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c oxide nanorods for
photocatalytic degradation of docosane,
a petroleum pollutant, under solar light simulator

Ahmed K. Alsharyaniab and L. Muruganandam *a

The use of advanced oxidation processes (AOP) in photocatalysis is critical for treating hazardous chemical

compounds in oil-produced water (OPW). ZnO NRs are one of the most important modern and safe

photocatalysts and have been easily prepared by a microwave-assisted hydrothermal method and grown

on glass substrates. Hexagonal-shaped ZnO NRs and a bandgap energy (Eg) of up to 3.2 eV were

characterized using SEM, XRD, UV-Vis, and PL devices, respectively. The effectiveness of photocatalytic

degradation on the organic docosane solution was evaluated using a solar light simulator. On the

surface area of the ZnO NRs, high photon absorption causes e−/h+ pairs to be excited between the VB

and CB, producing free radicals that immediately react with organic contaminants and transform them

into harmless chemicals. The photocatalytic degradation efficiency of the compound docosane analysed

using GC-MS/MS reached 68.5% at 5 hours of irradiation. A mechanism for the photocatalytic

degradation of docosane was proposed at pH ∼ 6.5, and a reduction of 60.5% of the total organic

carbon (TOC) was achieved. Thus, the photocatalytic treatment of organic compounds contained in

OPW has great potential and serves an important environmental purpose.
1. Introduction

The production of crude oil and natural gas is one of the most
important sources of wealth, and energy demand is on the rise,
but environmental and economic repercussions and obstacles
are encountered during the extraction of this energy, resulting
in the production of enormous quantities of oil-produced water
OPW.1 OPW is a byproduct of the injection of pure water into
onshore and offshore wells and subsequent extraction of crude
oil and natural gas.2,3 The quantity of OPW produced contrib-
utes signicantly to the volume of waste generated by oil and
gas extraction due to the presence of hazardous substances.
Global crude oil production is approximately 80 million barrels
per day, whereas OPW production is approximately 250 million
barrels per day, which raises environmental and economic
concerns.4,5 The volume ratio of the discharge of OPW is not
constant and can increase or decrease based on geographical
location, the age of the well, and production techniques
employed.6 The characteristics and concentrations of
hazardous substances in OPW can vary depending on the
condition of oil wells throughout the operation. Heavy organic
hydrocarbons (aliphatic and aromatic), dissolved solids,
phenols, naphthalene, and various other toxic compounds
found in OPW contribute to environmental damage.7 Organic
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hydrocarbon compounds are a major source of pollution in
OPW and are found in complex forms and as a mix of straight-
chain or branched-chain hydrocarbons.8,9 Straight-chain
hydrocarbon alkanes (n-alkanes) such as octadecane, hex-
adecane, eicosane, heneicosane, docosane, tricosane, octaco-
sane, and similar hydrocarbon compounds with higher
molecular weight in OPW make it difficult to treat. Organic
compounds with low molecular weights (such as phenol and
some alkanes (<C10)) that have been completely processed are
easily disposed off because they are less toxic and less water-
soluble.10,11 Any hydrocarbon compounds in OPW that consti-
tute an environmental danger must be appropriately regulated,
as their toxicity when discharged into water result in ecological
and economic challenges for the restoration of this water. One
hydrocarbon compound found in OPW is the organic
compound docosane (n-docosane), a saturated aliphatic long-
chain hydrocarbon (C22H46).12 It is one of the harmful and
complex compounds found in high concentrations in petro-
leum water and promotes water pollution.13,14 Additionally, it
has a greater molecular weight and is therefore closely related to
hazardous chemical compounds that harm the marine
ecosystem.15 Because of their toxic nature (alkanes) and
persistence in water with signicant concentration, they pose
a threat to human health (e.g., mutagenesis and carcinogenesis)
and ecosystems.16,17

Numerous methods are employed in the management and
treatment of OPW for the elimination of hydrocarbons and other
hazardous compounds.18 Advanced oxidation processes (AOP),
© 2024 The Author(s). Published by the Royal Society of Chemistry
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membrane ltration, biological treatment, treatment with addi-
tive chemicals and adsorption, and many other methods have
been studied for the treatment of OPW.19,20 Some OPW treatment
approaches are inefficient at removing minerals, dissolved
hydrocarbons, and additives due to the geographical location.21,22

The optimum technology for the advanced oxidation process
(AOP) would be good for the environment and cost less to run,
which would make it superior to others. During the advanced
treatment of OPW, it is essential to satisfy water quality standards
and comprehend the treatment technology pathway in terms of
understanding the characteristics of by-products and their
impacts when recycled or disposed off in the ecosystem.
Advanced oxidation processes (AOP) are one of the safe and
effective new methods for treating OPW that can remove and
destroy harmful organic molecules.23 Photocatalysis is one of the
applications of advanced oxidation processes enhanced by solar
or UV irradiation to generate hydroxyl radicals (OHc) and super-
oxide radical ions (cO2

−) that react with toxic organic compounds
and convert them into water (H2O), carbon dioxide (CO2)and
other by-product compounds.24,25

The efficient harnessing of solar irradiation energy in the
wastewater treatment process supported by nanomaterials from
semiconductors (as a photocatalytic degradation method) is very
efficient, environmentally and economically appropriate.26 Fe2O3,
ZnO, TiO2, and WO3 are nanostructured semiconductor-based
photocatalysts that are utilized in a variety of applications,
including the elimination of pollutants from wastewater.27,28 In
addition, various morphologies of nanomaterials, such as
nanorods, nanoowers, nanotubes, nanoparticles, nanospheres,
and nanowires, have been used for many applications including
sensors and catalysts.29,30 Based on their intended use, nano-
materials may be synthesized using various techniques, such as
microwave-assisted hydrothermal, sol–gel, pulsed laser, or spray
pyrolysis methods.27

Zinc oxide nanorods (ZnO NRs) are among the most versatile
substances utilised in medicine, photocatalysis, and as anti-
cancer and antibacterial agents due to a number of dis-
tinguishing qualities. Nanorods can develop on easily removed
supports following the photocatalytic process. When ZnO
nanorods are attached to a support, their surface-to-volume
ratio is greater than that of other nanoparticulate lms, which
leads to greater adsorption of organic molecules.31 The surface
area and surface defects of metal oxide nanoparticles enhance
their photocatalytic efficacy by facilitating active redox reactions
that aid in the breakdown of organic molecules. In addition,
ZnO is a good photocatalyst as one of the latest green environ-
mental technologies that are readily available and cost-effective
in the process of removing contaminants from water.29,32

So far, relatively little signicant research has been reported in
the literature on the photocatalytic degradation of the compound
docosane in OPW-supported ZnO NRs under solar light. In this
study, ZnO nanorods produced using a hydrothermal technique
aided by microwaves were employed for the photocatalytic
degradation of a docosane pollutant solution. Using XRD, SEM,
PL, and UV-visible analysis, the characterization of the ZnO NRs
produced on tiny glass substrates was studied. In addition to
analytical parameters pH and total organic carbon (TOC), GC-MS/
© 2024 The Author(s). Published by the Royal Society of Chemistry
MSwas utilized to explore the photocatalytic degradation process
of the petroleum pollutant docosane.

2. Materials and methods
2.1. Chemicals

To fabricate the ZnO NRs on glass substrates (25 mm × 75
mm), analytical reagents such as zinc nitrate hexahydrate [Zn
(NO3)2$6H2O; purity >99.8%] was obtained from Sigma Aldrich.
Zinc acetate dihydrate (Zn(CH3OO)2$2H2O; purity >99% Merck)
and hexamethylenetetramine (C6H12N4; purity >99% Merck)
were purchased from Billerica, USA. The docosane (n-docosane,
purity >99% Sigma Aldrich) was supplied by Supelco, Belle-
fonte, USA, and ethanol (C2H6O, purity >99%, Sigma Aldrich)
and deionized water were used to prepare all aqueous solu-
tions.24 Throughout the experiment, organic solvents with
purity levels greater than analytical grade were utilised.

2.2. Synthesis of the ZnO NRs by a microwave-based
hydrothermal method

A hydrothermal technique was used to fabricate the ZnO NRs on
glass substrates. Dust-free glass substrates were cleaned with
soap, then with ethanol and acetone, and nally with DI water (15
minutes each step) to ensure that they were free of suspended
microbial sediments. These glass substrates were dried in an oven
at 90 °C and later placed on a hot plate at 350 °C. In a typical
synthesis, zinc acetate dihydrate was prepared and dissolved in DI
water to obtain a 10 mM seed solution of ZnO. The aqueous seed
solution was sprayed directly onto the glass substrates in the form
of a layer. Solutions of zinc nitrate hexamine and hexamethy-
lenetetramine were dissolved separately in DI water to obtain
20 mM of the growth solution mixture of the ZnO NRs. For the
microwave-assisted hydrothermal process, the glass substrates
were immersed in the growth solution, treated in a microwave at
180 W for 45 minutes, and allowed to cool for 15 min. To ensure
the growth of the ZnO NRs, the process of immersing glass slides
was repeated 4 times with same steps, and the growth solution
was replaced with a new solution. The glass slides were washed
with DI water to remove suspended and undesirable sediments
and later placed in an oven to dry at 90 °C. The ZnO-NR-coated
array samples were annealed in a furnace operated at 350 °C for
an hour to improve the crystalline structure and photocatalytic
activity of the ZnO NRs.11,33

2.3. ZnO NR characterization

The ZnO NRs on the glass substrates were characterized using
X-ray diffraction (XRD), scanning electron microscopy (SEM),
photoluminescence (PL), and UV-Vis spectroscopy. The crystal
structure and orientation of the ZnO NRs were investigated
using an X-ray diffractometer (Rigaku RINT 2100, XRD) oper-
ated using Cu-Ka radiation (wavelength 0.154 nm) and recorded
in the 2q angle range from 20°–80° in steps of 0.02° s−1. The
morphological structure of the ZnO NRs was investigated using
a scanning electron microscope (JSM-7600F, JEOL) operated at
20 kV. An SEM energy dispersive spectrometer (EDS) was used to
analyse the composition of the ZnO NRs. The surface defects of
RSC Adv., 2024, 14, 9038–9049 | 9039
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the ZnO NR samples were investigated using photo-
luminescence spectroscopy (PerkinElmer LS55) with a 325 nm
excitation wavelength. The optical absorption spectra of the
ZnO NRs were determined in the wavelength range of 300–
800 nm using UV-Vis spectroscopy (Lambda25, PerkinElmer).

2.4. Photocatalytic degradation activity experiment for
docosane

The photocatalytic performance of the pure ZnO NRs was
evaluated via the degradation of a 10 ppm docosane solution,
prepared by dissolving docosane in ethanol and DI water. Later,
3.5 mL of the docosane solution was poured into a glass cuvette
with the ZnO NR substrate (0.9 cm × 3 cm) and a control
sample without the ZnO NRs. The glass cuvettes were stored for
Fig. 1 SEM images of the ZnO NRs: (a) top view of the ZnO NR surface a
and vertical length of 3.18 mm of the ZnO NRs and (d) EDS spectrum of

9040 | RSC Adv., 2024, 14, 9038–9049
2 h in a dark place to achieve adsorption and desorption equi-
librium of the samples with ZnO NR surfaces. The glass cuvettes
were then subjected to a solar light simulator (Sciencetech
SSI1.6 kW) with 1.1 kW m−2 of irradiance.

Solar light simulators are used as an alternative to natural
sunlight in various applications and scientic tests and facili-
tate control of the eld of light and ensure the accuracy of
experimental results.24,34 The photocatalytic process was
continued for 5 h, during which 0.5 mL samples were collected
every hour to evaluate the concentration and other parameters
of the docosane solutions using GC-MS/MS (GCMS-TQ8040,
non-polar capillary column, Shimadzu, Japan) spectroscopy,
a pH (S220, Seven Compact) meter and total organic content
(TOC-VCSH, Shimadzu) analyser. By incorporating the
t low magnification and (b) high magnification, (c) cross-sectional view
the elemental composition of the ZnO NRs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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reusability of ZnO NR catalysts into the photocatalytic degra-
dation process, practical costs may be reduced, and the effec-
tiveness of the ZnO NRs can be evaluated under controlled
experimental conditions.35

3. Results and discussion
3.1. SEM analysis

The morphological structure properties of ZnO NRs grown on
a glass substrate were studied using a scanning electron
microscope (SEM), as presented in Fig. 1. The adoption of the
microwave-assisted hydrothermal process method and anneal-
ing at a temperature of 350 °C during the fabrication of the ZnO
NRs led to the formation of hexagonal interconnected rods.
This was conrmed by the top view depicted in Fig. 1(a) and (b),
as indicated in ref. 36. The cross-sectional view reveals vertically
connected rods of varying sizes, as indicated in Fig. 1(c). SEM
and energy dispersive spectrometry (EDS) were used to deter-
mine the composition of the ZnO NRs. Fig. 1(d) indicates the
presence of peaks for elements zinc (Zn) and oxygen (O) in
proportions of 79.2% and 20.8%, respectively. In addition to the
sample, the element platinum (Pt) used to implant the sample
in the device produces a peak.

3.2. XRD analysis

The hexagonal structural data and phase purity of the ZnO NRs
as determined using XRD are illustrated in Fig. 2. The diffrac-
tion peaks of the vertically aligned ZnO NRs at different 2q
positions indicate excellent crystallinity of the structure.37 The
diffractions of the ZnO NRs were observed at 30.90°, 34.30°,
37.50°, 47.44°, 62.76°, and 72.48°, with associated planes of
(100), (002), (101), (102), (103) and (004), respectively. These
values were indexed to the hexagonal wurtzite ZnO NRs
according to their match with the standard JCPDS card No. 01-
070-8070, conrming the successful synthesis of the ZnO NRs.
All observed peaks related to ZnO have distinct peak intensities,
and no impurity traces were observed. The peak intensity of the
ZnO NR (002) plane at 2q = 34.4° was greater compared to other
phase peaks.38 This high intensity implies that the ZnO NRs are
grown in a preferred c-axis orientation. Using the Debye–
Scherrer equation and full width at half maximum values of the
Fig. 2 XRD pattern of the synthesized ZnO NRs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
diffraction peaks, the average crystallite size of the ZnO NR
sample was estimated to be around 36.6 nm.39,40
3.3. UV-Vis spectroscopy analysis

The optical properties of the ZnO NR sample in terms of
absorption peaks in the wavelength range between 300 and
800 nm were determined using UV-Vis spectroscopy, as shown in
Fig. 3(a). The optical analysis of the ZnO NR sample indicates the
weak absorption in the visible light region and strong absorption
peaks in the UV light region at wavelengths of 300–380 nm.

The highest characteristic absorption intensity of the ZnO
NRs is at ∼350 nm, which contributes to the enhanced gener-
ation of electrons of the sample in the photocatalytic process by
absorbing photons. The optical bandgap energy (Eg) of the ZnO
NR structure in the high absorption spectrum range can be
calculated using the Tauc model with the following equation:41

(ahn)1/2 = C(hn − Eg)
m, (1)

where bandgap energy (Eg) of sample ZnO NRs is 3.2 eV, C is
a constant (an inverse proportionality constant to hv), h is the
Planck's constant (1240), n is related to the frequency of the
photon (nm),m= 0.5 is the constant of semiconductors and a is
the optical absorption coefficient.42 The absorption coefficient
(a) is evaluated based on the lm thickness used via the
following relation:

a ¼ ð2:303ÞA
t

; (2)

where A is the absorbance and t is the lm thickness of the
sample. As shown in Fig. 3(b), the straight line obtained from the
plot of (ahn)2 on the y-axis versus photon energy (hn) on the x-axis,
the Eg for the ZnO NR sample is around 3.2 eV at a = 0 (34).
Furthermore, optical Eg may decrease due to impurity density,
which leads to a decrease in carrier concentration and increases
tensile stress and oxygen vacancies, causing intrinsic defects that
reduce the average crystallite size. Likewise, the quantum
connement effect occurs in thin lms of ZnO, which are typically
less than the size of bulk ZnO, reaching about 3.37 eV.43,44
3.4. Photoluminescence (PL) analysis

The PL spectra at room temperature were utilized to quantify
the optical characteristics of semiconductors and to determine
the recombination efficiency of photo-excited charge carriers in
the sample. Thus, the PL spectrum of the pure ZnO NR sample
was used to evaluate crystal defects under excitation emission at
around 325 nm (∼3.8 eV), as visualized in Fig. 4(a). The intensity
of the PL spectra is attributable to the recombination rate effi-
ciency of electron/hole (e−/h+) pair photogenerated charge
carriers in the sample. Thus, a larger spectrum intensity
denotes more e− and h+ pairs, while a lower intensity indicates
fewer e− and h+ pairs. By analysing the PL spectra of the ZnO
NRs sample, the near-band-edge UV emission at 375 nm (∼3.3
eV) that contributes to the transition of the e−/h+ pairs from the
conduction band (CB) to the valence band (VB) of the semi-
conductors can be identied. In addition, the emission spectra
RSC Adv., 2024, 14, 9038–9049 | 9041
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Fig. 3 (a) Typical absorption spectrum and (b) optical bandgap energy via Tauc model analysis of the ZnO NRs.

Fig. 4 (a) PL emission spectra of the ZnO NRs at room temperature. (b) Mechanism of emission bands from transitions involving energy defect
states in the ZnO NRs.
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of ZnO NRs display ve major peaks centered at 404 nm,
420 nm, 443 nm, 480 nm, and 526 nm, which correspond to
energies of 3.10 eV, 2.95 eV, 2.80 eV, 2.58 eV, and 2.35 eV,
respectively, indicating that the sample exhibits superior crystal
quality.42

In addition, emission band peaks between the UV and visible
region are located in the violet (400–425 nm), indigo (425–450
nm), blue (450–480 nm), and green (485–550 nm) regions of the
PL spectrum. The trapping mechanism of the e−/h+ pairs cor-
responding to the broad peaks of the crystal defects in the ZnO
NR sample is oen indicative of the levels of Zn vacancies (VZn),
Zn interstitials (Zni), O vacancies (Vo), O interstitials (Oi) and O
antisites (OZn) with different charges.45

The scheme shown in Fig. 4(b) depicts the trapping mecha-
nisms of the band (CB and VB) energy levels of free exciton
charge carriers in the defect states of the ZnO NRs. These
emissions from different kinds of defects in the sample, such as
violet emissions at 404 nm and 420 nm, which correspond to
photon energies of 3.10 eV and 2.95 eV, respectively, have been
attributed to Zn interstitials (Zni).46 Hence, the defect emission
level in ZnO indicates a substantial number of Zni defects
9042 | RSC Adv., 2024, 14, 9038–9049
caused by the utilization of the microwave-assisted hydro-
thermal method during the synthesis of the ZnO NRs.47 The
broad band of indigo emission centered at 443 nm (2.80 eV) was
attributed to a Zni

+ charge.48 In addition, a blue luminescence
emission peak was observed at 480 nm (2.58 eV), which was
assigned as antisite oxygen (OZn), due to transitions from the CB
to OZn to near the VB.24,46

The violet-blue emission of the ZnO NR sample in the
wavelength region of 400–480 nm has great application poten-
tial in light emission and bioluminescence.49,50 The small peak
located at ∼526 nm (2.35 eV) corresponding to the green
emission of the ZnO NRs was identied as an oxygen vacancy
(Vo

+) defect.51 The green luminescence peak observed in the
deep emission level of the trap state may originate due to the
transitions for the recombination of a photoexcited e− and h+ at
an oxygen vacancy (Vo

+).45,52 Oxygen vacancy (Vo
+) and Zn

interstitials (Zni) are two predominant intrinsic defects that
have been reported to be appropriate for photocatalysis activity.
Generally, the association of e−/h+ pairs trapped in ZnO NR
defects with surface-adsorbed O2 and OH− species leads to the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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generation of cO2
−, OHc, and other radical species, which are

very effective in decomposing pollutants in water.53
3.5. Mechanism for photocatalytic degradation activity

To study the mechanism of photocatalytic degradation assisted
by high-quality ZnO NRs, an aqueous docosane solution (10
ppm) was used as a petroleum contaminant under a solar light
simulator. Fig. 5(a) illustrates the photocatalytic degradation
process of docosane aer 5 hours of exposure in the solar
irradiation simulator. In addition, the GC-MS/MS technique
was utilized to estimate the degradation efficiency mechanism
and measure the initial (C0) and nal (C) concentration of the
compound using the following formula:54

Degradation efficiency ð%Þ ¼
�
C0 � C

C0

�
� 100 (3)

Docosane was 68.5% degraded in the presence of the ZnO NR
photocatalysts aer ve hours of exposure to solar simulator light,
as determined using GC-MS/MS analysis. In the absence of the
ZnO NRs under same conditions, there is no signicant change in
the concentration of the compound. This implies that the organic
Fig. 5 GC-MS/MS analysis of docosane: (a) concentration at different tim
and (c) peaks at irradiation times of 0 and 5 hours during photocatalysis

© 2024 The Author(s). Published by the Royal Society of Chemistry
contaminant docosane does not break down readily in the absence
of ZnO NR photocatalytic supports.55,56 The effectiveness of pho-
tocatalysis in removing organic compounds may vary signicantly
based on the quantities of the compounds, their age, geological
location, and additives used in their extraction.22,57

Experiments were further examined at different initial
concentrations of docosane (5, 15, 20, and 25 ppm) in a photo-
catalytic degradation process in the presence of the ZnO NRs at
room temperature under identical conditions. GC-MS/MS
analysis indicates an increase in the area with concentration,
as shown in Fig. 5(b). Similar results have been reported in the
literature on the decomposition of harmful organic compounds
and effectiveness of the application of the ZnO NRs as a pho-
tocatalyst in water treatment.24,41,58 The analysis of GC-MS/MS
results on the effectiveness of the photocatalytic degradation
of the ZnO NRs of docosane at 5 hours is shown in Fig. 5(c).
Through analysis of the results, it appears that docosane
exhibits an intense peak at a retention time of 16.62 minutes at
the beginning of the photocatalysis process, and the peak
intensity decreases aer a certain period. This reduction is
driven by the photocatalytic effectiveness of the ZnO NRs, which
oxidize organic chemicals into non-toxic products. When the
e intervals, (b) effect of initial concentration (5, 10, 15, 20, and 25 ppm),
.
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photons collide with the surface of the ZnO NRs, the mecha-
nism of the photocatalysis process in mitigating toxic organic
materials is attributed to the rapid recombination of charge
carriers, which photoexcites e−/h+ pairs in the VB to the CB to
react with O2 and H2O to produce cO2

− and OHc radicals.
Thus, the e−/h+ pairs trapped in the surface defects of the

ZnO NRs generate free radicals that directly catalyze redox
interactions with organic materials to degrade contaminated
water. The mechanism of the photocatalytic degradation of
organic compounds in the presence of ZnO nanorods and their
oxidation to H2O, CO2, and by-products is characterized by
a sequence of chemical equations59–61 as follows:

ZnO + hn / ZnO (eCB
− + hVB

+) (4)

eCB
− + O2 / cO2

− (5)

cO2
− + H2O / cHO2 + OH− (6)

hVB
+ + OH− / OHc (7)

cO2
− + organic compounds / H2O + CO2 (reduction reaction)

(8)

OHc + organic compounds / H2O + CO2 (oxidation reaction)

(9)

The existence of sufficient e−/h+ pairs created via the pho-
tocatalytic degradation process to form free radicals on the ZnO
NR surfaces results in photocatalytic performance that is suit-
able for the degradation of the docosane molecule, as shown by
equations.4–9

In the CB, O2 is easily absorbed on the surface of the ZnO NRs
catalyst in a reduction reaction that leads to an electron scavenger
(electron acceptor). This causes the formation of types of strong
oxidizing radicals that react directly with organic compounds and
convert them to H2O, CO2, and other safe products. Conversely,
the excited hole scavenger (electron donor) in the VB causes an
oxidation reaction with H2O or organic compounds. Therefore,
the generated holes help create free radicals by oxidizing H2O or
organic compounds to H2O, CO2, and other safe products. In
Fig. 6 Schematic model of the degradation mechanism of docosane by

9044 | RSC Adv., 2024, 14, 9038–9049
addition, the electrons generated in the semiconductor band act
as an electron transfer medium between the VB and CB with an
acceptor/donor pair in reduction/oxidation reactions, facilitating
the reaction with oxygen and splitting of water and compounds.
The reduction and oxidation efficiency of photocatalysts may be
affected by an upward shi of the CB and a downward shi of the
VB through quantum connement and intrinsic defects in
semiconductors.62,63 Fig. 6 schematically illustrates a pathway to
a charge transfer mechanism and radical generation processes in
the ZnO semiconductor domain during the 68.5% photocatalytic
degradation of docosane. Ghafoori et al. reported that the
performance and efficiency of the photocatalytic process could
result in the removal of about 90% of the hydrocarbons from
OPW. However, the efficiency photocatalysis may vary depending
on the environmental and operating parameters of the sample.57

To investigate the kinetics of the photocatalytic degradation
of a molecule according to the Langmuir–Hinshelwood model,
the pseudo-rst-order kinetics rate constant (k) was analyzed.
The photocatalytic reaction kinetics are represented by
observed apparent rate constants (k) and correlation coeffi-
cients (R2) as per the following relation:64

ln

�
C0

C

�
¼ kt (10)

As shown in Fig. 7, the reaction kinetics of the photocatalytic
degradation of a docosane molecule supported by the ZnO NRs
were determined by plotting ln(C0/C) vs. time (t). The rate
constant of the photocatalytic degradation was found to be k =
0.2407 h−1 with an R2 value of 0.9805.

The value of k = 0.2407 h−1 indicates that the degradation
reaction proceeds at a rate of 0.2407 h−1, i.e., about 24.07% of the
docosane is degraded every hour during the photocatalytic
process experiment. The R2 value of close to 1 suggests that the
pseudo-rst-order model used to describe the photocatalytic
degradation process accurately represents experimental data. The
R2 value of 0.9805 indicates a very good t, suggesting that the
kinetic model used in this study closely matches the degradation
efficiency equation of docosane under given experimental
conditions. It can be noted that a higher k value indicates a faster
the ZnO NR photocatalyst.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Pseudo-first-order kinetic plot for the photocatalytic degra-
dation of docosane.
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reaction rate, while a higher R2 value closer to 1 indicates a better
t for the model used in experimental data.65,66

The effectiveness of the photocatalytic process was
controlled using the pH and the total organic carbon (TOC).67

Parmar et al. indicated that the productivity of photolysis is
inuenced by the amount of catalyst employed, the pH of the
solution, the concentration, and the duration of irradiation.68

The docosane solution was maintained at a stable pH in the
absence of the ZnO NRs during the photocatalysis process.
However, in the presence of the ZnO NRs, the photocatalytic
degradation of the docosane solution was inuenced by the pH
value, as shown in Fig. 8(a). The initial pH of 7.71 gradually
decreases to ∼6.5 at the end of the process.

The chemical reaction of the photocatalytic process and
basic structure of ZnO NRs may be affected by changes in the
pH of the solution.69 Abdullah Goktas et al. conrmed that the
pH of a solution could change the surface charge of the ZnO
NRs and dissolution efficiency of the photocatalysis process.
Therefore, the high pH contributes to the presence of large
amounts of hydroxyl radicals that oxidize organic molecules to
safe chemicals along the efficient decomposition pathway.70

This property can be explained by the fact that low pH levels
cause positive charges to assemble on the surface of the ZnO NRs.
This affects the production of free radicals and transfer of these
radicals in photocatalytic reaction bands under experimental
Fig. 8 Effect of parameters on the photocatalytic degradation of docos

© 2024 The Author(s). Published by the Royal Society of Chemistry
conditions. Alsharyani et al. demonstrated that lower pH values
contribute to the efficiency of photocatalytic degradation to affect
the surface charge of the catalysts, which is attributed to the
production of free radicals, leading to improved degradation of
pollutant molecules.35 During the photocatalytic process, free
radicals (like OHc and cO2

−) are generated who react with organic
compounds and water molecules. This direct reaction results in
the production of protons (H+) and hydroxide ions (OH−), which
causes an increase in H+ ions to lower the pH, making the solu-
tion pH exhibit an acidic slope.71 The efficiency of the photo-
catalytic degradation process decreases and is affected by the rise
in pH; the radicals are quickly scavenged and not able to react,
causing little adsorption.34,72 Liang et al. reported that if the pH is
high, the ZnO NR surface will be negatively charged, which
facilitates the transfer of molecules and generates an abundance
of (OHc) radicals that contribute to affect the photocatalytic
degradation process.73 On the contrary, the change in pH values
also occurs due to the presence of organic compounds resulting
from transformations in the photocatalytic process. Thus, the
photocatalytic degradation persists in the redox process of the
organic materials, until it leads to the breakage of compound
bonds and formation of unstable intermediate by-products,
which eventually transform into H2O and CO2. Therefore, the
presence of these intermediate by-products in the solution affects
the photocatalytic degradation activity.

Fig. 8(b) shows the percent TOC removed at various time
intervals during the photocatalytic degradation of the organic
pollutant docosane under optimal testing conditions. In the
presence of the ZnO nanorods, the photocatalytic process was
able to remove 60.5%more total organic carbon (TOC) than in the
absence of the ZnO NRs. The degradation rate initially increases
gradually until 5 hours of exposure, aer which it remains
constant. The degree of organic material degradation is propor-
tional to the proven efficiency of the photocatalysis process, as
shown by the removal of total organic carbon (TOC).74 The fact of
limited and ambient amount of experimental work in the pho-
tocatalysis process makes the production of intermediate by-
products inevitable. However, this does not indicate the effi-
ciency of the photocatalysis process; rather, it signies its ability
to convert organic contaminants into chemicals that are harmless
to the environment.
ane: (a) pH value and (b) TOC analysis.
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4. Conclusions

Photocatalytic activity supported by the ZnO NRs was investi-
gated to remediate docosane, an organic pollutant compound
present in OPW, under a solar light simulator. The ZnO NRs
were efficiently synthesized using a microwave-assisted hydro-
thermal method on the glass substrates. The morphological
and hexagonal Wurtzite properties of the ZnO NRs were
analyzed using SEM and XRD. Evaluation of EDS data reveals
the absence of impurities or foreign elements in the basic
composition of ZnO NRs. Using UV-Vis and PL devices, the
optical characteristics of pure ZnO NRs were obtained and
indicated an Eg value of 3.20 eV and surface defect states,
respectively. A 10 ppm solution of the organic contaminant
docosane was prepared to study the mechanism of the photo-
catalytic process. When exposed to radiation, the surface area of
the ZnO NRs absorbs photons, triggering the excitation of the
e−/h+ pairs between the VB and CB in the photocatalysis process
to form free radicals that react directly with organic contami-
nants and convert them into benign chemicals. Further, 68.5%
of docosane molecules were degraded with a rate constant of
0.2407 h−1, demonstrating the effectiveness of the ZnO-NR-
assisted photocatalysis process as conrmed by GC-MS/MS
analytical data. In addition, around 60.5% of the total organic
carbon was removed, resulting in a pH of about 6.5. This
research on the degradation of the compound docosane is the
rst using a photocatalytic process, from which intermediate
by-products can be identied and studied in the future. These
ndings constitute a successful example of a photocatalytic
degradation process for organic molecules in OPW, as well as
a hopeful and bright beginning point for the safe development
of the environment.
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22 S. Jiménez, M. M. Micó, M. Arnaldos, F. Medina and
S. Contreras, State of the art of produced water treatment,
Chemosphere, 2018, 192, 186–208.

23 S. O. Ganiyu, S. Sable and M. Gamal El-Din, Advanced
oxidation processes for the degradation of dissolved
organics in produced water: a review of process
performance, degradation kinetics and pathway, Chem.
Eng. J., 2022, 429, 132492.

24 J. Al-Sabahi, T. Bora, M. Claereboudt, M. Al-Abri and J. Dutta,
Visible light photocatalytic degradation of HPAM polymer in
oil produced water using supported zinc oxide nanorods,
Chem. Eng. J., 2018, 351, 56–64.

25 G. P. Anipsitakis and D. D. Dionysiou, Degradation of
Organic Contaminants in Water with Sulfate Radicals
Generated by the Conjunction of Peroxymonosulfate with
Cobalt, Environ. Sci. Technol., 2003, 37(20), 4790–4797.

26 Z. Oksida-Polivinilpirolidon, Photocatalytic degradation of
industrial dye wastewater using zinc oxide-
polyvinylpyrrolidone nanoparticles, Malaysian Journal of
Analytical Science, 2018, 22(4), 693–695.

27 H. J. Biswal, T. Srivastava, P. R. Vundavilli and A. Gupta,
Facile fabrication of hydrophobic ZnO nanostructured
nickel microtubes through pulse electrodeposition as
promising photocatalyst for wastewater remediation,
Journal of Manufacturing Processes, 2022, 75, 538–551.

28 O. Seven, B. Dindar, S. Aydemir, D. Metin, M. A. Ozinel and
S. Icli, Solar photocatalytic disinfection of a group of bacteria
and fungi aqueous suspensions with TiO2, ZnO and Sahara
desert dust, J. Photochem. Photobiol., A, 2004, 165(1–3),
103–107.

29 J. S. Chang, Y. W. Phuan, M. N. Chong and J. D. Ocon,
Exploration of a novel Type II 1D-ZnO nanorods/BiVO4

heterojunction photocatalyst for water depollution, J. Ind.
Eng. Chem., 2020, 83, 303–314.
© 2024 The Author(s). Published by the Royal Society of Chemistry
30 A. Ullah, M. Saadullah, F. Alvi, L. Sherin, A. Ali, N. A. Shad,
et al., Synergistic effect of silver doped ZnO nanomaterials
enhances the anticancer potential against A459 lung
cancer cells, J. King Saud Univ., Sci., 2022, 34(1), 101724.

31 S. Baruah, M. A. Mahmood, M. T. Myint, T. Bora and J. Dutta,
Enhanced visible light photocatalysis through fast
crystallization of zinc oxide nanorods, Beilstein J.
Nanotechnol., 2010, 1, 14–20.

32 M. Sanjeeva Gandhi and Y. S. Mok, Shape-dependent
plasma-catalytic activity of ZnO nanomaterials coated on
porous ceramic membrane for oxidation of butane,
Chemosphere, 2014, 117, 440–446.

33 J. Al-Sabahi, T. Bora, M. Al-Abri and J. Dutta, Efficient visible
light photocatalysis of benzene, toluene, ethylbenzene and
xylene (BTEX) in aqueous solutions using supported zinc
oxide nanorods, PLoS One, 2017, 12(12), e0189276.

34 H. Al-Hasani, J. Al-Sabahi, B. Al-Ghafri, R. Al-Hajri and M. Al-
Abri, Effect of water quality in photocatalytic degradation of
phenol using zinc oxide nanorods under visible light
irradiation, J. Water Process Eng., 2022, 49, 103121.

35 A. K. Alsharyani and L. Muruganandam, Photocatalytic
degradation of eicosane and phytane compounds using
support zinc oxide nanorods under solar simulator
irradiation, J. Water Process Eng., 2023, 53, 103837.

36 B. Al Farsi, F. Al Marzouqi, M. Al-Maashani, M. T. Souier,
M. Tay Zar Myint and M. Z. Al-Abri, Rapid microwave-
assisted fabrication of Al-doped zinc oxide nanorods on
a glass substrate for photocatalytic degradation of phenol
under visible light irradiation, Mater. Sci. Eng., B, 2021,
264, 114977.

37 V. Yadav, N. Singh and D. Meena, Investigation of structural
and optical properties of pure SnO2, ZnO and SnO2/ZnO
composite nanorods, Mater. Today: Proc., 2022, 62, 3368–
3375.

38 Z. Chamanzadeh, V. Ansari and M. Zahedifar, Investigation
on the properties of La-doped and Dy-doped ZnO
nanorods and their enhanced photovoltaic performance of
Dye-Sensitized Solar Cells, Opt. Mater., 2021, 112, 110735.

39 S. S. A. Al Ghafry, M. Z. Al-Abri, B. Al Farsi, F. Al Marzouqi,
L. M. Al Farsi, N. A. Roslan, et al., Ga-doped ZnO
nanorods: the photocatalytic performance of methylene
blue under solar irradiation, Opt. Mater., 2022, 126, 112139.

40 A. A. Mohd Raub, J. Yunas, M. A. Mohamed, B. Bais,
A. A. Hamzah, J. Ridwan, et al., Synthesis and
characterization of ZnO NRs with spray coated GO for
enhanced photocatalytic activity, Ceram. Int., 2022, 48(13),
18238–18245.

41 A. El Golli, M. Fendrich, N. Bazzanella, C. Dridi, A. Miotello
and M. Orlandi, Wastewater remediation with ZnO
photocatalysts: green synthesis and solar concentration as
an economically and environmentally viable route to
application, J. Environ. Manage., 2021, 286, 112226.

42 M. Nami, A. Rakhsha, S. Sheibani and H. Abdizadeh, The
enhanced photocatalytic activity of ZnO nanorods/CuO
nanourchins composite prepared by chemical bath
precipitation, Mater. Sci. Eng., B, 2021, 271, 115262.
RSC Adv., 2024, 14, 9038–9049 | 9047

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra00672k


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 6
/1

6/
20

26
 1

:4
7:

12
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
43 A. F. Abdulrahman, N. M. Abd-Alghafour and
M. A. Almessiere, A high responsivity, fast response time of
ZnO nanorods UV photodetector with annealing time
process, Opt. Mater., 2023, 141, 113869.

44 S. Kaya, O. Ozturk and L. Arda, Vertically aligned Nd
substituted ZnO nanorods: morphology, optical
characteristics and room temperature ferromagnetism,
Curr. Appl. Phys., 2022, 35, 45–57.

45 N. Patra, M. Manikandan, V. Singh and I. A. Palani,
Investigations on LSPR effect of Cu/Al nanostructures on
ZnO nanorods towards photodetector applications, J.
Lumin., 2021, 238, 118331.

46 G. H. Mhlongo, K. Shingange, Z. P. Tshabalala, B. P. Dhonge,
F. A. Mahmoud, B. W. Mwakikunga, et al., Room
temperature ferromagnetism and gas sensing in ZnO
nanostructures: inuence of intrinsic defects and Mn, Co,
Cu doping, Appl. Surf. Sci., 2016, 390, 804–815.

47 N. F. Nazari, M. Rajabi and A. Z. Moshfegh, The UV
photodetection enhancement of tailored ZnO nanorods by
controlling the aspect ratio, Surf. Interfaces, 2022, 28, 101682.

48 F. Shahzad, A. Qamar and G. Nabi, Signicant enhancement
in eld emission and photoluminescence properties of
vertically aligned tellurium nanorods by plasma treatment,
Opt. Mater., 2022, 126, 112171.

49 Y. He, Y. Wang, Y. Guo and L. Ma, Fine adjustment of
emission wavelength, light-conversion quality,
photostability of blue-violet light conversion agents based
on FRET effect, Dyes Pigm., 2023, 217, 111429.

50 V. Khomchenko, M. Sopinskyy, M. Mazin, V. Dan'ko,
O. Lytvyn and Y. Piryatinskii, The violet luminescence
band in ZnO and ZnO-Ag thin lms, J. Lumin., 2019, 213,
519–524.

51 I. Boukhoubza, M. Khenfouch, M. Achehboune,
B. M. Mothudi, I. Zorkani and A. Jorio, Graphene oxide/
ZnO nanorods/graphene oxide sandwich structure: the
origins and mechanisms of photoluminescence, J. Alloys
Compd., 2019, 797, 1320–1326.

52 P. Molaei and F. Rahimi Moghadam, Seed-free synthesis of
ZnO nanorods through egg white/glycerol medium for
photocatalyst applications, Mater. Today Commun., 2022,
31, 103677.

53 T. Bora, P. Sathe, K. Laxman, S. Dobretsov and J. Dutta,
Defect engineered visible light active ZnO nanorods for
photocatalytic treatment of water, Catal. Today, 2017, 284,
11–18.

54 D. Akyüz, rGO-TiO2-CdO-ZnO-Ag photocatalyst for
enhancing photocatalytic degradation of methylene blue,
Opt. Mater., 2021, 116, 111090.

55 M. A. Al-Gharibi, H. H. Kyaw, J. N. Al-Sabahi, M. T. Zar Myint,
Z. A. Al-Sharji and M. Z. Al-Abri, Silver nanoparticles
decorated zinc oxide nanorods supported catalyst for
photocatalytic degradation of paracetamol, Mater. Sci.
Semicond. Process., 2021, 134, 105994.

56 C. Belabed, A. Tab, F. Moulai, O. Černohorský, S. Boudiaf,
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