic photodegradation plays an important role in understand-
ing the reaction conditions for the degradation of various organic dye molecules and phar-
maceutical organic by-products as pollutants. We established a pH-dependent photodegra-
dation method for CIP molecules with experimental conditions fixed at CIP = 2 × 10−5 M,
LP-ZnO NPs = 10 mg, and temperature = 30 ◦C. Photodegradation was carried out at
varying pH values in the range between pH 4 to 10. The results were plotted as per the
Langmuir–Hinshelwood pseudo-first-order kinetic model, i.e., Co/Ct against time (min), as
depicted in Figure 11c. It is apparent from the plot that the maximum photodegradation of
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LP-ZnO NP mediated CIP was attained with comparatively higher numerical values of pH,
i.e., pH 8 and 10 (basic media), compared to pH 6, 4, and 2 (acidic media). The observed
maximum photodegradation was believed to be due to the photogeneration of maximum
hydroxyl ions in the presence of UV light. Furthermore, the hydroxyl ions generated
upon reaction with positive holes (h+) were changed into hydroxyl radicals (•OH) with
higher oxidation ability. Consequently, photodegradation of CIP molecules in basic media
was enhanced. Similar results were perversely reported for CIP molecules in aromatic
contaminants via ZnO NPs [65,66]. The presence of a photocatalyst has a significant effect
on the photodegradation of CIP molecules in aqueous media. Depending on the pH of
the solution, CIP molecules can exist in three forms: cationic, anionic, and zwitter ions.
However, the deprotonation or polarization of charge onto the surface of the photocatalyst
is too dependent on the pH of the solution. Thus, the possible molecular interactions among
CIP, water molecules, and photogenerated radicals make a critical contribution toward
photocatalytic degradation. In addition, the charge on the surface of the photocatalyst is
more protonated at lower pH, and the reverse is also true, i.e., deprotonation usually occurs
at comparatively higher pH situations [67]. At lower numerical values between pH 6 and
2, the observed photodegradation of LP-ZnO mediated CIP molecules was impeded with
higher concentration of protons. These protons had much more affinity toward hydroxyl
anion and led to the disintegration of hydroxyl radical formation with impeded pho-
todegradation of LP-ZnO mediated CIP molecules. Meanwhile, at lower numerical values
of pH, i.e., in acidic media, both the surface charge of the photocatalyst and CIP molecules
tended to predominate negatively charged species, resulting in repulsion and reducing the
degradation efficacy of the photocatalytic process. Our pH-dependent photocatalysis of
CIP molecules in the presence of LP-ZnO NPs facilitated maximum photocatalysis of CIP
molecules in an aqueous mixed media in basic media i.e., at higher numerical pH values,
such as at pH 8 and 10.
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Figure 11d reveals the degradation rate of ciprofloxacin after three kinds of free radical
scavengers, namely, BQ, IPA, and EDTA, were added to the photocatalytic degradation
system. BQ, IPA, and EDTA were applied to capture •O2

−, •OH, and h+, respectively.
The degradation rate decreased to a certain degree with the addition of BQ, indicating
that •O2

− had a specific effect on ciprofloxacin degradation. The degradation efficiency of
ciprofloxacin was also reduced with addition of EDTA, which showed that h+ had some
role in the reaction process. When IPA was added as the scavenger of •OH, the degradation
efficiency of ciprofloxacin was significantly reduced, indicating the primary effect of •OH
in the photodegradation of ciprofloxacin. We can conclude from these observations that
•OH is very important in the photocatalytic degradation of ciprofloxacin with the sequence
•OH > h+ > •O2

−.

3.3. Proposed Possible Mechanism behind Photocatalytic Degradation of CIP

The photodegradation mechanism of CIP molecules via LP-ZnO mediated catalysis
follows the generation of reactive oxidative species, such as hydroxyl radicals, holes,
electrons, and superoxides, in a photocatalytic reaction. Therefore, the mechanism of a
reaction involving photocatalysis of pharmaceutical by-products of CIP molecules can be
assumed as follows:

LP− ZnO NPs + hv −→ LP− ZnO (e−CB + h+
VB) (2)

LP− ZnO NPs (e−CB) + O2−→LP− ZnO NPs + O•−2 (3)

LP− ZnO NPs (h+VB) + H2O−→LP− ZnO NPs + •OH (4)

O•−2 + H+−→•HO2 (5)
•OH + O•−2 + •HO2 + CIP−→CIP•+ + H2O (6)

•OH + O•−2 + •HO2 + CIP•+−→derivates o f CIP−→H2O + CO2 (7)
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LP-ZnO NPs can be regarded as a semiconductor photocatalyst that possesses an
ability to undergo photoexcitation in the presence of light illumination greater than that
of the bandgap. Meanwhile, e− excitation from the valence band (VB) to the conduction
band (CB) results in vacant h+ holes in the VB. In our study, the photoirradiated LP-ZnO
NPs in the presence of UV light generated e− in the CB, and respective h+ was formed
in the VB as per Equation (2). The e− of CB reacted with oxygen molecules to generate
•O2

− free radicals, which, on further reaction with proton, gave •HO2 as per Equations
(4) and (5). However, as per Equation (4), the h+ holes of VB reacted with LP-ZnO NPs in
water to generate hydroxyl-free radicals (OH•). Overall, the ROS were photogenerated in a
catalytic reaction, which facilitated the possible degradation of CIP molecules, as shown in
a stepwise equation in Equations (6) and (7), in a photocatalyzed reduction process. The
process is presented systematically in Figure 12.
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4. Conclusions

A facile green precipitation synthesis method was introduced to prepare stable LP-
ZnO NPs. Various methods were used to characterize the biogenic LP-ZnO NPs. XRD
analysis ascertained the successful synthesis of LP-ZnO NPs with an average crystalline
size of 20 nm. The synthesized nanoparticles showed lower binding energy values, further
confirming their use as photocatalysts for their excellent electron transition capabilities as
per UV–visible DRS analysis. The surface morphology with spherical or nearly spherical LP-
ZnO NPs with rod-like structure was confirmed from PL and SEM analyses. Furthermore,
the biogenesis of LP-ZnO NPs was supported by several peak shifts observed in FTIR
analysis. The surface morphology with crystalline structure of LP-ZnO NPs was also
deduced by observing different modes of multiphoton resonance of Raman spectra. In
addition, the as-synthesized LP-ZnO NPs were thermally stable as demonstrated by TGA
analysis. In response to UV light irradiation, LP-ZnO NPs exhibited strong photocatalytic
activity toward ciprofloxacin and retained more than 90% ciprofloxacin degradation within
160 min. The results of the free radical capture indicated that the main active substance was
•OH, while O2

•− and h+ were almost not produced in the degradation of ciprofloxacin.
The present work may provide a strategy for preparing efficient UV light photocatalysts.
Meanwhile, the pH of the solution played a crucial role in the degradation of antibiotics, and
high photocatalytic activity of LP-ZnO NPs was observed at pH 8. The lemon peel extract
utilized in the preparation of ZnO NPs is inexpensive, easily available, safe, eco-friendly,
and not harmful to our ecosystem.
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