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Abstract

It is crucial to find effective solutions to environmental
contamination that are also ecologically friendly. Zinc
oxide (ZnO) is well-known as a promising photocatalyst. In
this work, ZnO microspheres were synthesized using the
solvothermal technique. X-ray diffraction (XRD), UV-Vis,
and scanning electron microscopy (SEM) were used to
evaluate the structural, optical, and morphological features
of ZnO microspheres. The hexagonal structure of ZnO was
determined using XRD analysis. The crystal size of ZnO
was calculated using XRD patterns and was found to be
44.27 nm by the Debye-Scherrer equation, 32.39 nm by
using the Williamson Hall model, and 9.92 nm by the
Modified Scherrer formula. The SEM pictures of the
manufactured ZnO revealed that it has a shape in the form
of microspheres formed by the conjunction of hexagonal
nanorods. The average diameter of these microspheres is
5.16 um. ZnO has a band gap energy of 3.1 eV. The
photocatalytic activities of ZnO microspheres against
methylene blue and Rhodamine B dyes were examined.
Under sunlight, photocatalytic removal rates for methylene
blue after 90 minutes and Rhodamine B after 120 minutes
were 98.95% and 98.62%, respectively.

Keywords: ZnO, Microspheres, Methylene blue,
Rhodamine B, Photocatalytic

1 Introduction

Water is one of the most critical components for the
survival of all living organisms on the earth [1]. Water
resource pollution caused by influents from diverse sectors
such as textile, paper, leather pharmaceutical, cosmetics and
paints a hazard to human health and the ecological system
[2-4]. The majority of dyes have complex structures and
great chemical stability, which enable them to linger in
flowing water for extended periods of time, preventing the
growth of aquatic biota by absorbing dissolved oxygen and
blocking sun light, and decreasing the recreational value of
the stream [5]. Detoxifying such harmful contaminants is
crucial for maintaining a clean environment since industrial
effluents are released directly into open water systems

Oz

Cevre kirliligine karsi ¢cevre dostu etkili ¢éziimler bulmak
¢ok Onemlidir. Cinko oksit (ZnO), iyi bir fotokatalizor
olarak bilinir. Bu ¢alismada solvotermal teknik kullanilarak
ZnO mikrokiireler sentezlenmistir. ZnO mikrokiirelerin
yapisal, optik ve morfolojik 6zelliklerini degerlendirmek
icin X-151n1 kirinimi (XRD), UV-Vis ve taramali elektron
mikroskobu (SEM) kullanildi. ZnO'nun hegzagonal yapisi,
XRD analiziyle belirlendi. ZnO'nun kristal boyutu, XRD
desenleri kullanilarak hesaplandi ve Debye-Scherrer
denklemi ile 44.27 nm, Williamson Hall modeli
kullanilarak 32.39 nm ve Modifiye Scherrer formiilii ile
9.92 nm olarak bulundu. Uretilen ZnO'nun SEM
goriintiileri, altigen nanogubuklarin birlesmesiyle olusan
mikrokiireler seklinde bir yapiya sahip oldugunu ortaya
koydu. Bu mikrokiirelerin ortalama ¢ap1 5.16 pm'dir. ZnO,
3.1 eV'lik bir bant araligi enerjisine sahiptir. ZnO
mikrokiirelerin metilen mavisi ve Rhodamine B boyalarina
kars1 fotokatalitik aktiviteleri incelenmistir. Giines 15181
altinda, 90 dakika sonunda metilen mavisi ve 120 dakika
sonra Rhodamine B igin fotokatalitik giderme oranlari
strastyla %98.95 ve %98.62 dir.

Anahtar kelimeler: ZnO, Mikrokireler, Metilen mavisi,
Rhodamine B, Fotokatalitik

without adequate treatment, which poses significant risks to
the environment [3]. To ensure a nontoxic and pollution-free
environment, it has been prioritized to separate and degrade
these organic waste products [6,7]. Coagulation, adsorption,
flocculation, advanced oxidation, and precipitation are some
examples of classic wastewater treatment methods that not
only take a long time to complete but also create secondary
sludge that is expensive to dispose of. Photocatalytic
degradation of organic pollutants has drawn a lot of interest
among these various techniques for treating dye-
contaminated water [8] due to its cost-effectiveness,
reusability, and environmental friendliness [9,10]. With this
technique, organic contaminants are broken down or
oxidized into less dangerous or non-hazardous compounds
[11].
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For the photodegradation of different organic dyes,
several semiconductors such as titanium dioxide, cadmium
sulfide, vanadium(V) oxide, tungsten (VI) oxide, copper
oxide, and zinc oxide have been employed up to date [12].
Arundo donax L. ash was used for the first time to produce
amorphous SiO,. The increased photocatalytic degradation
activity in 50 wt% SiO2-50 wt% TiO, nanocomposite sample
was reported due to better light absorption and charge carrier
separation by modifying the electronic structure [13].
Inorganic materials' morphologies are acknowledged to
significantly impact the vast range of their characteristics
and associated potential uses. It is commonly known that
among wide-band gap semiconductors, ZnO shows the most
variety of morphologies [14]. Moreover, ZnO nanoparticles
(NPs) are attractive because of their inexpensive cost, high
band gap energy of 3.37 eV, and high exciton binding energy
of 60 meV [14,15]. ZnO nanostructures with a unique
morphology resembling flowers have received much interest
due to their exceptional performance in various fields [16].
Methylene blue (MB) dye was removed using the ZnO-NFs'
photocatalytic performance when exposed to sunlight, and
88.39% of the dye was photodegraded in 180 minutes [17].
After a 150 minute photodegradation operation, the MB
dye's degradation efficiency of different morphological ZnO
was reported as 91% (for the Zn powder source) and 93%
(for the Zn sheet source) [18]. After 7 hours of exposure,
visible-light photocatalytic activity of MB was reported to be
98% in ZnO particles with a triangular morphology [19]. At
180 minutes, spherical ZnO nanoparticles synthesized with
oregano extract degraded Rhodamine B dye by 93% was
reported [20].

With the above aforementioned factors, in this study,
ZnO nanomaterial in hollow ZnO microspheres composed of
radially aligned nanorods morphology was synthesized. The
morphology, crystal structure and optical feature of the
synthesized photocatalyst was investigated. The novelty of
this study is to synthesize the hollow ZnO microspheres
composed of radially aligned nanorods through
hydrothermal methods. Two dyes methylene blue (MB) and
Rhodamine B (RhB) were selected for the photocatalytic
reaction performance test and the degradation of these dyes
reached to 98.95 and 98.62, respectively. To the present,
there is no report in the literature stating this maximum
degradation and mineralization of MB and RhB using hollow
ZnO microspheres composed of radially aligned nanorod.

2 Materials and method

2.1 Materials

Zinc nitrate hexahydrate (Zn(NOs),-6H,0) was
purchased from Across organics, ethylene glycol (CH20OH)s,
ammonium hydroxide (NHs3-H.0) and sodium carbonate
(Na2CO3z) from Sigma Aldrich. Methylene Blue was
supplied from AFG Bioscience, and Rhodamine B from
Isolab. All chemicals utilized in this work were reagent grade
and were not purified further.

2.2 Preparation of ZnO nanoparticles

To synthesize ZnO microspheres, 0.1M Zn(NOs3),.6-H,0
was homogeneously dissolved in 150 mL of ethylene glycol

for half an hour on a magnetic stirrer. Dropwise, 9 mL of
NH3H2O (25-28% wt) was added to this solution. Then 5
mM NazCO3 was dissolved in the resulting mixture to create
a homogenous solution. This mixture was put into a teflon
container. The teflon container was heated in a steel
autoclave for 12 hours at 150 °C. The autoclave was allowed
to cool at ambient temperature after heat treatment. The
water was then filtered with filter paper. The obtained sample
was washed multiple times and dried for three hours at 45
°C. Following this, it was thermally treated for 3 hours in air
at 450 °C.

2.3 Characterization

Using an XRD (X-ray diffraction) instrument, the
structural characteristics of the generated ZnO microspheres
were studied. The XRD patterns were obtained using a
Philips X'Pert PRO brand XRD device equipped with Cu Ka
radiation. The optical characteristics of the generated ZnO
microspheres were examined using a UV-Visible
Spectrophotometer (Shimadzu UV 1800). SEM (Scanning
Electron Microscopy) pictures of ZnO microspheres were
obtained using an FEI Quanta 650 type electron microscope.

2.4 Photocatalytic parameters testing

The photocatalytic activities of two dyes, methylene blue
(MB) and rhodamine B (RhB), were examined. As a light
source, a 300-watt xenon lamp was utilized. UV-Vis
spectroscopy was used to quantify photocatalytic
degradation in the 400-750 nm region. Degradation was
measured by preparing 50 mL solutions of dyestuffs at 5 ppm
(mgLY). Each experiment utilized 10 mg of manufactured
ZnO microspheres. After mixing ZnO with the microspheres
dye solutions were held in the dark for 30 minutes to
guarantee adsorption-desorption equilibrium. Then, from 0
to 90 minutes for MB and 0 to 120 minutes for RB, 2 ml
samples were obtained every 10 minutes, and their
measurements were recorded by detecting them in UV-Vis
spectroscopy.

The following equation was used to calculate the percent
distortions of MB and RB:

. Co — C
Degradation (%) = C—X
0

100 (1)

where Co is the starting concentration of MB and RB
solution (gL™) at t = 0 min, and Ct is the concentration of MB
and RB dye (gL™?) at various intervals.

The Langmuir-Hinshelwood model was used to
investigate the kinetics of dye degradation. The L-H model
works well for heterogeneous photocatalysis at low dye
concentrations, and the equation is as follows.

In(Ce/ Co) = —k-t 2
where Cy is the dye concentration in solution at time 0, C;

is the dye concentration in solution at time t, k is the rate
constant, and t is the reaction time [21,22].
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3 Results and discussion

X-ray diffraction was taken to confirm that the produced
nanoparticles have the ZnO phase. The XRD pattern of
nanoparticles is given in Figure 1. Very strong diffraction
peaks were observed in the XRD pattern of the produced
ZnO nanoparticles. These peaks correspond to the values of
31.73°, 34.39°, 36.22°, 47.52°, 56.59°, 62.86°, 65.96°,
67.96°, and 69.06° 20, respectively, (100), (002), (101),
(102), (110), (103), (112) and (201) planes. The XRD
diffraction peaks are in good agreement with the literature.
All peaks are in agreement with PDF: 01-080-0075 and
confirm that the ZnO phase has a hexagonal structure [23].

(101)

(100)
(002)

Intensity

Ref. code: 01-080-0075

| [ N

T T T T T T

,
10 20 30 40 50 60 70 80 20
20 (degree)

Figure 1. XRD pattern of the ZnO

The particle sizes of produced materials may be
examined using XRD patterns. The Debye-Scherrer equation
is one of several methods for calculating the size of
nanoparticles. Debye-Scherrer equation:

D = kA/Bcos 6 3)

The particle size is represented by the letter D in the
equation. The wavelength of the incident radiation (A1) is
equal to 1,54056 A. The variable k in the equation is a
constant number (k=0.94 for CuKa radiation). 8 denotes the
breadth at position of the peak at half-maximum intensity. 0
is the angle of diffraction of the peak.

The uniform deformation model (UDM) described by
Williamson-Hall can be used to analyze internal tension.
UDM may be used to study the samples' internal stress, as
suggested by Williamson-Hall. The equation below may be

0.025

used to determine the expansion brought on by lattice stress,
which can result in crystal defects and deformations in
materials in powder form:

_ Bri
€= 4 tan(6) @)

Following are the W-H Equations (5) and (6) that
produce the overall expansion:

__fa + 4¢ tan(0 (5)
Pra = D cos@ € tan(9)
Adjusted equation (4):
K2
Bhia cos(0) = ot 4e sin(6) (6)

The least square mean of all the peaks may be used to
estimate the D value pretty precisely using the modified
Scherer formula. Its formula is as follows:

B =kA/Dcos 8 = (kA/D)(1/cos8) (7)

If you take the logarithm of both sides of the equation
[24-26]:

InB =In(kA/D) + In(1/cosB) (8)

The size of the particles is an important parameter. In
order to evaluate the particle sizes of the ZnO nanoparticles
produced in the study, it was calculated using the Debye-
Scherrer, Williamson-Hall and Modified Scherrer equations.
The plot is drawn with cos(0) on the y-axis and 1/ on the x-
axis, as shown in Figure 2a. The dimensions of the produced
Zn0 nanoparticles were calculated using the Debye-Scherrer
equation and the dimensions of the particles were found to
be 44.273 nm. The crystal sizes of ZnO nanoparticles can be
examined in more detail by using the Williamson-Hall plot.
Williamson Hall graph is given in Figure 2b. It is seen that
the graph has a linear relationship and a positive slope. The
effective particle size for ZnO nanoparticles was calculated
as 32.39 nm by the Williamson-Hall equation. Using the
slope of the graph where In(1/cos0) is the x-axis and Inp is
the y-axis, the dimensions of ZnO nanoparticles were
estimated as 9.92 nm from the Modified Scherrer formula.
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Figure 2. The plot of Debye Sherrer (a) WH (b) Modified Schere (c)
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Figure 3. SEM images of ZnO at low magnification (a-b) and high magnification (c—d)

The morphological properties of the produced ZnO
nanoparticles were characterized by SEM and the obtained
images are presented in Figure 3. As can be seen from the
SEM images, ZnO has a uniform morphology in the form of
microspheres formed by the combination of hexagonal
nanorods. The visible ZnO microspheres have diameters in
the 3-9 um range. The mean diameter of these microspheres
is 5.16 pm. In Figures 3c and 3d, it can be clearly seen that
the morphology of ZnO consists of nano-sized hexagonal rod
structures [27]. The hexagonal structure seen here is
consistent with the XRD results.

Absorbance

2.4 2.6 238 3.0 3.2
hv (eV)

300 400 500 600 700 800 900
Wavelength (nm)

Figure 4. Absorbance and bandgap pattern of ZnO

The optical properties of ZnO microspheres were
investigated by UV-vis and the spectra in the 300-900 nm
range are shown in Figure 4. When the absorption spectrum
of ZnO microspheres is examined, it has a strong absorption
in the wavelength range of 350-400 nm in the UV region.
This absorption peak peaked at about 371 nm. This result
indicates that the ZnO sample can be excited by ultraviolet
and visible light sources. The band gap energies of the
synthesized ZnO microspheres can be obtained by the Tauc
method by utilizing the (ahv)? versus (hv) plot. In this way,
the band gap energies of ZnO microspheres were estimated
as 3.1 eV. This result is compatible with the literature [28—
30].

Photocatalytic degradation of MB dye under sunlight
simulator illumination in the presence of produced ZnO
microspheres is shown in Figure 5. When the UV-Vis
absorption spectra for the MB dye were examined, the
maximum absorbance was found at 664 nm. For MB, the
absorption gradually decreased steadily with increasing
illumination time. The UV absorption peaks for MB were
reduced to almost zero after 90 minutes under sunlight.

In Figure 6, the degradation of ZnO microspheres on MB
dyestuff after 90 minutes was determined to be
approximately 98.95%. The degradation rate of the dyestuff
under sunlight without a photocatalyst is 1.82%.

The rate of decay MB for ZnO microspheres is shown in
Figure 7a and 7b. The decay rate constant k under the

1001



NOHU Miih. Bilim. Derg. / NOHU J. Eng. Sci. 2023; 12(3), 998-1006
H. Eskalen, M. Kavgact

illumination of solar simulator light was evaluated by
plotting a graph of In(C/Co) against the illumination time (t)
(Figure 7). To calculate the k value, a pseudo-first-order
model was employed. Figure 7b makes it evident that time
and In(C/Co) have a strong longitudinal reliance on ZnO
microspheres. ZnO microspheres MB decay k-value was
calculated to be 0.05175 min.

1.2

Blank

———Omin.

104 ——10min.
= 20min.
0.8 —30min.
~——40min.
— 50min.
———60min.

Absorbance
o
(-]

o
>

0.2 -

0.0 T
400 450 500 550 600 650 700 750

Wavelength (nm)

Figure 5. UV-visible absorption spectra of MB in the
presence of ZnO microspheres over time
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The time-dependent photocatalytic degradation of ZnO
microspheres RB in solar simulator illumination was
investigated. RB degradation was determined by recording
the absorbance decreases with the maximum peak in the UV-
Vis absorption spectrum at 554 nm. The absorbance graph of
RB is given in Figure 8. In the solar simulator light, the
absorption peaks for RB approached nearly zero at the end
of 120 minutes.
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Figure 8. UV-visible absorption spectra of RB in the
presence of ZnO microspheres over time
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Figure 9. Photocatalytic degradation of RB in the
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Figure 7. Concentration ratio (C/C,) vs time plot (a) Dye degradation In(Cy/C,) against time spectrum (b)
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After 120 min, the degradation of the ZnO photocatalyst
on RB was 98.62%. The self-degradation rate of RB dyestuff
was found to be 5.5% under solar simulator light without
ZnO microspheres.

Figures 10a and 10b show graphs of the degradation rate
of the generated ZnO samples on RB. Using the pseudo-first-
order model, the decay rate value k was computed as a
0.03405 min,

The photocatalytic activity of freshly synthesized hollow
microspheres with radially aligned nanorod ZnO and various
morphologies ZnO nanoparticles is presented in Table 1.

Because of its low cost and non-toxicity, ZnO is
frequently utilized as an excellent photocatalyst for the
breakdown of dyes. Figure 11 schematically illustrates a
proposed photodegradation mechanism of MB and RB by
ZnO microspheres under sunlight. It is fair to speculate that
Zn0O's improved photocatalytic characteristics are owing to

1.0

0.8 - .\

.\
o 061 l\
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=
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0.4 '\
| |
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0.2 - ~
[ |
~
.
H_
0.0 i
rr1rr 1 1 1 1T 1T 1T 1t rrrrer i
0 10 20 30 40 50 60 70 80 90 100 110 120

Time (min.)
(a)

its huge surface area, more oxygen vacancies, and higher
charge separation and transfer efficiencies. In the
photocatalytic process, MB or RB molecules are adsorbed on
the surface of ZnO microspheres. Under sunlight, MB or RB
dye radicals are generated. Similarly, electron-hole (e-h*)
pairs may be formed in ZnO microspheres when exposed to
sunshine. These electron-hole pairs can be removed from the
ZnO surface. Following this, superoxide anion (-O2) can be
generated as a result of the interaction of electrons (e”) with
oxygen molecules (Oz). The interaction of these superoxide
anions with H* can produce hydroxyl radical (-OH). Holes
(h*) may oxidize water molecules (H,O) and hydroxyl ions
(OH") to generate a hydroxyl radical (-OH). The Oz and OH
radicals are very reactive and can oxidize and damage MB
or RB [27,38-41].

IN(Cy/Co)

k= 0,03405 min"! R2=0,92145 "

T T T 7T 7T T 71

T LI DL |
0 10 20 30 40 50 60 70 80 90 100 110 120
Time (min.)

(b)

Figure 10. Concentration ratio (C/C,) vs time plot (a) Dye degradation In(Cy/C,) against time spectrum (b)

Table 1. Comparison study of degradation for different morphological ZnO nanoparticles

Morphology of Photocatalyst and Dye and dye Concentration Type of Irradiation Time % Ref.
concentration Irradiation (min) Degradation
Spherical RhB (15 ppm) UV-light 100 min 94.24 [20]
ZnO (50 mg) Solar light 180 min 93
Disk like ZnO/nanocellulose (35 mg) MB (3.25 g/L) UV-light 300 min 79 [31]
Finger-like macro-voids ZnOicellulose MB (100 ppm) UV-light 120 min 30 [32]
acetate (10 mg) Solar light 120 min 75
Oval-shaped ZnO (50 mg) MB (10 mg/L) UV-light 180 min 54 [33]
Cauliflower-like ZnO (20 mg) MB (2.24 uM) UV-light 180 min 88.2 [34]
Flowerlike ZnO (20 mg) RhB (10 uM) Solar light 200 min 98 [35]
Cube like ZnO (0.8 g/L) RhB (20 mg/L) Solar light 240 min 71 [36]
Spherical like ZnO (100 mg) RhB (10 ppm) Solar light 300 min 80.13 [37]
Microspheres formed of radially oriented MB (5 ppm) Solar light 90 min 98.95 This work
nanorods ZnO (10 mg) RhB (5 ppm) Solar light 120 min 98.62
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MB,RB

H,0, C,0
other products

Figure 21. The photocatalytic mechanism of MB and RB
degradation in a ZnO sample [42]

4 Conclusion

The hydrothermal process was used to synthesize ZnO
microspheres. In ZnO microspheres, the crystal structure was
found as hexagonal. The mean sphere diameter of the ZnO
microspheres was 5.16 m, while their sizes ranged from 3 to
9 m. The synthesized ZnO microspheres imply that electron-
hole pairs may be effectively separated and transported.
Therefore, it is logical to hypothesize that the effective
photocatalytic qualities may be brought about by a more
significant surface area, more oxygen vacancies, and higher
charge separation and transfer efficiency. The ability to
exploit ambient sunlight was detected in the synthesized
microspheres, which were highly effective photocatalysts
with wide-bandgap energy. The created microspheres show
promise and may be applied in photocatalytic processes that
utilize sunlight to remediate wastewater.
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