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Abstract

In this study, zinc oxide (ZnO) films have been electrochemically deposited on stainless steel
and its photocatalytic activity on the degradation of BR 18 dyes was tested. The effects of
different electrodeposition conditions such as deposition potential and deposition time on the
nanostructures of ZnO films were investigated in detail and the best electrodeposition
conditions were optimized. The electrochemical, structural and morphological, were
characterized by cyclic voltammetry (CV), chronoamperometry, X-ray diffraction (XRD),
scanning electron microscope (SEM), respectively. The best removal efficiency was 37% at -
1.2 V, and increased up to 53% after 300 sec coating. The number of electrodes (1, 2, 3 and 4
coatings) and dye concentration (5, 10, 15 mg/L) covered with -1.2 V potential and the coating
synthesized in 300 seconds were studied. A complete removal was obtained when the number
of electrodes covered was 4 and at 5 mg/L initial dye concentration. The number of reuses was
tested up to 5 cycles. ZnO coatings on stainless steel that were electrochemically charged
showed good photocatalytic stability. Because ZnO films have both economic and
environmental advantages, it is imperative that they can be synthesized using environmentally
benign processes and used in photocatalysis. This novel strategy provides a chance to utilize
ZnO film photocatalytic characteristics for a range of environmental remediation applications

in addition to providing a sustainable wastewater management solution.

Keywords: Electrodeposition, ZnO, Photocatalytic oxidation, BRI8 dye
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1. Introduction

Water pollution is the water that is formed as a result of the use of water resources as a result
of industrial, agricultural, and domestic activities and has lost its natural characteristics
(Tarazona 2014, Lamkhao et. al. 2023). Water pollution, which is an important environmental
problem throughout the world, greatly affects the lives of living things (Earnhart 2013).
Wastewater from industrial activities (chemistry, metals, petroleum, leather, textiles, food, etc.)
creates wastewater with a high pollution load. When these wastewaters are given to the
receiving environment (rivers, lakes, seas, groundwater, etc.) without treatment, they pose
serious threats to human health and disrupt the ecosystem balance (Antoniadis et al.
2007).Wastewater from the textile industry causes serious pollution due to the loss of 15-20%
of the dyes consumed during the process (Ghalebizade and Ayati 2016). Azo dyes are common
and important compounds in the textile industry that contain N=N chemical bonds. Wastewater
with a high concentration of dyes originating from this industry needs to be treated because it
is harmful to the environment, carcinogenic, and toxic (Roy et al. 2020). The textile industry
frequently uses water-soluble synthetic dyes like Basic Red 18 (BR 18), which is a cationic dye
(Uguretal., 2021). BR 18, which is an azo dye, can destroy the aquatic environment's biological
activity, produce color pollution, and reduce clarity. Moreover, synthetic azo dyes provide a
significant risk to human health due to all of these factors, requiring their rapid removal from

aquatic environments (Mahmoodi et. al. 2016).

The treatment of textile wastewater is difficult due to high flow rates and pollution (Hasanbeigi
and Price 2015). Coagulation, adsorption, membrane filtration, electrocoagulation, Fenton,
photo-electro Fenton and photocatalytic systems are widely used in the treatment of textile

wastewater (Tao and Wang 2023).Biological treatment is not used alone, as it is insufficient for
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the decomposition of dangerous aromatic compounds. Cost-intensive physical techniques
include membrane filtration, coagulation, adsorption, and electrocoagulation (Naseri et al.
2021). Advanced oxidation processes are used to provide wastewater treatment by breaking
down synthetic azo dyestuffs. These processes produce hydroxyl radicals, which degrade
organic compounds and other pollutants (Naseri et al. 2021). Photocatalytic oxidation, one of

the advanced oxidation processes, is wastewater treatment using a catalyst under sunlight or

UV light (Bethi et al. 2016).

BR 18 dye was removed from aqueous solution using basalt powder as a heterogeneous catalyst
for the Fenton and photo-Fenton reactions. The removal efficiencies for BR 18 by the Fenton
and photo-Fenton process were 87% and 70%, respectively, at 70 mg/L dye concentration, 5
mM H>O; concentration, 1.0 g/L basalt amount and pH 2 (Saleh et al. 2021). In another study,
Zn0O/MoS2/rGO composite catalyst was used for photocatalytic decolorization of BR 18 dye.
The results showed that 100% removal efficiency was achieved for 25Zn0O/75MG?2 at 25 mg/L
initial dye concentration and 0.5 g/L catalyst amount for 60 min (Ugur et al. 2021). Eskikaya et
al. (2022) investigated photocatalytic activity of zinc oxide nanoflowers (ZnO-NFs) for BR 18
removal from aqueous solution. ZnO-NFs were synthesized by two different processes
hydrothermal method (named ZnO-NF1) and the precipitation method (named ZnO-NF2). BR
18 was completely removed at 25 mg/L BR18 dye concentration using 1.5 g/L ZnO-NF1

amount for 75 min.

Zinc oxide (ZnO) is a compound used as an important photocatalyst due to both its
photocatalytic properties and its inexpensive, environmentally friendly and non-toxicity
(Kohzadi et al. 2023). Many methods have been developed to prepare ZnO thin films such as
chemical vapor deposition, sol gel, pulsed laser deposition, hydrotermal methods and
electrochemical methods (Rekha et al. 2023). Electrochemical method has many advantages
such as the mass, thickness, morphology, low-temperature processing, low cost process and

good electrical contact between structures and substrate.

When ZnO is excited under sunlight, the electrons on its surface rise to higher energy levels,
causing the formation of free radicals such as reactive oxygen species hydroxyl radicals (OHe)
and superoxide radicals (O2¢-) (Kumar et al. 2021, Elshahawy et al. 2023). These free radicals
break down organic pollutants and other harmful substances, provides them to be cleaned
(Elshahawy et al. 2023). ZnO photocatalysis stands out as an environmentally friendly,
sustainable purification and cleaning method (Selvaraj et al. 2022). Helping to neutralize

pollutants by using a clean and renewable energy source such as sunlight contributes to reducing

4
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environmental pollution and protecting the environment (Singh, 2022). It is also used in areas
such as water treatment, air cleaning, self-cleaning surfaces, energy generation (Fiorenza et al.

2023).

In this study, we prepared electrochemical technique of deposition ZnO film on a Stainless
Steel. The effects of deposition parameters, such as the deposition time and applied potential
were also investigated. It was aimed to examine the effect of ZnO on the coating under different
conditions and to increase its reuse without loss of catalyst. In addition to examining the
decomposition products of BR18 using a photocatalytic system, the effect of ZnO on parameters
such as voltage change, H>O» concentration, contact time during plating on stainless steel was
studied. Kinetic, dye concentration and reuse experiments were carried out with the coating

obtained under optimum conditions.
2. Material and Methods
2.1. Materials

All chemicals used in this work without further purification were of analytical grade. The
substrate is Stainless Steel (SS) type 316 cut with dimensions 1 cm x 2 cm. Zinc chloride
(ZnClp, Merck, Germany), Potassium chloride (KCl, Merck, Germany) and Hydrogen peroxide
(H202, Merck, Germany) were used. BR18 azo dyestuff was prepared as 100 mg/L stock

solution in distilled water.
2.2. Electrochemical synthesis of ZnO

The electrodeposition of ZnO thin films were carried out using a potentiostat/galvanostat (CHI
660C, CH Instruments). The 316 stainless steel (SS) (1 cm x 2 cm), a Ag/AgCl (saturated KCI)
and a platinum plate (1 cm x 2 cm) has been used as working electrode, reference electrode and
counter electrode, respectively (Fig. 1). Prior to electrodeposition, the SS substrates were
ultrasound cleaned with acetone and distilled water. An aqueous solution of 0.05 M ZnCl,, 0.1
M KCI and 20 mM H>O> was used as electrolyte. The temperature was maintained at 70 °C
throughout the deposition process. ZnO nanoparticles were distributed uniformly through
electrodeposition process optimization. Investigated were the effects of electrodeposition times

(120, 180, 300, and 420 s) and potentials (from -1.1 V, -1.2 V, and -1.3 V vs. Ag/AgCl).
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Fig. 1. A schematic representation of the experimental set up

A photograph belongs to stainless steel coated with ZnO is shown in Fig. 2.

Fig 2. (a) Stainless steel, (b) ZnO-coated stainless steel

2.3. Characterization techniques

ZnO film electrodeposition was performed with a potentiostat/galvanostat (CHI 660A, CH
Instruments, U.S.A.). The morphology, particle size, and elemental composition of the
electrodes were examined using a scanning electron microscope (model Quanta 650) fitted with
an EDX detector. The X-ray diffraction spectra (XRD) analysis was performed using Cu-Ka (A
=1.54 A) irradiation as an X-ray source (40 kV/30 mA) and Empyrean (PANalytical) operating

in a 20 scan from 30° to 80°.

2.4. Photocatalytic studies
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In this study, ZnO coating was applied on stainless steel (1cm x 2 cm) and its photocatalytic
effect on BR18 dye removal was investigated. The system was carried out using 6 UVA lamps
(Philips TL8W Actinic BL) at 365 nm wavelength in a circular reactor covered with aluminum
foil. The luminous intensity and wavelength of the lamps used are 3.5 mW/cm? and 365 nm,
respectively. Firstly, 10 ppm BR18, 10 ml volume and potential (—1.1 V, -1.2 V and -1.3 V)
were studied during the 2-hour experiment. Coatings were done at different second (120,180,
300 and 420 sec) with the voltage with the best results. Then, the number of electrodes covered
(1, 2, 3 and 4 coating), dye concentration (5, 10 and 15 ppm) studies and reuse experiments
were carried out. Samples taken from the reactor were measured at 484 nm wavelength using a
UV-vis (T90 + UV/VIS Spectrometer, PG Instruments Ltd.) spectrophotometer. The BR18

removal efficiency was calculated using the following equation (1).

=+ 100 (1)

i

Removal Efficiency(%) =

where the dye or Cr(VI) concentration at initial (C;) (mg/L) and the dye or Cr(VI) concentration

at final (Cr) (mg/L) are expressed in this particular format.
3. Results and Discussion
3.1. Effects of electrochemical deposition parameters on ZnO films

LSV curve for ZnO films carried out in the potential range 0 to -1.6 V vs Ag/AgCl is shown in
Fig. 3.

-10

121

Current Density (mA/cm?)

14 ]

-16 - : : . .
-1.6 -1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0

Potential / V vs Ag/AgCl

Fig. 3. Linear sweep voltammetry (LSV) curves of the ZnO electrodeposition on a SS electrode

froma 0.1 M KCI1+20 mM H>0; + 50 mM ZnCl; solution.
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The ZnO film formation is based the generated OH™ by hydrogen peroxide reduction at the

stainless steel interface (Pauporté and Lincot 2001).
First, the reaction that results from the reduction of hydrogen peroxide produces hydroxide ions.
H>O2 + 2e” —20H"

Then, the formation of zinc hydroxide takes place by the reaction. The reaction occurs below

around —1.1 V.

Zn*" + 2(OH)” — Zn(OH),

The Zn(OH), dehydrates spontaneously at higher temperature (70 °C) following:
Zn(OH)2; — ZnO + H20

Fig. 4a despicts the current density curves after the application of an applied potential from —
1.1 to —1.3 V at a constant temperature (70 °C). In order to avoid the formation of H» at
potentials more negative than -1.3 V, coating processes were not carried out. As expected, it
was observed that high current density occurs with the increase of applied cathodic potentials.
The cathodic current is directly related to the nucleation rate. As the cathodic current increases,
the nucleation steps occur faster. Increasing the nucleation rate supports the presence of high
amounts of Zn(II) ions around the electrode (Patella et al. 2022). This allows ZnO particles to
grow vertically on the electrode surface. Figure 4b—d shows the SEM images of ZnO films
deposited at potential —1.1, =1.2, and —1.3 V, respectively. It can be seen that the type of ZnO
seed layers is in the form of nanospheres. Every film exhibits compact and homogeneous
deposition. ZnO nanospheres that were deposited at -1.2 V had a mixed morphology, with
uniform grains arranged in irregularly shaped clusters and no homogeneous distributions, in
contrast to compact, homogeneous, and uniform ZnO nanospheres. For these reasons, the
applied potential was determined as -1.2 V to create a good synergistic effect between the

density of the ZnO nanospheres and the active surface area.
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Fig. 4. (a) Chronoamperometric curves and SEM mmages, (b) -1.1 V, (c) -1.2 Vand (d)-1.3 V
vs. Ag/AgCl of the ZnO electrodeposition on a SS electrode for 300 s.

Fig. 5a shows LSV curves of different ZnO growths on SS surface as a function of the
electrodeposition time. Figure 5b and 4¢ shows the SEM images of ZnO films deposited at time
120 and 420 s, respectively. It can be observed that two ZnO films appeared of sphere shape
grown perpendicularly on a SS substrate. The SEM images show that amount of ZnO
nanospheres and clustering strongly increases with increasing deposition time. ZnO
nanospheres covered the entire stainless steel surface due to the increased deposition time from

120, 180, 300 and 420 s.
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Fig. 5. (a) Chronoamperometric curves and SEM images, (b) 120 s, and (c) 420 s of the ZnO
electrodeposition on a SS electrode at -1.2 V vs Ag/AgCL.

The XRD pattern results of ZnO film is showed in Fig. 6. All the diffraction peaks correspond
to the ZnO wurtzite structure. The diffraction peaks at 20 =31.74°, 34.38°, 36.21°, 47.48°,
56.55°,62.81°, 64.79° and 68.05° corresponding to the diffraction planes of (100), (002), (101),
(102), (110), (103), (200) and (112), respectively. This matches the standard values JPDS card
no: 00-36-1451. The Debye-Scherrer formula was used to determine the diameter of the
synthesized ZnO nanoparticle (Shirvani and Naji 2023):

KA
" BcosO

In this case, K is a constant of 0.9, B is the full width at half maximum (FWHM) in radians, A
is the Bragg angle, and A is the wavelength of the X-ray (1.5406 A). A ZnO crystallite size

average of 17.70 nm was determined.
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Fig. 6. X-ray diffractograms of ZnO films electrodeposited at -1.2 V vs. Ag/AgCL.

3.2. Effect of BR18 removal efficiency at different potentials

Coatings carried out at different potentials from -1.1 to -1.3 V for 180 sec were investigated on
the effect of BR18 dye removal efficiency. Both photocatalytic oxidation and adsorption studies
were carried out under the same conditions. The study was carried out with 10 mg/L BR18 dye
concentration, 2 hours of experimentation and 1 coating (1 cm % 2 cm). The BR18 removal
efficiency graph is given in Figure 7. The coatings made at -1.1 V, -1.2 V and -1.3 V potentials
obtained 18%, 37% and 22% removal efficiency under UVA light, respectively. In the

adsorption study, 17%, 23% and 16% removal efficiencies were achieved.

11
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Fig. 7. Effect of different potentials on dye removal efficiency
3.3. The effect of surfaces coated at different times

According to the potential values, the best dye removal efficiency was realized at -1.2 V. For
this reason, further studies were continued with coatings produced at -1.2 V. After the coatings
were made at 120, 180, 300 and 420 seconds, BR18 removal efficiency in UVA and adsorption
was checked for 10 mg/L BR18 dye concentration. The dye removal efficiency graph depending
on the coating time is given in Figure 8. In the photocatalytic study, 28%, 37%, 53% and 32%
removal efficiencies were obtained at 120, 180, 300 and 420 seconds, respectively; 18%, 23%,
19% and 16% removal efficiencies were obtained in the adsorption study. Therefore, 300 sec

coating was chosen for further experiments due to obtaining the highest removal efficiency.

12
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Fig. 8. Effect of different ZnO coating times on dye removal efficiency
3.4. Effect of coating numbers on dye removal efficiency

The study was continued with the best conditions obtained at -1.2 V and 300 sec coating. The
time dependent dye removal efficiency graph according to the number of coatings is shown in
Figure 9. While 53.0% removal efficiency was obtained in 1 coating, 59.9% removal efficiency
was obtained in 2 coatings, 73.6% in 3 coatings and 80.2% in 4 coatings for 10 mg/L BR18 dye

concentration.

In the study conducted by Xu et al. 2020, a sol-gel method was used to deposit Al-doped ZnO
coatings on stainless steel wire mesh. It was observed that the removal efficiency increased as
the amount of ZnO photocatalyst loaded on the stainless steel wire mesh increased. It is
proportional to the higher photocatalytic activity that the ZnO catalyst is covered with more
surface area (Xu et al. 2020).

In another study, ZnO aggregations were developed on compacted stainless steel cages and
their photocatalytic effect was examined. It exhibited an improved photocatalytic property
performance compared to the degradation of RhB under UVA light. In the photocatalysis
degradation reaction, when the hierarchical aggregation had larger surface area, it offered more

reaction area due to the larger porous channels in the nanolayers (Li et al. 2016).

13
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Fig. 9. The effect of the number of coatings on the dye removal efficiency
3.5. Effect of dye concentration

According to previous experiments, optimum conditions were determined as -1.2 V potential,
300 sec coating time and 4 coatings. In these conditions, the time-dependent dye removal
efficiency of 5, 10 and 15 mg/L was investigated. At 5 mg/L, 26% at 15 min and 100% at 120
min were obtained. While it reached from 16% to 80% at 10 ppm, removal efficiency from 2%
to 38% was reached at 15 mg/L. Effect of dye concentration on time-dependent removal
efficiency is given in Figure 10. This decrease is attributed to the decrease in light absorption
on the catalyst surface with increasing dye concentration. In addition, photo-elimination is
associated with insufficient OH radical formation. Shubha et al. 2023 investigated the
photocatalytic degradation of textile dyes with nickel oxide (NiO-SD) NPs. Malachite green
(MG) and methylene blue (MB) were used in the study. The dye concentration was tested as
4.8, 12 and 16 ppm. It was observed that the removal efficiency of both dyes decreased

significantly as the dye concentration increased (Shubha et al. 2023).

14
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3.6. Reuse cycle

The reuse of the synthesized material under optimum conditions was studied. In previous
studies, optimum conditions were determined as 5 ppm BR18 concentration, 4 coatings, 300
sec coating time and -1.2 V potential. After the coating was washed with distilled water after
each use, dye was added and reuse studies were continued. The reuse graph is given in Figure
11. While 100% removal efficiency was obtained in the 1% and 2" reuses, 95% removal
efficiency were obtained after 5™ subsequent uses. Xu et al. 2020 was used for photocatalytic
degradation of MB several times under the same operating conditions. After four times of
photocatalytic reaction, it was observed that the degradation efficiency of the catalyst was not
greatly reduced, thus the catalyst exhibited a good condition in terms of reusability. The slight
decrease in the photocatalytic activity of the catalyst is explained as the changes in the surface

modification due to the photocorrosion of ZnO (Xu et al. 2020).

In another study, photodegradation of RhB was observed over ten cycles. After each cycle, the
catalyst was washed several times using deionized water and fresh RhB solution was added.
The constant photodegradation rate over ten consecutive cycles showed that the catalyst was

stable under different light intensity (Li et al. 2016).
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305  Fig. 11. Reuse cycle of BR 18 dye photo-degradation

306  The proposed photo degradation mechanism of BR 18 dye using electrochemically deposited

307 zinc oxide films on stainless steel are illustrated in Scheme 1.
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309  Scheme 1. Schematic illustrations for photocatalytic degradation mechanism of BR18 dye
310 4. Conclusion

311  Inthis study, ZnO films were successfully deposited onto on a stainless steel by electrochemical
312  method. The effect of ZnO films on dye removal by photocatalytic oxidation was investigated.

313  Deposition parameters such as deposition time and deposition potential in electroplating are
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optimized for the preparation of ZnO films with the largest surface area, particle distribution

and good catalytic effect for dye removal efficiency.

Potentially the best dye removal efficiency was also obtained, while the best removal efficiency
was obtained at 300 second in time. The BR18 removal efficiency was achieved by performing
the number of electrodes covered (1, 2, 3 and 4 coating) and dye concentration (5, 10 and 15
mg/L) tests with the coating obtained at the best potential and time. For 10 mg/L BR18
concentration, 53% removal efficiency was obtained in 1 coating, while it increased to 80.2%
in 4 coatings. In dye concentration, 100%, 80% and 38.5% removal efficiency was obtained at
5, 10 and 15 mg/L, respectively, by using 4 electrode coatings. With -1.2 V potential, 300 sec
coating time, 4 coated electrodes and 5 mg/L dye concentration, 100% removal efficiency was
achieved and reuse studies were carried out under these conditions. It was reused 5 times and
100% removal efficiency was achieved in the first 2 uses. In subsequent use, removal efficiency

decreased to 95% after 5" repeated use.
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