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ABSTRACT: In the present work, a comparative study on eco-
friendly synthesis of zinc oxide (ZnO) sample 1 and sample 2 with
3.17 and 4.17 M NaOH, respectively, is reported. Sample 2 with
4.17 M NaOH is applied in the photocatalytic degradation of
paracetamol (pure and raw both) using the ultraviolet (UV, 280−
400 nm) and UV/H2O2 reaction systems. Pure paracetamol
(PCM1) and raw paracetamol (PCM2) from tablets are used for
photocatalytic degradation by photocatalysis. Our experimental
evidence show that ZnO sample 2 was more active in the UV/
H2O2 reaction system than under ultraviolet (UV, 280−400 nm)
irradiation only in the photocatalytic degradation process. Field
emission scanning electron microscopy (FE-SEM) confirms the
homogeneous growth of a rod-like structure for sample 1 and
brittle and randomly aggregated rod-like and wire-like nanostructures for sample 2. The peaks observed in the region around 440 to
900 cm−1 in the FTIR spectra for sample 1 and sample 2 annealed at 250 °C confirms the presence of ZnO bonds. UV absorption
spectroscopy indicates a red shift in the absorption spectra due to the increase in the molar concentration of NaOH to 4.17 M for
sample 2. In this study, the band gap values are found to be 3.33 and 3.01 eV for the synthesized ZnO sample 1 and sample 2,
respectively, which are 40 and 360 meV less as compared to that of bulk ZnO (3.37 eV). The oxidation rate is increased in the UV/
H2O2 reaction system, producing the highest rate for PCM1 drug removal with rate constant 9.7 × 10−3 min−1 and half-life 71.5 min.
The kinetic study results for the removal of PCM1 and PCM2 show good results and follow the pseudo-first-order kinetic model
with correlation coefficients 0.69556 and 0.90851, respectively, whereas PCM2 follows the pseudo-second-order kinetic model with
correlation coefficient 0.9993. The experimental and calculated values of removal capacity (qe) at equilibrium is found close to those
of the pseudo-second order kinetic model for the removal of both the paracetamol forms PCM1 and PCM2 with the catalyst ZnO
nanostructure. The photostability of ZnO sample 2 is also tested with a reusability test in photocatalytic degradation of paracetamol
at least four times. The absence of a maxima peak at 243 of PCM1 in the UV/H2O2 reaction system indicates nearly 100% successful
conversion of 20 ppm PCM1 by using synthesized catalyst ZnO sample 2. The comparative results of both reaction systems, i.e., UV
and UV/H2O2, show that the hydroxyl radicals, as the active species, are responsible for major degradation of both paracetamol
forms (PCM1 and PCM2).

1. INTRODUCTION
Pharmaceuticals are a new group of micropollutants whose
concentration in the water bodies increases due to the increase
in the use of personal care products.1−3 Drug manufacturing
and improper disposal of unused medicines also add to the
trace levels of pharmaceuticals in rivers, lakes, soil, and
sometimes drinking water.4−8 The occurrence of pharma
drugs, prescription drugs, and medication over-the-counter
drugs in wastewater and in the environment has been studied
extensively in the USA, Canada, China, Spain, Greece,
Netherlands, and South Africa, and their concentrations are
found to be in the range of ng/L to μg/L.9,10 An unregulated
disposal of pharmaceutical wastes, dyes, and personal care
products into our aquatic bodies degrades their quality

severely, which reduces the availability of clean water for the
living species. Among all the wastes, paracetamol is an
important drug due to its excessive use during Covid-19.
From 2019, due to the outbreak of the Covid-19 pandemic, the
use of paracetamol has increased manifold all over the world,
which has led to a significant increase in the concentration of
paracetamol in water bodies. This has resulted in a new class of
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contaminants for water bodies. These compounds can have
harmful effects, both acute and chronic, on natural flora and
fauna.11 In India, the prevailing concentration of paracetamol
in water bodies is reported to be 4.6 μg/mL.12 As the half-life
of paracetamol is around 1−3 h, it therefore eventually enters
the water body through urine or feces. As per the European
technical guide on risk assessment, the prescribed no-effect
concentration (PENC) of paracetamol in water bodies is 12.9
μg/L.13 These reports are quite alarming for the healthy
existence of aquatic life and living organisms. The concen-
tration of paracetamol in water is expected to rise by several
orders, and hence, in the present study, the concentration of
paracetamol in stock solution is taken 20 mg/L, very high as
compared to those in earlier works. The complete removal of
pharmaceutical ingredients from water sources is a very
difficult task. In recent times, advanced oxidation processes
(AOPs) have led to interesting techniques for the removal of
pharmaceuticals from water bodies. In this process, through
oxidation and reduction, the water breaks into CO2 and H2O,
which is less harmful to the environment.14,15 Some most
common oxidation-based processes are photolysis, UV
radiation, photocatalysis, sonolysis, radiolysis, and ozona-
tion.16,17 Among these, photocatalysis has been used for the
present study.
Extensive research has focused on photocatalytic degrada-

tion of paracetamol due to its injudicious use by using
previously reported photocatalysts.18,19 Among them, the most
popular metal oxides used as catalysts are TiO2, zinc oxide
(ZnO), and SnO2. These days, metal sulfide catalysts such as
ZnS and CdS are also being used. Significant progress has been
made in a number of scientific areas due to advancements in
nanotechnology, particularly in the field of bioengineering
materials. In the fight against diseases, such as bacterial
infections and cancer, metallic and metal-oxide nanomaterials
have been employed to identify important biomarkers whose
measurement could lead to convincing clinical discovery.
Nevertheless, progress is not unrestricted, and synthesizing this
useful nanomaterial has some ecological and cultural
implications, which affects the biomedical behavior of material.
With the creative idea of using living organisms and
biomolecules as unique reducing and capping specialists for
the development of nanomaterial, green nanotechnology thus
makes a strong claim as a potential solution to avoid the
improvement of hazardous side effects and bother some
reactions with various biological membranes.20−22 Nowadays,
surface-bound nanomaterials are also gaining momentum to
many clean energy processes, including the production of
lithium batteries and solar absorbers, solar-driven interface
evaporation in desalination, photocatalytic reactions, waste-
water treatment, and photolysis-based environmental remedia-
tion.23 Here, ZnO nanostructures are chosen as a photocatalyst
because of their versatile properties such as high surface area to
volume ratio and synergistic electrical and thermal conductiv-
ities;24,25 moreover, they are a wide-band-gap semiconductor
of the II−VI group (Eg = 3.3 eV) and are therefore extensively
used in optoelectronics, piezoelectronics, ultraviolet diodes,
spintronics, photovoltaics, gas sensing, biosensing, sunscreens,
drugs to rubber, ceramics, medicines, food, pigments, coatings,
etc.26,27 Fabrication of diodes using ZnO is attributable to its
high excitation binding energy, 60 meV, at room temper-
ature.28 Because of their high surface energy, ZnO nanostruc-
tures (NSs) stimulate the production of reactive oxygen
species (ROS), which are effective bacteria inhibitors and can

be used in biomedical applications. Furthermore, ZnO is
gaining a lot of interest for environmental remediation
applications such treatment of industrial wastewater due to
its unique physical and chemical properties.29 It is thought to
be a promising photocatalyst that has the ability to degrade the
majority of persistent organic pollutants, in the presence of UV
light, which is only 3−5% of all sunlight.30 ZnO is a nontoxic
material, and if the traces of zinc will remain in the water after
the treatment, it will not be affected badly to humans because
zinc is an important element for living organisms. ZnO has the
capability to oxidize the pollutant easily due to its wide band
gap. Therefore, ZnO is a suitable option as a photocatalyst to
oxidize pollutants from water. Numerous techniques, including
sol−gel, homogeneous precipitation, mechanical milling,
microwave synthesis, spray pyrolysis, thermal evaporation,
and mechanochemical synthesis, can be used to synthesize
ZnO, but these kinds of procedures usually involve the use of
hazardous reducing agents and organic solvents, most of which
are extremely reactive and detrimental to the environment.
Therefore, eco-friendly synthesis routes have been employed
for synthesizing ZnO NSs with the goal of minimizing the
environmental impact. These environment-friendly nanoma-
terials have proven to be useful as biological specialists, offering
substantial benefits over their traditionally synthesized
reciprocals. Among these benefits are better cytocompatibility,
organism clearance, and a modest synthetic approach that is
both cost-effective and safe for the environment.31 ZnO has
garnered significant attention as a crucial nanomaterial for
applications in bioengineering. By bringing about a synergistic
impact in the properties of the crude material and the inherent
elements of ZnO, it has successfully met eco-friendly
techniques and inspired strong antibacterial, anticancer, and
biosensing features. Various researchers such as Vasantharaj et
al.32 used biogreen-synthesized ZnO NPs for the degradation
of methylene blue (MB) and malachite green (MG) and
successfully removed 94 and 92% of MB and MG from water,
respectively. Despotovic ́ et al.33 tested the effect of ZnO
nanoparticles in the removal of sulcotrione (SUL), clomazone
(CLO), and amitriptyline. Sultana et al.34 reported the use of
ZnO NPs for the degradation of methyl orange (MO)
successfully.
In the above literature survey, removal of pharmaceutical

pollutants from water using ZnO is a subject of continuously
ongoing studies. In the present paper, a simple and economical
method is opted as an eco-friendly approach for the synthesis
of ZnO samples at two different NaOH molar concentrations
in aqueous medium and is used in the efficient photo-
degradation of pure and raw paracetamol removal by the
photocatalysis method using ultraviolet (UV, 280−400 nm)
and UV/H2O2 reaction medium. The results of the
degradation patterns of both pure and raw paracetamol using
synthesized ZnO with 4.17 M NaOH are compared with each
other and also with the reported literatures. Therefore, the goal
of this work is to investigate how the concentration of NaOH
affects the physicochemical properties of ZnO synthesized via
the sol−gel method and its photocatalytic degradation ability
and how well it removes paracetamol in its pure and raw forms
from water. A detailed discussion is addressed regarding the
impact of hydroxyl ions on the reaction mechanism for the
synthesis of the ZnO catalyst as well as the photocatalytic
activity of the synthesized ZnO. The synthesized ZnO samples
are characterized by the XRD powder diffraction technique,
FE-SEM, FTIR, and UV−vis spectroscopy. The present work
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also bridges the gap in reporting the photocatalytic removal of
commercially available paracetamol from tablet; mostly,
researchers report the pure form of paracetamol. The detailed
UV absorbance curve for the photocatalyzed samples is
reported. The effect of environment-friendly reagent H2O2
on the enhancement of paracetamol removal in the presence of
photocatalyst as-prepared ZnO NS and the reaction rates of
photocatalytic degradation of PCM1 and PCM2 are also
studied. The UV/H2O2 method is more effective for the
photocatalytic degradation of organic pollutants. Therefore,
our results of photocatalysis with the UV/H2O2 method do not
exactly follow or fit well with the available theoretical
approach. However, here, we wanted to check how much
deviation there is in our results of photocatalysis in UV/H2O2
reaction system with the theoretical approach; we used the
results of the photocatalytic degradation curves of the temporal
decrease in absorbance in the UV/H2O2 reaction system to get
the deviation.

2. MATERIALS AND METHODS
2.1. Chemicals and Reagents. Zinc acetate (99%, pure)

and acetaminophen as PCM1 (99% pure) were purchased
from Sigma-Aldrich. Ethyl alcohol (99% pure), diethanolamine
(DEA) (99% pure), and sodium hydroxide flakes (99% pure)
were purchased from Merck KGaA. Market-based paracetamol
tablets were purchased from market. H2O2 (CAS No. 7722-84-
1) was purchased from Thermo Fisher Scientific. Distilled
water was collected from the Department of Chemistry,
University of Lucknow. All of the purchased chemicals were
used without further purification.

2.2. Method of Synthesis. 2.2.1. Eco-Friendly Synthesis
of ZnO. 0.1 M of zinc acetate precursor [M] solution was
prepared in distilled water and two to three drops of DEA were
added to stabilize the solution and magnetically stirred at 35
°C for 10 min to get a transparent solution. Then, the
precursor solution was divided in two parts, named as solution
1 and solution 2. Two distinct molarities of NaOH solution
3.17 and 4.17 M were prepared. Then, 3.17 and 4.17 M

prepared NaOH solutions [OH] were added dropwise into
precursor solution 1 (with [OH]/[M] ratio <40) and solution
2 (with [OH]/[M] ratio >40), respectively, and the pH is
recorded as 10.49 and 11.83 of solution 1 and solution 2,
respectively.35 A turbidity was formed in the mixture.
Afterward, 10 mL of ethyl alcohol was added in both solutions
to clear the turbidity of the solution. The mixture was stirred at
60 °C for 90 min until the formation of gel. The gel was then
dried at 80 °C for 22 h in an oven. A white precipitate obtained
from both solutions was collected and washed five times with
distilled water and ethanol to remove residuals. The resulting
materials were named sample 1 and sample 2 and calcinated in
a muffle furnace at 250 and 450 °C, for 3.5 h to yield powder
ZnO NSs. The general reaction involved in the synthesis are
given in the following:

Zn(CH COO) 2H O 2NaOH

ZnO 2CH COONa H O
3 2 2

3 2

+

+ + (R1)

The systematic representation of the ZnO NSs is illustrated
in Scheme 1. The formed compound was found stable at room
temperature and obtained in good yield.

2.3. Characterization of the Photocatalyst. A structural
analysis of the synthesized ZnO NSs was performed using
XRD (model Rigaku Ultima IV) with Cu Kα (λ = 1.540598
Å). A morphological analysis was performed using a field
emission scanning electron microscope (FE-SEM, JEOL,
model JSM-7610F) (BSIP, Lucknow). The FTIR spectra
were recorded in the range of 400 to 4000 cm−1 using an FTIR
spectrophotometer (Shimadzu, IRAffinity-1S CE) with 30
scans and a 4 cm−1 resolution. Ultraviolet−visible near-infrared
(UV−vis-NIR) spectroscopy (Model Jasco, V670) was used to
record the absorption spectra, which were further used to
determine the light harvesting capability of the synthesized
ZnO photocatalysts. Using the Tauc equation, the band gap
energy of the as-synthesized photocatalyst was then
determined from the absorbance data. The as-obtained band
gap energy determines the photocatalytic ability of the as-

Scheme 1. Synthesis Route of ZnO NSs of Sample 1 and Sample 2
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synthesized ZnO photocatalyst. The lower the band gap, the
better the photocatalytic efficiency of the as-synthesized ZnO
photocatalyst. Using Agilent 6420 Triple Quadrupole MS
equipment (CDRI, Lucknow), the mass spectra (MS) of the
resultant intermediates were identified. All of the measure-
ments were done at room temperature (300 K).

2.4. Experimental Method of Photocatalysis. The
degradation of paracetamol (C8H9NO2) was studied in two
forms: (i) PCM1�pure paracetamol known as acetaminophen
(Sigma-Aldrich) and (ii) PCM2�market-based paracetamol
tablets, which include acetaminophen, microcrystalline cellu-
lose, lactose, talcum powder, magnesium stearate, and starch.
All the measurements of paracetamol degradation of PCM1
and PCM 2 were studied using sample 2 annealed at 250 °C.
An experiment on photocatalytic degradation was performed

in a 150 mL borosilicate glass beaker fitted with a magnetic
stirrer and a UV light source (280−400 nm), which were
placed directly above the beaker at a 15 cm distance from the
sample, as shown in Figure S2. The intensity of the UV light
that reaches the reactor is measured using a digital lux meter
(model: LX-1010B) and analyzed to be 2.75 × 10−5 Einstein
s−1 (mol photons per second). A 20 ppm stock solution of
PCM1 for which 2 mg of PCM1 is dissolved in 100 mL of
distilled water is prepared. The solution is magnetically stirred
for 10 min, and 4 mL of solution is taken out to record the UV
absorption spectra. This will give the characteristic absorbance
λmax value for the pollutant. Furthermore, 50 mg/L ZnO
sample 2 photocatalyst is added to the stock solution
mentioned above and suspension is then allowed to aerate in
the dark for 30 min to achieve an equilibrium between the
catalyst and the pollutant paracetamol by adsorption−
desorption. Afterward, 4 mL of solution is taken out and
centrifuged to record the UV absorbance spectra of the
supernatant for the 0 min analysis of degradation (no exposure
of light). The beaker is now exposed to UV light irradiation for
a definite duration. At certain times, aliquots of the
paracetamol solutions were collected and centrifuged to extract
the catalyst residues. Afterward, the absorbance was measured
using a UV−vis spectrophotometer at 243 nm in the
supernatant to determine how much paracetamol has been
degraded. All these experiments were carried out in a wooden
box in a dark room to avoid unwanted exposure to light.
The degradation of acetaminophen, PCM1, is measured by a

decrease in the absorbance of the supernatant. A gradual
change in the concentration of PCM1 with the time of
exposure is observed. The change in absorbance value with
respect to the time of exposure at a characteristic wavelength of
243 nm is used to determine the % paracetamol degradation Δ
in water or percentage removal of paracetamol from water or
percentage cleaning. It is given by eq 1:

C C
C

A A
A

100 1000

0

0

0
= × = ×

(1)

where C0 is the initial concentration of PCM1, C is the
concentration of PCM1 after irradiation time t, and A0 and A
are the initial absorbance and that at a specified time of
exposure, respectively.
To achieve an acceleration of oxidation and more rapid

removal of PCM1 from water, the rate of reaction k has to be
increased. For this, 3 mL of H2O2 was added, and the
photocatalysis experiment was performed. Similar steps were
also performed for the PCM2 degradation process. In order to

evaluate the role of photocatalyst in the paracetamol
degradation process, an additional experiment involving the
photodegradation of paracetamol (PCM1 and PCM2) was also
performed in the presence of 3 mL of H2O2 and without the
use of a catalyst. A reusability test was used to examine the
stability of the photocatalyst. Following a single experiment
cycle, the photocatalyst was centrifuged, cleaned with ethanol
and deionized water, and allowed to air-dry for 24 h. Four
cycles of the reusability test were performed.

3. RESULTS AND DISCUSSION
In this section, the experimental results, including structural
and phase, morphological findings, and optical study along
with functional group analysis, are discussed in detail.

3.1. X-ray Diffraction (XRD) Analysis. A structural study
of the ZnO powder sample 1 and sample 2 in different molar
concentrations of NaOH was performed using XRD for 2 θ
values ranging from 20 to 80° to confirm the formation of ZnO
nanostructures and is shown in Figure 1. It is confirmed by

XRD results that ZnO formation is influenced by the
concentration of NaOH. Structural parameters of ZnO NS
sample 1 and sample 2 using the XRD data are given in Table
1. The pH of the solution was measured using a pH meter
(digital pH meter, model 111) before the suspension was put
to heat at 60 °C and recorded as 10.49 and 11.83 when the
concentrations of NaOH are 3.17 and 4.17 M for sample 1 and
sample 2, respectively. The characteristic peaks of ZnO NS
sample 1 synthesized from 3.17 M of NaOH and annealed at
450 °C are observed at 2 θ = 31.86, 34.52, 36.34, 47.66, 56.68,
62.96, 66.48, 68.02, 69.12, 72.68, and 77.06°, due to diffraction
from the planes along (100), (002), (101), (102), (110),
(103), and (112), which indicates the hexagonal wurtzite NS
of the ZnO powder sample. In contrast, the characteristic
peaks of sample 2 annealed at 450 °C are observed at 2 θ =
30.22, 32.80, 34.86, 46.01, 55.19, 61.54, and 67.81° due to
diffraction from the planes along (100), (002), (101), (102),
(110), (103), and (112), respectively. Thus, the synthesized
ZnO samples are polycrystalline in nature. All the peaks are in
good agreement with the standard JCPDS Card No. 005-
0664.36−38 The XRD spectra of ZnO sample 1 annealed at 250
and 450 °C indicate that ZnO was successfully formed without

Figure 1. XRD patterns of synthesized ZnO samples 1 and sample 2.
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any impurity peaks. It is observed that ZnO NS sample 2
annealed at 250 and 450 °C shows a slight shift in peak toward
a lower diffraction angle as compared with ZnO sample 1,
which illustrates the consistent strain present in the crystallites
of sample 2. The prominent peaks are along the (100), (002),
and (101) planes, confirming the hexagonal wurtzite structure
of ZnO sample 2 annealed at both 250 and 450 °C.
Additionally, there is a broadening of the diffraction peaks,
indicating a smaller crystallite size in the material. Rearranging
the crystal plane in accordance with the conditions of synthesis
can be seen by slight variations in peak intensity and
broadening.39 The group of dominant characteristics peaks
are observed at 2 θ = 20.60 and 21.17° along with minor peaks
observed at 2 θ = 25.31 and 26.72° originating due to the
presence of zincate and sodium zincate in sample 2 synthesized
from 4.17 M of NaOH.40 The purity of ZnO sample 1 is
100.0% when the concentration of NaOH is 3.17 M.
Meanwhile, this percentage is decreased to 79.71% for ZnO
sample 2 annealed at 250 °C and 82.54% at 450 °C at the
concentration of NaOH 4.17 M. The zinc acetate gives its
dominant peak at 12.51°, which is not observed in synthesized
samples 1 and 2, shown in Figure S1. Consequently, the
following is a description of the proposed reaction mechanism
for the formation of ZnO:

Zn(CH COO) 2H O Zn 2CH COO 2H O3 2 2
2

3 2+ ++

(R2)

Zn 2OH Zn(OH) (gel)2
2++ (R3)

Zn(OH) (gel) 2OH Zn(OH)2 4
2+ (R4)

Zn(OH) DEA Zn(OH) DEA4
2

4
2+ [ ] (R5)

Zn(OH) DEA ZnO 4OH DEA4
2[ ] + + (R6)

or,

Zn(OH) ZnO 2H O4
2

2
2

2+ (R7)

ZnO 2H O ZnO 2OH2
2

2+ + (R8)

The growth of ZnO NSs is favored when the concentration
of NaOH is less than 4.17 M. It seems that the primary ion of
Zn(OH)42− cannot form at low hydroxyl ion (OH−)

concentrations, leading to the creation of Zn(OH)2. In this
way, the given equation below illustrates how zinc hydroxide,
in its unstable state, would finally reduce to a stable form of the
ZnO nanoparticle.41

Zn(OH) ZnO 2H O2 2+ (R9)

However, if there are excessive amounts of hydroxyl ions
present in addition to sodium ions, they will react with Zn or
ZnO to produce zincate ions or sodium zincate ions.42 The
following is a description of the suggested mechanism:

ZnO H O 2NaOH Na Zn(OH)2 2 4+ + (R10)

ZnO 2H O 2NaOH Na Zn(OH) H2 2 4 2+ + + (R11)

Equation 2 was used to determine the orientation parameter
γ(hkl) along the plane (hkl)43:

I

Ihkl
hkl

hkl
( )

( )

( )
=

(2)

The values of orientation parameters lie in the ranges of
0.008−0.301 and 0.007−0.278 for sample 1 annealed at 250
and 450 °C, respectively, whereas the ranges are 0.038−0.375
and 0.043−0.365 for sample 2 annealed at 250 and 450 °C,
respectively, for all the reflection peaks, shown in Table 1. The
major change in orientation parameters along the (002) and
(101) planes for sample 1 indicates the uniform crystal growth
along both polar and equatorial axes, with 3.17 M NaOH
concentration, and for sample 2, it is along the (101) plane,
indicating the growth along the equatorial axis, with 4.17 M
NaOH concentration.
The crystallite size tDS along different crystallographic planes

is calculated by the well-known Scherrer formula and
represented by eq 3:43

t
0.9
cosDS =

(3)

where λ is the wavelength of X-ray employed and β (correct
broadening) is the full width at half-maximum (FWHM) of the
related X-ray peak in radians. The correct broadening (β) for a
sample is calculated using relations 4a and eq 4b as follows:44

Table 1. Orientation Parameters along All the Reflection Peaks for Synthesized Samples

orientation parameter γ(hkl)
samples (100) (002) (101) (102) (110) (103) (200) (112) (201) (004) (202)

sample 1 250 °C 0.178 0.139 0.301 0.067 0.095 0.083 0.016 0.067 0.034 0.008 0.011
450 °C 0.162 0.113 0.278 0.069 0.118 0.096 0.016 0.085 0.042 0.007 0.011

sample 2 250 °C 0.249 0.166 0.375 0.048 0.049 0.075 0.038
450 °C 0.254 0.162 0.365 0.057 0.045 0.076 0.043

Table 2. Crystallite Size as Determined Using the DS Formula and WH Plot, Strain, Lattice Constants, and Dislocation
Density Determined from XRD Data for ZnO Sample 1 and Sample 2

tDS (nm) lattice constant
dislocation density
δ × (1014 line/m2)

sample (100) (002) (101) tWH (nm) micro strain (ε) a (Å) c (Å) c/a (100) (002) (101)

sample 1 250 °C 30.47 31.14 30.63 35.83 1.310 × 10−4 3.24 5.19 1.601 10.76 10.30 10.66
450 °C 51.33 55.11 54.31 48.14 1.175 × 10−3 3.23 5.18 1.604 3.79 3.29 3.39

sample 2 250 °C 36.25 20.91 26.95 83.28 1.115 × 10−2 3.42 5.46 1.597 7.61 22.87 13.77
450 °C 48.39 27.69 30.82 214.24 6.240 × 10−3 3.43 5.48 1.598 4.27 13.04 10.53
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observed broadening instrumental broadening

; (for Lorentzian)

=

(4a)

(observed broadening instrumental broadening)

; (for Gaussian)

1/2=

(4b)

In this work, a negligible order (10−5) of instrumental
broadening occurs only along the (202) plane in sample 1 and
no kα1 and kα2 peak occur along the defined planes (Figure 1),
except along the (202) plane. Therefore, the observed
broadening is equal to the correct broadening, measured
through the Gaussian distribution. The crystallite sizes of
synthesized ZnO sample 1 and sample 2 annealed at 250 and
450 °C lie from 27.94 to 34.00, 51.33 to 74.73, 9.87 to 36.25,
and 17.74 to 48.39 nm, respectively. The crystallite size along

three major planes of the hexagonal wurtzite structure of ZnO
NSs annealed at 250 and 450 °C lie in the ranges of 20.91−
36.25 and 30.47−31.14, respectively, as mentioned in Table 2,
which shows that the annealing at 450 °C of ZnO NSs does
not influence the phase of the material but the crystallinity and
purity of the material have improved. Based on the above
calculation, the range of variation in crystallite size of the
sample along the defined planes has increased when the
concentrations of NaOH increased from 3.17 to 4.17 M, and
the sizes along the dominant plane (101) are 30.63, 54.31,
26.95, and 30.82 nm, respectively, for samples 1 and 2 both
annealed at 250 and 450 °C, respectively, also mentioned in
Table 2. The dispersity is particularly affected by the NaOH
concentration, which causes the ZnO nanoparticles to
agglomerate and hence increases the particle size.39

Figure 2. W−H plot of ZnO sample 1 (a, b) and sample 2 (c, d) annealed at 250 and 450 °C.
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Stress and strain from XRD data are analyzed by using the
Williamson−Hall (W−H) method. The crystallite size and
lattice strain of synthesized ZnO sample 1 and sample 2 are
determined in this study using the W−H method, as shown in
Figure 2.
The trend line equations as obtained for ZnO sample 1 and

sample 2 annealed at 250 and 450 °C are y = 2.62 × 10−4x +
0.0043; y = −2.35 × 10−3x + 0.0032 and y = 0.0223x −
0.00185; y = 0.01248x + 7.1909 × 10−4, respectively.
The standard trend line (eq 5) is43,44

C
t

cos 2 sin
WH

= +
(5)

used to calculate the synthesized materials’ strain (ε) value and
crystallite size (tWH), where c is the correction factor, and its
value is assumed to be 1. Table 2 lists the calculated strain and
crystallite size data. As can be seen from Figure 2a,b, the strain
for sample 1, annealed at 250 °C, is tensile in nature due to its
positive slope, and it is compressive in nature for sample 1
annealed at 450 °C due to its negative slope. However, as can
be seen from Figure 2c,d, the strain is tensile in nature for
sample 2 annealed at 250 and 450 °C both because the slope is
positive. On comparing the crystallite size obtained from the
Debye−Scherrer formula, tDS, and W−H method, tWH are
nearly close to each other for ZnO sample 1 annealed at both
250 and 450 °C, whereas ZnO sample 2 annealed at 250 and
450 °C shows discrepancy between the crystallite sizes
obtained by the Scherrer method and the W−H method.
This discrepancy arises due to incorporation of strain effect by
the W−H method, which is not so in the case of the Scherrer
method.
Table 2 shows that the as-prepared ZnO samples exhibit a

decrease in the crystallite size as the NaOH concentration
increases. This observation is corroborated by the samples’
increasing strain values in relation to the NaOH concentration.
The strain in the samples is inversely related with the crystallite
size, as reported by several researchers,39,45 and the above-
mentioned data also clearly validates this. The change in lattice
constants and charge-carrier gradient within the crystal lattice
results in the change in bond length, which causes the strain in
the samples. The strain may result in an overall decrease in
crystallite size of the synthesized materials.39 The variation in
the crystallite size of the synthesized ZnO sample 1 and sample
2 (obtained by the W−H and Scherrer methods) with respect
to the concentration of NaOH is shown in Table 2. Smaller
crystallite sizes could be caused by two phenomena: (a)
supersaturation and (b) NaOH reaction in the solution
mixture. Supersaturation is important because it drives crystal
nucleation and growth. At low supersaturation, crystals can
grow faster than they nucleate, leading to larger crystal sizes; at
higher supersaturation, crystal nucleation dominates crystal
growth, leading to smaller crystals.46 The obtained results are
somewhat consistent with the observation that crystallite sizes
decrease as supersaturation increases. An abrupt temperature
gradient that led to rapid nucleation may have been produced
during the synthesis by gradually adding NaOH to the zinc
acetate solution. According to some theories, Na+ is drawn to
the OH− surrounding the nanocrystal and forms a virtual
capping layer, which stops the nanocrystal from growing.47

The result (eq R3) and (eq R4) need not always be
Zn(OH)2−

4; it might also be Zn(OH)+, Zn(OH)2, or
Zn(OH)3−, depending on a number of variables, including
the concentration of OH− and Zn2+ ions.47 The size of the

nanocrystals fluctuates depending on the amounts of Na+ and
OH− ions, as the results for the samples show. The number of
inherent and/or extrinsic flaws in the particles may have
increased as a result of the strain that this size decrease may
have placed on the crystal lattice.
The lattice constants a and c are determined using eq 6:43,44

d
h hk k

a
l
c

1 4
3hkl

2

2 2

2

2

2= + + +
Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑ (6)

Here, dhkl is the interplanar spacing for the plane (hkl) and is
calculated using Bragg’s law. The calculated values of the
lattice constants a and c are reported in Table 2, which are
larger than that of bulk ZnO. The values of lattice constants a
and c decrease by 0.31, 0.62% and 0.29, 0.48% with respect to
bulk ZnO, in sample 1, with 3.17 M NaOH and annealed at
250 and 450 °C, respectively. In contrast, the values of lattice
constants a and c increase by 5.23, 5.54% and 4.89, 5.28% with
respect to bulk ZnO, in sample 2, with 4.17 M NaOH and
annealed at 250 and 450 °C, respectively. After annealing
sample 1 at 450 °C, the value of lattice constants decreases
uniformly by 10 meV, whereas sample 2 shows a nonuniform
increase in the lattice constant values a and c by 10 and 20
meV, respectively, as can be seen in Table 2, which indicates
that the expansion of the unit cell structure of the sample 2
lattice along the c axis is twice faster, leading to an increase in
the surface area of as-prepared ZnO sample 2. The value of
lattice constant ‘a’ increases by 180 and 200 meV with NaOH
molar concentration 4.17 M in sample 2 annealed at 250 and
450 °C, respectively, as compared with the NaOH molar
concentration 3.17 in sample 1. The value of lattice constant ‘c’
increases by 270 and 300 meV with 4.17 M NaOH in sample 2
as compared with the 3.17 M NaOH in sample 1 annealed at
250 and 450 °C. As can be seen from Table 2, the variation in
the lattice constant c value is higher in sample 2 having 4.17 M
NaOH; therefore, larger elongation takes place along the c axis
as compared to the a and b axes in the synthesized ZnO NS for
this NaOH to precursor molar ratio >40.
The ZnO bond length was calculated using eqs 7a and 7b:48

L a u c
3

1
2

2 2
2= + i

k
jjj y

{
zzz (7a)

u a
c3

0.25
2

2= +
(7b)

The values of bond length are 1.972, 1.966 and 3.507, 3.517
Å for ZnO samples 1 and 2 annealed at 250 and 450 °C,
respectively, which indicates the compression of the ZnO
sample 1 lattice and expansion of the ZnO sample 2 lattice. As
the NaOH concentration increases to 4.17 M, the value of
bond length of ZnO sample 2 increases by 90.18 and 78.89%,
annealed at 250 and 450 °C, respectively, as compared to
sample 1. The dislocation density parameter (δ) was used to
examine the degree of defects present in the material, which is
determined by applying Williamson and Smallman’s equation
8):49

t
1

DS
2=

(8)

The values of the lattice constants and the dislocation
density (δ) are given in Table 2. The defect decreases in both
samples 1 and 2 with the increase in annealing temperature,
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i.e., 450 °C. The value of δ is seen less along the axial plane
(002) in ZnO sample 1 annealed at 250 and 450 °C, whereas
in ZnO sample 2 annealed at 250 and 450 °C, it is seen less
along the equatorial plane (100).
The value of strains εa and εc along the a axis and c axis are

determined by eqs 9a and 9b:37

a a
aa

0

0
=

i
k
jjjjj

y
{
zzzzz (9a)

c c
cc

0

0
=

i
k
jjjjj

y
{
zzzzz (9b)

Here, a and c are the lattice constants and a0 (=3.249) and c0
(=5.205 Å) are the strain-free lattice constants for the bulk
ZnO.37 The calculated values of strains εa and εc for sample 1
are found to be 2.77 × 10−3 and −2.88 × 10−3 annealed at 250
°C and −5.85 × 10−3 and −4.80 × 10−3 annealed at 450 °C,
respectively, whereas the values of strains εa and εc for sample
2 are found to be −5.26 × 10−2 and −4.89 × 10−2 annealed at
250 °C and −5.57 × 10−2 and −5.28 × 10−2 annealed at 450
°C, respectively. The positive value of strain indicates the
tensile strain, and the negative value of strain indicates the
compressive type of strain present along the a and c axes,
which are also analyzed by the W−H method.

3.2. Surface Morphology of Synthesized ZnO. The
chemical interactions between the concentrations of NaOH
and the ZnO precursor determine the shape of the metal oxide
(ZnO). Strong interactions primarily occur through ionic and
covalent bonding between NaOH and ZnO. There are various
NSs of ZnO as reported earlier such as nanosheets, nanorods,
nanotubes, nanorings, nanowires, and nanobelts.50,51 Zinc
acetate was used as a precursor material, and its concentration
was also an important factor in the formation of nanorods in
addition to its nature. The FE-SEM image of synthesized ZnO
powder samples is given in Figure 3. The FE-SEM image of
ZnO sample 1 (Figure 3a,b) shows a rod-like structure, which
indicates that the synthesized material shows better carrier
transport facility, due to its smaller grain boundaries and
surface defects.50−53 Figure 3c shows the surface morphology
of sample 2 after drying the sample at 80 °C. An annealing at
250 and 450 °C of sample 2 results in rod-like and wire-like
structures, which are randomly dispersed throughout the
sample and are nonhomogeneous (Figure 3d and e,
respectively) made up of nanocrystallites, as revealed by
XRD. Figure 3c−e also shows the agglomeration among
particles with this NaOH to precursor molar ratio >40 of the
as-prepared ZnO NS. The length and shapes of ZnO sample 1
are more symmetric (homogeneous) for [OH]/[M] ratio <40
of ZnO sample 1 in contrast with ZnO sample 2 having [OH]/
[M] ratio >40. The diameter of the NSs lies in the ranges of

Figure 3. Surface morphology of ZnO nanostructure sample 1 (with [OH]/[M] ratio <40) annealed at (a) 250 °C and (b) 450 °C and for sample
2 (with [OH]/[M] ratio >40) annealed at (c) 80 °C, (d) 250 °C, and (e) 450 °C. The diameter distribution histograms of sample 1 (f, g) and
sample 2 (h, i) annealed at 250 and 450 °C, respectively.
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23.08−61.54 and 40−544 nm for ZnO sample 1 and sample 2
annealed at 250 °C, respectively, as shown by the histogram in
Figure 3f,h. However, the diameter lies in the ranges of 23.55−
93.37 and 77−653 nm for ZnO sample 1 and sample 2
annealed at 450 °C, respectively, shown in the histograms of
Figure 3g,i. The lengths of ZnO sample 2 are in a very irregular
shape, annealed at 250 and 450 °C, as can be seen in Figure
3c−e, respectively. The diameter and its range for ZnO
samples 1 and 2 annealed at 450 °C are comparatively large
with respect to the samples annealed at 250 °C. This can be
explained through the increase in temperature effect on
annealing of both the samples 1 and 2, whereas increased
molar concentration of NaOH present in comparison to the
precursor is also a reason for the variation in diameter along
with the temperature effect for sample 2. As in the case of
sample 1, the low molar concentration of NaOH causes NSs to
become smaller and their diameter variation reduces
simultaneously. This demonstrates that a consistent and
uniform growth process was enabled at the lower molar
concentration of NaOH, i.e., below 4.17 M. The average
diameters of ZnO NSs are 37.45, 27.35 and 74.76, 283.94 nm
for sample 1 and sample 2 annealed at 250 and 450 °C,
respectively. The average diameter of ZnO NSs is in close
agreement with the values of crystallite size obtained from the
XRD results (Table 2). The agglomeration among the particles
is clearly illustrated in sample 2 with 4.17 M NaOH, as shown
in the SEM image of ZnO NSs (Figure 3c−e). Therefore,
agglomeration among the particles and their different shapes
and sizes can be attributed to occur due to the surface tension
enhanced by the higher NaOH molar ratio, which brings the
particles together and are brittle.46

3.3. Vibrational Spectral Analysis. Figure 4 shows the
FTIR spectra of synthesized ZnO samples 1 and 2 annealed at

250 °C. A range of absorption peaks from 399 to 4000 cm−1 is
seen in the spectra. The FTIR spectra for sample 1 and sample
2 annealed at 250 °C show absorption peaks in the region
around 440 to 900 cm−1, which are characteristic of the
stretching mode of the Zn−O bond, indicating that ZnO is
formed at this temperature, which is in agreement with the
XRD results. The increase in intensity of the above-defined
peaks is directly related with the increase in the number of

Zn−O bonds. Broad peaks at 3365.4and 3248.6 cm−1

corresponds to the hydroxyl (−OH) group for the synthesized
ZnO sample 1 and sample 2, respectively, annealed at 250 °C.
The additional peaks found at 1510.6 and 1525.2 cm−1

correspond to the hydroxyl group (O−H) bending mode of
water molecules for the synthesized ZnO sample 1 and sample
2, respectively. The bending vibration of the CO2 mode is
found at 2101.7 and 2292.8 cm−1 in sample 1 and sample 2,
respectively. Weak peaks at 2960.4 and 2878.2 cm−1

correspond to the C−H stretching mode in sample 1 and
sample 2 of synthesized ZnO, respectively.

3.4. UV Absorption Study. The UV−vis absorbance of
the as-prepared ZnO NS is determined in the wavelength
range 200−400 nm and is shown in Figure 5. As can be seen
from Figure 5a and b, the resulting UV−vis spectra show a
prominent excitonic absorption peak at 303 and 308 nm for
synthesized samples 1 and 2 using 3.17 and 4.17 M of NaOH
annealed at 250 °C, respectively, which is much less than bulk
ZnO (373 nm) in the hexagonal phase of wurtzite. The single
excitonic absorption peaks at 303 and 308 nm for synthesized
ZnO samples 1 and 2, respectively, illustrate the remarkable
optical characteristics and purity of the samples and also
demonstrate good agreement with the XRD data (Figure 1).
The absorption spectrum of the synthesized ZnO NS samples
shows high absorbance in the UV region (below 400 nm) and
the low absorbance spectrum in the visible region (above 400
nm). A red shift is observed due to the increase in the molar
concentration of NaOH to 4.17 M for sample 2, which is due
to the randomness and larger range of crystallite size from ∼10
to ∼36 nm for sample 2 along the defined planes obtained
from XRD results and mentioned in Table 2, as compared with
the synthesized ZnO sample 1 with 3.17 M NaOH. The optical
band gap (Eg) of the synthesized ZnO NS samples 1 and 2 is
obtained using Tauc’s plot between (αhν)2 versus hν and is
given below in eq 10:54

h A h E( ) ( )n1/
g= (10)

where A is the proportionality constant, α is the absorption
coefficient, hν is the photon energy incident on the sample, n =
1/2 represents the direct transition, and Eg represents the
optical band gap energy. The value of the optical band gap was
obtained by extrapolating the linear region of the curve to get
an intercept on the energy axis, as shown in the inset curve of
sample 1 (Figure 5a) and sample 2 (Figure 5b) of ZnO. In this
study, the band gap values are found to be 3.33 and 3.01 eV for
the synthesized ZnO sample 1 and sample 2, respectively,
which are 40 and 360 meV less as compared to that of the bulk
ZnO (3.37 eV). The decrease in band gap value relative to
bulk ZnO indicates that the NaOH to precursor molar ratio
<40 for sample 1 and the NaOH to precursor molar ratio >40
for sample 2 in the synthesized ZnO NS samples enhance the
capability of the material to absorb the entire region of the
UV−visible light spectrum for effectively utilizing the potential
of the visible region of the light spectrum. On the basis of
bandgap analysis, we expect that sample 2 with the NaOH to
precursor molar ratio >40 could have better capability in the
photocatalytic degradation of paracetamol as compared to
sample 1 having a NaOH to precursor molar ratio <40.
Compared to sample 2, sample 1 has a larger percentage of
ZnO, which is responsible for its higher band gap of 3.17
NaOH concentration. The variations in Eg in the context of the
decrease or increase in ZnO NSs’ crystallite size are caused by

Figure 4. FTIR spectra of ZnO samples 1 and 2 annealed at 250 °C.
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the optical confinement effect.55 Adsorbed species and/or
surface-related defects could possibly account for this behavior
of Eg.

43,55 The energy band gap of ZnO is significantly
influenced by its size, shape, and synthesis process. The higher
annealing temperature leads to the lower band gap energy of
ZnO. So, the low annealing temperature results in the high
band gap energy of ZnO. ZnO is a visible light-sensitive
photocatalyst. Therefore, the high band gap energy leads to
lower absorption of visible light and, consequently, poor
photocatalytic performance under visible light, which is not
desirable.

3.5. Photocatalysis Analysis. The photocatalytic activity
of metal-oxide semiconductors determines the ability of the
photocatalysts (semiconductors) to oxidize the pollutant and
break it into less harmful products, such as CO2 and H2O, as
shown in Scheme 2. Here, the photocatalytic activity of the

prepared ZnO NSs is used for the purpose of cleaning away
paracetamol from water. Paracetamol being an analgesic and
antipyretic medicine is regularly prescribed for not only
humans but animals as well; therefore, mainly through fecal
excretion, hospital waste, and pharmaceutical factories, para-
cetamol finds its way to water bodies. The overuse of this
medicine during Covid-19 increased its concentration in water
bodies and placed the drug in a list of pollutants. However,
addition of H2O2 is not essential for the photocatalytic removal
of paracetamol, as shown in Figure S3.

The UV absorption spectra of PCM1 and PCM2 were
studied by preparing their aqueous solution. Such spectra were
also studied in the presence of ZnO as well as in the presence
of bothZnO and H2O2. The aqueous solution of PCM1 is
quite clear, as seen by unaided eyes. All the samples, i.e.,
PCM1 + ZnO, PCM2 + ZnO, PCM1+ ZnO + H2O2, and
PCM2 + ZnO + H2O2, were subjected to centrifugation to
obtain the supernatant. Figure 6 shows the absorbance of the

obtained supernatants in the wavelength region 200−400 nm
for the normal incidence of light. Curves a, b, c, and d exhibit
the characteristic absorption peak of paracetamol at 243 nm.
Absorption at the wavelength 243 nm has also been reported
in literature.56,57 It should be recalled that the as-prepared
ZnO NS sample 2 shows absorbance at 308 nm (Figure 5).
Curve g shows the variation in absorption for H2O2 solution.
The nature of curves e and f is dominated by the absorption
behavior of H2O2 and shows increased absorption due to

Figure 5. UV−vis absorption spectra of synthesized ZnO (photocatalyst) sample 1 (a) and sample 2 (b). The inset shows the Tauc plots of sample
1 and sample 2.

Scheme 2. Diagram of Possible Mechanisms by
Photocatalysis Using Zinc Oxide

Figure 6. UV absorbance curves of supernatants of PCM1 and PCM2
and their combination with ZnO nanostructures and H2O2 prior to
photocatalysis.
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addition of pollutants PCM1 and PCM2 respectively, as
expected.
The UV absorbance curve of the supernatant was obtained

from centrifuging for 10 min after photocatalysis of the
pollutant PCM1 using catalyst ZnO NSs for different durations
of UV exposure, as shown in Figure 7. Figure 7 corresponds to
the photocatalysis of the sample PCM1 + ZnO for different
time durations of exposure.

Figures 8, 9, and 10 correspond to the samples PCM2 +
ZnO, PCM1 + ZnO + H2O2, and PCM2 + ZnO + H2O2,

respectively. The absorbance at 243 nm goes on decreasing
with an increase in time duration for all the samples (Figures 7
and 8).
For samples having H2O2 also, the absorption band is being

displaced rather than disappearing with an increasing time
duration for photocatalysis (Figures 9 and 10). Variation of
absorbance, at characteristic wavelength 243 nm, with time for

all the above-mentioned samples is shown in the inset of
Figure 10. It can be seen that absorbance remains almost
constant with time for the samples not having H2O2, and for
the samples having H2O2, the absorbance reduces considerably
with an increasing time duration of UV exposure. The
temporal change in absorbance at 243 nm has been used for
further studies of photocatalytic degradation of PCM1 and
PCM2 with UV and UV/H2O2 reaction systems.
The curves in the inset of Figure 10 indicate that the

photodegradation of paracetamol (PCM1 and PCM2) can be
categorized as a first-order reaction.58 Therefore, the reaction
rate k is obtained from the given eq 1158 and plotted in Figure
11.

C
C

ktln t

0
=

(11)

Figure 7. UV absorbance curve of supernatant obtained from
centrifuging for 10 min after photocatalysis of the pollutant PCM1
using catalyst ZnO nanostructures for different durations of UV
exposure.

Figure 8. UV absorbance curve of supernatant obtained from
centrifugation for 10 min after photocatalysis of the pollutant PCM2
using the catalyst ZnO nanostructure for different durations of UV
exposure.

Figure 9. UV absorbance curve of supernatant obtained from a
centrifuge for 10 min after photocatalysis of the pollutant PCM1 in
the presence of the catalyst ZnO + H2O2.

Figure 10. UV absorbance curve of supernatant obtained from
centrifugation for 10 min after photocatalysis of pollutant PCM2 with
ZnO + H2O2. The inset shows absorbance vs time curves for PCM1
and PCM2, derived from the main Figures 7−10, at the characteristic
wavelength of 243 nm. Absorbance in the absence of H2O2 is also
shown in the inset.
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The best linear fit is also presented, the slopes of which
determine the values of k. The highest reaction rate constant is
for PCM1 + ZnO + H2O2. The linear fits also indicate that the
concentration ct of the pollutant reduces with the passage of
time under UV exposure. The half-life time t1/2 of paracetamol,
in this experiment, is calculated using eq 1257

t
k

ln 2
1/2 =

(12)

and is mentioned in Table 5. It can be seen that for the present
experiment, t1/2 reduces drastically with addition of H2O2 in
the presence of the catalyst ZnO NSs.
The percentage cleaning efficiency Δ calculated using eq 1 is

plotted with respect to the exposure time duration in Figure
12. The cleaning efficiency increases considerably with the
addition of H2O2 in the presence of the catalyst ZnO NSs. It is
pertinent to mention here that H2O2 alone is not effective and

no significant degradation occurs in the absence of catalyst
ZnO, as inferred by our experiment and given in Figure S3.
The removal capacity qt of the catalyst at time t is obtained

using mass balance (eq 13):59

q C C V
W

( )t t0=
(13)

where C0 and Ct are as defined earlier. C0, V, and W are
constants in the present condition. V (in liters) is the volume
of the stock solution, and W (in g) is the amount of the as-
prepared ZnO NSs, the catalyst. Equation 13 can be rearranged
as eq 14:

q C
A
A

V
W

1t
t

0
0

=
i
k
jjjjj

y
{
zzzzz (14)

Figure 13 shows linear graphs for the removal capacity of
ZnO NSs, determined using eq 14, for both PCM1 and PCM2.
The addition of H2O2 shown in Figure 13b enhances the
removal capacity drastically, more than three times, which is in
conformation with the increase in reaction rate constant shown
in Figure 11. The addition of H2O2 in the presence of catalyst
ZnO NSs increases the supply of oxygen in the reaction, which
generates more superoxide ions and hydroxyl radicals,60

thereby enhancing the cleaning of water.
3.6. Possible Mechanism for Photocatalytic Degra-

dation of Paracetamol. The schematic diagram of possible
mechanisms by photocatalysis using ZnO with its band
position representation is shown in Figure 14a, and various
products formed during photocatalysis of paracetamol
(pollutant) along with the final products are given in Figure
14b. The chemical structure of paracetamol is given in Table 3,
and operating conditions of the photocatalysis experiment are
shown in Table 4. The exposure of the photocatalyst ZnO NSs
to UV radiation with energy equal to or greater than the band
gap obtained, i.e., 3.01 eV, generates an electron hole pair as
follows:

hZnO ZnO e h+ + + + (M1)

e h energy+ +
(M2)

This newly created electron−hole pair migrates to the
surface of the catalyst where the hole oxidizes a water molecule
to form hydroxyl radicals and the electron reacts with the
oxygen molecule to form super oxide radical ions.

h H O OH H2+ ++ + (M3)

h OH OH++ · (M4)

e O O2 2+ (M5)

O e O2 2+ · (M6)

2O 2H H O O2 2 2 2+ +· + (M7)

O H HO2 2+· + · (M8)

HO H e H O2 2 2+ +· + (M9)

hH O 2OH2 2 + · (M10)

H O e OH OH2 2 + +· (M11)

Using the following empirical formulas 15a and 15b, the
valence band (VB) and conduction band (CB) potentials of

Figure 11. Kinetic reaction rates for the degradation of PCM1 and
PCM2. The slopes determine the value of the first-order reaction rate
constant k. The highest reaction rate constant is for PCM1 + ZnO+
H2O2.

Figure 12. Percentage cleaning of water by photocatalytic degradation
of PCM1 and PCM2 in the presence of catalyst ZnO nanostructures
and that with the addition of H2O2.
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synthesized ZnO sample 2 with 4.17 M NaOH and annealed at
250 °C with respect to the normal hydrogen electrode (NHE)
are found to be 2.79 and −0.22 eV, respectively, as illustrated
in Figure 14a:54,61

E X E E0.5VB g c= + (15a)

E E ECB VB g= (15b)

where χ is the absolute value of the electronegativity of the
semiconducting photocatalyst, ECB is the conduction band
potential, EVB is the valence band potential, and EC is the
normal hydrogen electrode potential (about 4.5 eV). It has
been found that ZnO has an electronegativity of 5.79 eV.
According to the theoretical framework, ZnO sample 1 with
3.17 M NaOH and annealed at 250 °C has VB and CB
potentials of 2.96 and −0.37 eV, respectively. The band gap
energies of ZnO samples 1 and 2 are found to be 3.33 and 3.01
eV, respectively. With the absorption of the useful photon
energy from UV light that has been irradiated, the e−h+ pairs
are formed. Water molecules having an oxidation potential of
E0 (·OH/H2O) at 2.83 eV absorb this energetic hole from the
low-lying edge of the valence band (2.79 eV). Figure 14b
illustrates how effectively these produced ·OH radicals play a
crucial role in the breakdown of paracetamol. In a similar
manner, the energetic electron absorption from air or the
surroundings causes the production of superoxide radicals,
which help in the breakdown of paracetamol and have a
reduction potential of E0 (O2/O2

·‑) at −0.18 eV.62 The major
role of ·OH radicals over superoxide radicals has been already
confirmed by performing the experiment in both UV and UV/
H2O2 reaction systems, as shown in Figures 7−10. With the
higher NaOH molar concentration 4.17 M, the stable small
amount of zincate ions along with ZnO in sample 2 helps to
generate a large amount of e−− h+ charges and also prevents
their recombination, which leads to a huge amount of
photoinduced charge for the effective and efficient photo-
catalytic degradation. The photocatalytic degradation experi-
ment of paracetamol utilizing sample 2 annealed at 250 °C
revealed that almost 83% of organic carbons were successfully

degraded in the UV/H2O2 reaction system in 180 min. The
intermediates formed during the degradation reaction have
been identified based on the λmax value of potential organic
components. Using ZnO sample 2 in the UV/H2O2 reaction
system, the curves in Figures 9 and 10 at various temporal
absorbance values show the presence of potential intermediates
formed during the photocatalytic degradation of paracetamol.
During photocatalytic degradation of paracetamol, 13

intermediates have been identified in a decreasing order of
molecular weight following the parent compound and are
shown in Figure 14b. The structures of individual molecules,
after the photocatalytic degradation of paracetamol, have been
classified into four categories: (1) aromatic compounds, which
are acetamide N-(3,4-hydroxyphenyl), acetamide N-(2,4-
hydroxyphenyl), and hydroquinone; (2) five saturated
carboxylic acids and one unsaturated carboxylic acid, which
are malic, succinic, malonic, hydroxyl acetic acid, formic, and
butanedioic; (3) nitrogen-containing straight chain com-
pounds, including oxamic acid and acetamide; and (4)
inorganic compounds, which are ammonium and nitrate.
Using mass spectrometry, the relevant intermediate molecular
weight was confirmed, and related mass spectra are provided in
Figures S5, S6, S7, and S8. The produced OH radical affects
hydroxylation of paracetamol by attaching itself with the
aromatic ring with respect to the −OH position of paracetamol
by replacing the NH group, eventually weakening the bonds
thereby degrading the paracetamol. After the initial hydrox-
ylation, further oxidation occurs, which produces carboxylic
acids.59,60 The active species e−, h+, O·H, HO2

· , and O2
·− and

H2O2 degrade the paracetamol in the presence of a ZnO
catalyst. The hydroxyl radical (O·H) is responsible for the
major degradation of paracetamol (PCM1 and PCM2), as
follows:

paracetamol e productsCB+ (M12)

paracetamol h productsVB+ + (M13)

paracetamol OH products+ • (M14)

Figure 13. Removal capacity qt, of catalyst ZnO nanostructures, vs absorbance at characteristic wavelength 243 nm for increasing exposure time
without H2O2 (a) and with H2O2 (b).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c06272
ACS Omega 2024, 9, 45169−45189

45181

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c06272/suppl_file/ao4c06272_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06272?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06272?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06272?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06272?fig=fig13&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c06272?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


paracetamol HO /O products2 2+ • • (M15)

paracetamol H O products2 2+ (M16)

hZnO H O e h 2 OH2 2 CB VB+ + + ++ •
(M17)

H O e OH OH2 2 CB+ +• (M18)

There is a large amount of production of hydroxyl radicals
by the UV/H2O2 method. Therefore, the degradation reaction
rate of paracetamol increases in the UV/H2O2 method; this
indicates that the hydroxyl radicals play a major role in the
degradation of paracetamol as compared with the superoxide
radicals. This result has been confirmed by performing the
photocatalytic degradation experiment of paracetamol in both

Figure 14. (a) Band position representation of ZnO sample 2 employed in the photocatalysis mechanism for paracetamol degradation. (b) Various
possible intermediaries formed during photocatalysis of paracetamol (pollutant) along with final products and (c) generation of succinic acid by the
hydroxylation of hydroquinone.

Table 3. Chemical Structure and Characteristics of Paracetamol

Table 4. Operating Conditions of the Photocatalysis
Experiment

parameters values

paracetamol initial concentration 20 mg/L
amount of catalyst ZnO 50 mg/L
UV bulb intensity 2.75 × 10−5 (Einstein/s)
temperature 300 K
pH 6.5
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ways, i.e., with UV and with the UV/H2O2 method, and also
by performing the scavenging activity test. The general view is
that OH radicals generated by photolysis of H2O2 are the
primary players in UV/H2O2 reaction system-based oxidations.
In this study, isopropanol, an OH radical scavenger, was used,
which slowed down the rate of paracetamol degradation
reaction, as shown in Supplementary Figure S4, as compared
with the results obtained from UV and UV/H2O2 reaction
systems in the presence of catalyst ZnO. Paracetamol showed
minimal to no deterioration when exposed to UV or H2O2, as
seen in Figure S3. These results suggest that direct photolysis is
not very important and that OH radicals really play a major
role in the oxidative degradation of paracetamol and other
phenolic compounds such as hydroquinone.
The λmax of produced intermediaries such as acetamide N-

(3,4-hydroxyphenyl), acetamide N-(2,4-hydroxyphenyl), hy-
droquinone, malic, succinic, malonic, hydroxyl acetic acid,
formic, butanedioic, oxamic acid, and acetamide are 240, 238,
292, 209, 225, 290, 206, 205, 210, 200, and 205 nm,
respectively. The absence of λmax > 210 nm in the UV−vis
spectra shows the maximum degradation of paracetamol except
for some carboxylic acids. All the absorbance curves, before
and after photocatalysis for a definite time durations, are
shown in the Figures 6, 7, 8, 9, and 10. Mass spectrometry was
also used to confirm the paracetamol degradation process and
the associated intermediates, which are shown in Figures S5,
S6, S7, and S8.
The initial photocatalytic oxidation of paracetamol corre-

sponds to the formation of three aromatic compounds N-(3,4-
dihydroxyphenyl) acetamide, N-(2,4-dihydroxyphenyl) acet-
amide, and hydroquinone, which showed a larger amount in
comparison to other intermediates, as shown in the pathway
reaction of Figure 14b, and is also confirmed by mass
spectrometry as given in Figures S5−S8. Since these three
components make up the foundation of paracetamol, their
early presence is anticipated. According to routes a−c in Figure
14b, this suggests that the first step in the photocatalytic
oxidation of paracetamol is the addition of •OH onto the
aromatic ring at ortho, meta, and para locations with regard to
the −OH group of paracetamol. Thus, the early existence of
these three aromatic components may be attributed to the
hydroxylation of the (•OH interaction with) paracetamol.
Under the plausible assumption that almost all of the
acetamide that was first generated comes from the direct
hydroxylation of paracetamol, one may argue that hydrox-
ylation occurs to similar degrees at ortho and para positions
only and meta hydroxylation is not very important, due to the
presence of functional groups and their structural arrangement.
Among the ortho and para positions of hydroxylation of these
aromatic compounds, the ortho position of the − OH group of
paracetamol may be preferred by the addition of •OH to form
N-(3,4-dihydroxyphenyl) acetamide. This may be caused by
the adjacent −OH in the paracetamol benzene ring, which acts
as a more potent electron donor group than the opposing

−NHCOCH3. This makes the ortho position of the para-
cetamol structure more susceptible to attack by electrophilic
hydroxyl radicals. Notably, further •OH oxidation in N-(2,4-
dihydroxyphenyl) and N-(3,4-dihydroxyphenyl) acetamide
forms the corresponding trihydroxybenzenes, which would
further release acetamide via hydroxylation. In PCM1
degradation reaction via ZnO+UV, the mass spectra show
the dominant generation of hydroquinone for 180 min of the
degradation process, whereas in PCM2 degradation in similar
experimental ways for the 180 min of degradation duration, the
mass spectra show the presence of higher amount of succinic
acid. This shows that carboxylic acids such as succinic acid in
the case of PCM2 are observed at 180 min, indicating that
these three aromatic compounds listed as a, b, and c in Figure
14b serve as precursors for these carboxylic acids. Therefore,
this difference in the degradation patterns of PCM1 and PCM2
in ZnO+UV indicates that their production processes may be
comparable. The carboxylic acids produced in PCM2
degradation can be generated by cleaving aromatic rings and
then oxidizing them further, as has been well-reported in
published literature.63,64 For example, successive •OH
oxidation of hydroquinone (identified in this study) in an
aqueous environment results in the generation of p-
benzoquinone, which is fairly unstable and tends to undergo
ring rupture followed by further oxidation, forming carboxylic
acids, as shown in the formation of succinic acid in Figure 14c.
Succinic acid can then experience reaction with hydroxyl
radicals, yielding malic acid, which is a precursor of malonic
acid, which is identified in this study in a very low amount in
mass spectra of PCM1 degradation in the UV/H2O2 reaction
system.64 The production of ammonium and nitrate, as shown
in the pathway of Figure 14b, suggests that nitrogen in the
aqueous phase can be readily transferred to volatile ammonia
during the UV reaction system in the presence of ZnO for the
photocatalytic breakdown of paracetamol.
As is shown in Figure 14b and also confirmed by the mass

spectra in Figures S7 and S8 for PCM1 and PCM2 in the UV/
H2O2 reaction system, initially within 10 min, the degradation
of PCM2 is high due to the further hydroxylation of para
position hydroxylation of the aromatic compound. The further
oxidation by the hydroxyl radical of the generated
intermediaries produces the carboxylic acids after 180 min of
the degradation process of both paracetamol forms. The
degradation of PCM2 as compared with PCM1 for the 180
min of photocatalytic degradation is slow and not consistent
due to its stabilized synthesis conditions. Various ingredients
used, which are mentioned in Section 2.4, are also responsible
for this difference in the degradation pattern of raw and pure
forms of paracetamol (Table 5).

3.7. Kinetic Studies of Paracetamol. The kinetic study is
performed by using two models named the pseudo-first-order
kinetic model and pseudo-second-order kinetic model. These
models establish a relation between the photocatalysis
mechanism and equilibrium concentration of pollutant with

Table 5. Photocatalytic Response, i.e., Reaction Rate and Half-Life with Correlation Coefficient (R2) for Paracetamol of Two
Varieties

sr. no. experimental ways rate of constant (k) (min−1) with standard error half-life (t1/2)(min.) adj. R-square

1 PCM1 + ZnO 9.50029 × 10−4 1.95619 × 10−4 729.6 0.7634
2 PCM1 + ZnO + H2O2 0.0097 3.85858 × 10−4 71.5 0.99059
3 PCM2 + ZnO 4.71582 × 10−4 2.15685 × 10−4 1469.8 0.35068
4 PCM2 + ZnO + H2O2 0.00333 6.53832 × 10−4 208.2 0.75745
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time. Both kinetic models given by Ho and McKay65,66 in
linearized form are expressed in the following:

q q q k tln( ) lne t e 1= (16a)

t
q k q

t
q

1

t 2 e
2

e

= +
(16b)

Here, eqs 16a and 16b are the mathematical expressions for the
pseudo-first-order kinetic model and pseudo-second order
kinetic model, respectively, qe is the removal capacity at
equilibrium, which indicates the amount of paracetamol
mineralization at equilibrium, and k1 and k2 are the rate
constants for pseudo-first-order and pseudo-second-order
kinetic mineralization of paracetamol (in min−1), respectively.
The calculated parameters using these two models are given in
Table 6. As shown in Figures 15 and 16, the correlation
coefficients R2 for the removal of PCM1 with the catalyst ZnO
NS using the UV and UV/H2O2 methods are 0.53600 and
0.69556, respectively, for the pseudo-first-order and 0.14460
and 0.26003, respectively, for the pseudo-second order kinetic
model. From the above results, it is evident that the
degradation of PCM1 (raw) and PCM2 (pure) is governed
by the pseudo-first-order model, which shows that phys-
isorption phenomena take place in both the reaction system,
i.e., UV and UV/H2O2. In raw form due to the impure
structure, no consistent rate of degradation takes place
compared to the pure form of paracetamol. This is why we
have seen the huge difference in the value of R2 for both the
forms of paracetamol in the pseudo-first-order model under
both UV and UV/H2O2 reaction systems, whereas, under the
UV reaction system, the degradation of PCM2 strongly follows

the pseudo-second-order model, which indicates that the
chemisorption phenomenon also plays an important role in the
degradation of pure form and also controls the rate of
degradation. This behavior of PCM2 is due to its stabilized
structure, achieved by definite synthesis conditions. The R2

value of the pseudo-second-order model for the UV reaction
system indicates that the ingredients involved in the synthesis

Table 6. Parameters Calculated from Two Kinetic Models for the Removal of PCM1 and PCM2 for Both the Experimental
Types, i.e., with Catalyst ZnO Nanostructures (ZnO NSs) and ZnO Nanostructures: H2O2, in which the Effect of H2O2 Has
Also Been Considered

catalyst pollutants model
type of experiment (catalyst and effect of

H2O2) parameters calculated value
experimental

value

ZnO NSs PCM1 (raw) pseudo-first-order ZnO NSs qe (mg/g) 448.2585 76.5
ZnO NSs: H2O2 1499.939 333
ZnO NSs k1 (min−1) −0.00024
ZnO NSs: H2O2 −0.00024
ZnO NSs R2 0.536
ZnO NSs: H2O2 0.69556

pseudo-second-
order

ZnO NSs qe (mg/g) 81.16883

ZnO NSs: H2O2 684.9315
ZnO NSs k2 (min−1) 8.19703 × 10−5

ZnO NSs: H2O2 2.96558 × 10−5

ZnO NSs R2 0.1446
ZnO NSs: H2O2 0.26003

PCM2 (market-available
tablets)

pseudo-first-order ZnO NSs qe (mg/g) 67.78765 105.6
ZnO NSs: H2O2 928.7411 269.2
ZnO NSs k1 (min−1) −0.00021
ZnO NSs:H2O2 −0.0003
ZnO NSs R2 0.86311
ZnO NSs: H2O2 0.90851

pseudo-second-
order

ZnO NSs qe (mg/g) 108.6957
ZnO NSs: H2O2 −193.424
ZnO NSs k2 (min−1) 0.001502865
ZnO NSs: H2O2 1.20369 × 10−5

ZnO NSs R2 0.9993
ZnO NSs: H2O2 0.06857

Figure 15. Fitting curves based on the pseudo-first-order kinetic
model in 20 ppm PCM1 and PCM2 mineralization with a catalyst
ZnO nanostructure concentration of 50 mg/L for 180 min of
photocatalysis. The effect of H2O2 on the mineralization reaction was
also represented by up and down triangles.
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of pure form of paracetamol (PCM2) will probably form a
strong bonding with the photocatalyst ZnO in the degradation
process, which will certainly reduce the reusability of the
photocatalyst. This work will be considered as a future study to
check the difference in the reusability of photocatalyst involved
in the raw and pure forms of paracetamol.
Similarly, R2 for the removal of PCM2 with the catalyst ZnO

NS using UV and UV/H2O2 methods are 0.86311 and
0.90851, respectively, for the pseudo-first-order and 0.9993
and 0.06857, respectively, for the pseudo-second-order kinetic
model. Therefore, results show that the mineralization of
paracetamol is in agreement with the pseudo-first-order model.
However, the removal of PCM2 with catalyst ZnO NS (i) with
UV is strongly dominated by the pseudo-second-order kinetic
model, and (ii) that with UV/H2O2 strongly shows disagree-
ment with the pseudo-second-order kinetic model.
The experimental and calculated values of qe are close to the

pseudo-second-order kinetic model for the removal of both the
paracetamol forms with the catalyst ZnO NS, mentioned in
Table 6, and Figure 17 shows the percentage cleaning of water
to determine the reusability of the synthesized catalyst ZnO
NS for four consecutive photocatalysis experiments using fresh
solution of pollutant PCM1.

3.8. Quantum Yield for the Photocatalytic Degrada-
tion of Paracetamol. The quantum yield, also known as
quantum efficiency, is determined by dividing the initial
response rate (rinitial) by the input photon flux (Φ),54,67 and the
corresponding eq 17 is as follows:

r kC
QY initial 0= =

(17)

where C0 (mol/L) is the initial concentration of paracetamol
and k is the kinetic rate of degradation reaction. The values of
k are 9.50 × 10−4 and 9.70 × 10−3 min−1 for PCM1 and 4.72 ×
10−4 and 3.33 × 10−3 min−1 for PCM2 in both UV and UV/
H2O2 reaction systems, respectively, as shown in Table 4. The
initial concentration (C0) of paracetamol is 1.323 × 10−4 mol/
L. Therefore, the values of rinitial are 0.126 and 1.283 μmol L−1

min−1 for PCM1 and 0.063 and 0.441 μmol L−1 min−1 for
PCM2 in the UV and UV/H2O2 reaction systems, respectively.
Accordingly, it has been found that the resulting quantum
efficiencies in the paracetamol degradation process are ∼0.08
and 0.78% in the case of PCM1 and ∼0.04 and 0.27% in the
case of PCM2 for ZnO sample 2 under the UV and UV/H2O2
reaction systems, respectively.

3.9. Regeneration and Reusability Study. The potential
of reuse of the as-prepared ZnO sample 2 for photocatalysis is
tested by performing consecutive paracetamol degradation
cycles with the same ZnO NSs that were used in the first cycle
of photocatalysis. The UV exposure time is 180 min for each
cycle. The collected sample of ZnO sample 2 from the first
photocatalysis cycle is washed using distilled water three times
in a very careful manner for eliminating the traces of remaining
paracetamol. The washed ZnO NSs are dried in an oven to
remove the moisture content present in it and to make it
reusable for the next cycle. After each washing, the amount of
collected sample of ZnO reduces, as determined by weighing.
The recycle experiment was performed four times. The
percentage cleaning after each cycle is approximately 83%,
which implies that the photocatalytic degradation of more than
80% of paracetamol in the water sample has taken place. It is
shown in a bar graph in Figure 17.
Comparison of the performance of synthesized ZnO NS

sample 2 (photocatalyst) for the photocatalysis with previous
studies is shown in Table 7. 83% removal of PCM1 for 20 ppm
pollutant has been achieved by photocatalysis in the presence
of the synthesized ZnO sample 2 and H2O2. A similar process
in the case of the market-based PCM2 resulted in 67% removal
of the pollutant after 180 min of exposure time. By earlier
researchers, different semiconductor photocatalysts ZnO,
TiO2, and Fe2O3 and composites in nanoparticle and thin
film forms have been explored for the degradation of
paracetamol. To clearly justify the performance of ZnO sample
2 alone and along with H2O2 for degradation of paracetamol,
the results obtained in our work have been compared with
those reported in the literature.

Figure 16. Fitting curves based on the pseudo-second-order kinetic
model in 20 ppm of PCM1 and PCM2 mineralization with the
catalyst ZnO nanostructure concentration of 50 mg/L for 180 min of
photocatalysis. The effect of H2O2 on the mineralization reaction has
also been represented by up and down triangles.

Figure 17. Percentage cleaning of water to determine the reusability
of catalyst as-prepared ZnO nanostructures for four consecutive
photocatalysis experiments using fresh solution of pollutant PCM1.
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The percentage removal of the pollutant, paracetamol,
obtained in the present work compares well with the previous
studies, and in fact, in most of the cases, the performance of as-
prepared ZnO sample 2 along with H2O2 is found to be better
than the others mentioned in literature. Here, a huge quantity
of the pollutant paracetamol has been successfully removed.
Therefore, the use of ZnO sample 2 along with H2O2 proves to
be a suitable technique for the removal of paracetamol from
the polluted water. The photocatalyst ZnO sample 2 is highly
stable for the generation of hydroxyl radicals and superoxide
radical ions for the degradation of paracetamol, and thus
reusability of ZnO NSs is ensured. For the sake of
completeness, results for photolysis only, i.e., exposure of

polluted water samples to UV+H2O2, without the presence of
any photocatalyst, are summarized in Table 8 and also given in
Figure S2, where it can be seen that hardly any degradation or
removal takes place. In Figure S2, a curve of the experimental
findings based on the role of H2O2 alone in the degradation of
PCM1 without the presence of catalysts and UV light is also
mentioned. These two experiments were performed to test the
role of the ZnO sample 2 catalyst in the photocatalytic
degradation of PCM1 and PCM2, which confirms that the
observed changes are due to the combination ZnO+UV and
ZnO+H2O2+UV.

Table 7. Comparison of Performance of Synthesized ZnO Nanostructures (Photocatalyst) for the Photocatalysis with Previous
Studies

name of pollutant type of catalysts light source experimental conditions

% removal/
exposure
duration references

PCM1 (raw paracetamol) synthesized ZnO nanostructures
(sol−gel), annealing at 250 °C

UV lamp (25 W) (280−400
nm)

[pollutant] = 20 ppm, [catalyst] = 50 mg/L,
pH = 6.5, temperature = 27 °C

∼22%; 180 min our work

PCM1 (with H2O2) (raw
paracetamol)

synthesized ZnO nanostructures
(sol−gel), annealing at 250 °C

UV lamp (25 W) (280−400
nm)

[pollutant] = 20 ppm, [catalyst] = 50 mg/L,
pH = 6.5, temperature = 27 °C

83%; 180 min our work

PCM2 (market-based
paracetamol)

synthesized ZnO nanostructures
(sol−gel), annealing at 250 °C

UV lamp (25 W) (280−400
nm)

[pollutant] = 20 ppm, [catalyst] = 50 mg/L,
pH = 6.5, temperature = 27 °C

∼20%; 180 min our work

PCM2 (market-based
paracetamol) (with
H2O2)

synthesized ZnO nanostructures
(sol−gel), annealing at 250 °C

UV lamp (25 W) (280−400
nm)

[pollutant] = 20 ppm, [catalyst] = 50 mg/L,
pH = 6.5, temperature = 27 °C

67.27%; 180
min

our work

paracetamol synthesized ZnO (sol−gel),
annealing at 500 °C

UV lamp (25 W) (315−400
nm)

[pollutant] = 15 ppm, [catalyst] = thin film,
pH = 5.58−6.69, temperature = 25 °C

∼14%; 240 min Pronin et
al.56

paracetamol TiO2 UV lamp (254 nm),
intensity = 12.6 mW/cm2

[pollutant] = 4.0 mM/L, [catalyst] = 0.4 g/
L, pH = 9.5, temperature = 26 °C

60%; 450 min Yang et al.63

paracetamol TiO2 UV lamp (254 nm),
Intensity = 12.6 mW/cm2

[pollutant] = 2.0 mM/L, [catalyst] = 0.8 g/
L, pH = 9.5, temperature = 26 °C

80%; 300 min Yang et al.64

paracetamol ZnO NRs, ZnO-Ag NRs simulated solar light (1000
W/m2)

[pollutant] = 20 ppm, [catalyst] = thin film 20%; 300 min
20%; 300 min

Al-Gharibi et
al.57

paracetamol TiO2−P25 (commercial),
TiEt400, TiPr400

UV lamp (150 W) [pollutant] = 50 ppm, [catalyst] = 1.33 g/L,
pH = 9, temperature = 25 °C

∼30%; ∼60%;
∼50%; 180
min

Raquel et
al.58

paracetamol ZnO compact fluorescent lamp
(20 W)

[pollutant] = 100 ppm, [catalyst] = 10 g/L,
temperature = 25 °C

<1%; 180 min Thi et al.68

paracetamol Fe2O3 medium pressure mercury
vapor lamp (450W)

[pollutant] = 50 ppm, [catalyst] = 0.1 g/L 52.5%; 90 min Abdel-
Wahab et
al.69

paracetamol 1.1% ZnO-PS (ZnO deposited
on PS pellets)

UV-LED strip (14W/m),
(365 nm)

[pollutant] = 12.5 ppm, [catalyst] = 25 g/L,
pH = 6.5

70%; 240 min Vaiano et
al.70

paracetamol CZnO−Pd nanofiber film coated
on FTO

halogen lamp (150 W)
(420−600 nm)

[pollutant] = 0.1 mM/L, [Na2SO4] = 50
mM/L, pH = 7

71%; 180 min Nada et al.71

paracetamol ZnO nanoparticles; MI-ZnO
nanoparticles

UV lamp (4 mW/cm2)
(368 nm)

[pollutant] = 5 × 10−5 M, [catalyst] = 1.0
mg, pH = 7.2

20%; 180 min.;
86%; 180 min.

Cantarella et
al.15

Table 8. Comparison of Removal Efficiencies without a Photocatalyst with Previous Studies

name of
pollutant photolysis light source experimental conditions

% removal/
exposure duration references

PCM1 UV/H2O2 UV lamp (25 W) (280−
400 nm)

[pollutant] = 20 ppm, [H2O2] = 3 mL, temperature
= 27 °C

no change; 180 min our work

PCM2 UV/H2O2 UV lamp (25 W) (280−
400 nm)

[pollutant] = 20 ppm, [H2O2] = 3 mL,
temperature = 27 °C

no change; 180 min our work

paracetamol UV/H2O2 UV lamp (254 nm) [pollutant] = 4 mM/L, [H2O2] = 48 mM/L, pH = 9,
temperature = 26 °C

<5%; 360 min Yang et al.63

paracetamol UV UV A (8 W) (365 nm) [pollutant] = 4 mM/L, pH = 5.5, temperature = 26
°C

no change; 300 min Yang et al.64

paracetamol UV UV C (15 W) (254 nm) [pollutant] = 4 mM/L, pH = 5.3, temperature = 26
°C

∼50%; 300 min Yang et al.64

paracetamol simulated solar light
(1000 W/m2)

simulated solar light
(1000 W/m2)

[pollutant] = 20 ppm no change; 240 min Al-Gharibi et
al.57

paracetamol UV UV lamp (150 W) [pollutant] = 50 ppm; pH = 9; temperature = 25 °C no change; 120 min Trujillano et
al.58

paracetamol UV UV lamp (4 mW/cm2)
(368 nm)

[pollutant] = 5 × 10−5 M; pH = 7.2 no change; 180 min Cantarella et
al.15
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4. CONCLUSIONS
In conclusion, ZnO samples 1 and 2 with a hexagonal wurtzite
structure are successfully synthesized via the sol−gel method
using concentrations of 3.17 and 4.17 M NaOH. The XRD
result demonstrates that, in order to generate the maximum
pure sample, the ideal NaOH concentration for ZnO synthesis
is less than 4.17. The results of the experiment demonstrated
that hydroxyl ions are crucial to the synthesis of ZnO samples.
By increasing the concentration of NaOH to 4.17, a red shift is
observed in the UV−vis absorbance peak of ZnO samples.
When the concentration of NaOH is increased from 3.17 to
4.17 M, the optical band gap energy of ZnO samples shifts
from 3.33 to 3.01 eV for sample 1 and sample 2, respectively.
With a higher concentration of NaOH, the growth of the
crystallite size causes a slight shift in the band gap. It has been
confirmed that using a NaOH concentration of 4.17 M or
higher is not a suitable solution for producing a high-purity
ZnO sample. However, the impure ZnO sample 2 will become
the future catalyst due to the presence of zincate ion, because it
is environmentally friendly, is applied in the health industry,
and will also help in the degradation reaction of paracetamol.
An 83% (67%) removal of PCM1 (PCM2) for 20 ppm
pollutant was achieved using the UV/H2O2 reaction system in
180 min of duration. The highest reaction rate constant of
0.0097 among all the reactions is found for the removal of
PCM1 in the UV/H2O2 reaction system. H2O2 as expected
accelerates the production of hydroxyl radicals, which in turn
accelerates the degradation of paracetamol and shows very
good cleaning results. The half-life of PCM1 here is 71.5 min,
or in other words, the pollutant quantity of 10 mg/L is
removed in 71.5 min, which is a remarkably good number as
compared to reported results. The percentage removal of
PCM1 and PCM2, using as-prepared ZnO sample 2 in the
UV/H2O2 reaction system, obtained in the present work
compares favorably well with the previously reported
literatures. Therefore, the use of ZnO NSs along with H2O2
can be a suitable technique for the removal of paracetamol
from polluted water. The mineralization of paracetamol is in
agreement with the pseudo-first-order model. However, the
removal of PCM2 by ZnO sample 2 is strongly dominated by
the pseudo-second-order kinetic model.
The removal capacity of the as-prepared ZnO NSs at

equilibrium is close to the pseudo-second-order kinetic model
for the removal of both types of paracetamol. The photo-
catalyst ZnO NSs can be reused for cleaning water at least four
times. The degradation in absence of ZnO is nil, or in other
words, a simple photolysis does not work. Thus, UV
photocatalysis in the presence of ZnO NSs and H2O2 in a
mildly acidic environment is a promising technique for removal
of paracetamol�a menace especially in the Covid-19 scenario
from water. There was no peak present at 243 nm of PCM1
with UV/H2O2. Hence the 100% successful conversion of 20
ppm of PCM1 in the presence of the as-prepared ZnO sample
2 catalyst in the UV/H2O2 reaction system. This study is
regarded as an inexpensive, environmentally friendly way of
improving ZnO NSs’ photocatalytic activity in the UV−vis
region and also for possible application in highly effective solar
energy conversion devices by the use of dye sensitization.
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