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ARTICLE INFO ABSTRACT

Keywords: ZnO nanostructures are well-known photocatalysts for the degradation of toxic organic dyes and their
Microwave assisted synthesis morphology, size, and other physicochemical properties play important roles in their photocatalytic perfor-
pH control mance. To study the effect of size, morphology, and synthesis conditions in photocatalytic performance, we
ZnO nanoparticles . . . . . . . .

Photocatalysis synthesized ZnO nanoparticles of different morphologies through a simple microwave-assisted chemical process

at different pH values of the reaction mixture. Different pH values of the reaction mixture produced ZnO
nanoparticles of different morphologies and sizes. The nature of the pH controlling agent and final pH of the
reaction mixture were seen to have considerable effects on the lattice parameters and microstrain of the ZnO
nanocrystals, along with their photocatalytic performance. We observed that while the ZnO nanostructures
synthesized at very high pH values of the reaction mixture have a high specific surface area, their photocatalytic
activity is higher when they are synthesized at acidic pH or pH near the isoelectric point of ZnO. The results
demonstrate that the photocatalytic activity of ZnO nanostructures not only depends on their size or specific

surface area but also strongly depends on the concentration of catalytic sites at their surface.

1. Introduction

Population growth and subsequent increased energy demand of the
present world along with insufficient environmental awareness of the
people have increased water pollution to a level of considerable concern
[1-3].

The release in effluents of unutilized chemical and biological agents
from textile, wood, chemical, and pharmaceutical industries containing
organic dyes, unutilized chemical and biological agents are the principal
causes of present water pollution. All these compounds and biological
agents are hazardous not only to marine or aquatic lives but also for
surrounding wildlife and public health [4-6]. Among the
above-mentioned contaminants released through industrial effluents,
organic dyes of ionic or neutral nature such as Methylene Blue (MB),
Rhodamine B (RhB), and Auramine O are the main components of textile
and wool industry effluents, which, dissolved in water, reduce its oxygen
content, causing the death of aquatic animals such as fishes and various
microorganism. The presence of dyes in water bodies can also have
various human effects depending on the degree of exposure since some
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compounds are highly toxic and carcinogenic [7].

Several strategies have been adopted for eliminating organic dyes
from wastewater, which include physical, biological, and chemical
methods. Membrane-filtration processes, aerobic microbial degradation
and chemical oxidation using Fenton’s reagents are some of the popular
methods. While these strategies cannot remove the contaminants
completely, they generate equally toxic sub-products. Advanced oxida-
tion processes (AOP) are a promising technology for dye degradation
because they can generate highly reactive hydroxyl radicals (OH-) in
large numbers and thus complete the oxidation of many pollutants,
generating carbon dioxide, water, acid, or mineral salts as by-products
[8]. Photo-active semiconductors, especially metal oxides have been
utilized as catalysts in AOP processes. The use of metal oxides as pho-
tocatalysts in AOP has become relevant due to their high activity and
stability, as well as low cost, and non-toxicity [9]. In AOP, the semi-
conductor photocatalyst is illuminated with visible or UV radiation of
energy equal to or greater than its bandgap energy to produce electrons
and holes. The photo-generated electron-hole pairs reach the surface of
the semiconductor catalyst and are responsible for the redox reactions
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Fig. 1. XRD patterns of the ZnO nanostructures synthesized using a) NaOH and b) KOH as pH controlling agent in the reaction mixture.

that degrade contaminants [10]. During the process, the holes oxidize
the water molecules and hydroxyl ions present on the surface, gener-
ating hydroxyl radicals and superoxide oxygen radical anions, while
electrons and oxygen react to produce superoxide radical anions. These
highly reactive species produced through redox reactions are respon-
sible for degrading pollutants [11].

One of the most used metal oxide semiconductors in photocatalytic
processes is TiOy. However, ZnO is another metal oxide semiconductor
that has higher photosensitivity and hence a greater capacity to generate
hydroxyl radicals along with higher electron mobility than TiOs.
Recently nanostructured ZnO has become a widely used material in
optoelectronic and environmental applications. The factors that play
important roles in the photocatalytic performance of ZnO nano-
structures are crystallite size, morphological, and textural properties of
the particles, as well as Zn and O vacancy-related intrinsic defects.
However, these properties can be controlled during the synthesis process
by controlling the synthesis conditions such as reagents, solvents, pre-
cursor ratio, reaction time, and temperature [12]. Particularly, the
number of structural defects in the ZnO particles can be increased
through microwave-assisted synthesis due to the fast nucleation and
growth involved in this process [13]. Also, microwave-assisted synthesis
has a higher reaction efficiency and shorter synthesis time compared to
synthesis by conventional heating [14].

ZnO nanostructures of different morphologies, crystallinity, and
defect structures have been fabricated systematically utilizing different
synthesis protocols. For example, Yu et al. [15] fabricated hierarchical
3D ZnO nanostructures using different surfactants (SDS, CTAB, PEG400,
and PVP) in hydrothermal synthesis. Utilizing the hydrothermal process,
Lin et al. [16] fabricated ZnO nanostructures of two different mor-
phologies; one-dimensional scale-like ZnO (1D ZnO), and
three-dimensional flower-like ZnO (3D ZnO), observing changes in
photocatalytic performance when the nanostructures were annealed
under hydrogen. Xu et al. [17] reported the fabrication of porous
defective ZnO cellular hexagonal plates with high surface oxygen va-
cancies by hydrothermal and high-temperature NaBH4 reduction
methods, which exhibited excellent solar-driven photocatalytic degra-
dation performance. Mohammed and coworkers [18] synthesized

rods-like ZnO nanoparticles by MW-assisted reaction and utilized them
for photocatalytic degradation of organic dyes. However, they did not
consider the effects of the pH of the reaction-solution on the charac-
teristics of ZnO particles. A few studies reported that modifying the pH
in ZnO synthesis improves the photocatalytic activity without using a
doping element [19,20]. Although ZnO nanostructures with different
morphologies such as flowers, spheres, rods, leaves, prisms, hexagonal
discs, etc. Have been reported in the literature, all of them have been
synthesized in basic reaction media (pH 8-14) [21-23].

In the present work, ZnO nanostructures of different morphologies
have been synthesized by microwave-assisted chemical technique at
different pH values (acidic, basic, and neutral) of the reaction mixture.
The nanostructures were prepared without adding any surfactant and
without post-growth thermal treatment. Obtaining ZnO particles with
oxygen vacancies and defects, due to the rapid reaction process and non-
stoichiometric synthesis, is expected to improve their behavior in the
degradation of pollutants. Morphology, structure, and optical properties
of the nanostructures were evaluated using scanning electron micro-
scopy (SEM), X-ray diffraction, micro-Raman, and UV-Vis spectros-
copies. The Photocatalytic performance of the fabricated nanostructures
was evaluated in the degradation of organic dyes under UV light.

2. Experimental

ZnO nanostructures were fabricated by microwave-assisted chemical
synthesis. In a typical synthesis process, 0.4 mol of zinc acetate dihy-
drate (Zn(CH3COO)2-2H0, 99% Sigma Aldrich) was dissolved in 50 mL
of ethanol (CoHsOH, 99.5%, Meyer) and 720 pL of deionized water
(H20). The solution was kept under constant magnetic stirring for 10
min. The natural pH of the reaction mixture was 5.0. Then, the solution
was placed inside an Anton Paar Multiwave PRO reactor and irradiated
at 400 W for 10 min. The obtained product was washed with water and
acetone several times and dried at 80 °C for 12 h. The sample obtained at
this reaction pH (pH = 5) was denoted as 5Z. To study the effect of re-
action pH, two more sets of samples were prepared at pH 7, 8, 10, and 12
of the reaction mixtures. The pH of the reaction mixture could be varied
by the slow addition of either 4 M NaOH or 4 M KOH solutions (97%,
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CIVEQ) under magnetic stirring before their MW treatment. The samples
prepared at pH 7, 8, 10, and 12 utilizing NaOH solution as pH adjusting
agent were denoted as 7Na, 8Na, 10Na, and 12Na, respectively. Simi-
larly, the samples prepared at pH 7, 8, 10, and 12 utilizing KOH solution
as pH adjusting agent were denoted as 7 K, 8 K, 10 K, and 12 K,
respectively. According to reports, both Zn>* and OH~ sources have an
important role in the final properties (optical, morphological, and
structural) of photocatalysts, due to their nature and production pro-
cesses, however, much remains to be clarified [24-27].

Obtained samples were structurally characterized by X-ray diffrac-
tion (XRD), using a Rigaku Smartlab diffractometer (Ao, = 1.544 A)
The patterns were recorded with a scan rate of 4.0°/60.0 s. Morpho-
logical analysis of the nanostructures was carried out in a field-emission
scanning electron microscope (FESEM, JEOL InTouch Scope). Raman
spectra of the samples were acquired at room temperature in a HORIBA
Scientific (Xplora PLUS) micro-Raman spectrometer. A SHIMADZU
Fourier spectrophotometer (FTIR IRAffinity-1S) was used to obtain the
Fourier-transform infrared (FTIR) spectra of the samples in the 4000-
400 cm™! range. For FTIR measurements, the powder samples were
pelletized with dry KBr (FT-IR grade, Sigma Aldrich). Surface area
analysis of the samples was performed in a BELL Mini-II analyzer at

Table 1

XRD and BET estimated structural and texture parameters along with UV-Vis
spectra analyzed band gap energy values of the ZnO nanostructures prepared at
different reaction pH values utilizing NaOH and KOH as pH controlling agent.

Sample Av. Crystallite size Spgr (m? Av. pore size Eg (eV)
(nm) g™h (nm)
5Z 18 9.95 2.75 3.16
7Na 21 5.93 1.75 3.19
8Na 23 6.72 1.55 3.18
10Na 20 9.40 1.56 3.17
12Na 24 14.56 1.52 3.17
7K 23 5.94 1.57 3.19
8K 20 5.96 1.56 3.18
10K 20 6.44 1.56 3.15
12K 20 12.11 1.56 3.15

liquid nitrogen temperature. Before recording the adsorption-desorption
isotherms, the samples were degassed at 200 °C for 3 h under vacuum.
The optical absorption spectra of the samples were obtained in a SHI-
MADZU UV-2600 spectrophotometer.

Methylene blue (MB, C;6H;8CIN3S, 98.5%, CIVEQ) and rhodamine B
(RhB, CpgH31CIN203) aqueous solutions (10 ppm) were used to evaluate
the photocatalytic activity of the ZnO nanostructures. For photocatalytic
evaluation, 24 mg of the catalyst was added into 80 mL of dye solution.
Prior to irradiation, the solution was kept under ultrasonic stirring for
30 min to reach the adsorption-desorption equilibrium between the
catalyst and the dye molecules. The lamp used in the experiments is a
UVA light bulb, also known as black light, which emits a wavelength
between 400 and 320 nm, with an approximate average of 365 nm. It
should be noted that the lamp used is 30 W of power, which was fitted on
the top of the glass reactor at 10 cm above the liquid level. The photo-
catalytic reaction was carried out for 240 min. To measure the changes
in the concentration of the solution, aliquots (~5 mL) were taken from
the reaction mixture every 30 min and centrifuged (2500 rpm, 20 min)
to separate the photocatalyst from the suspension. A SHIMADZU UV-
2600 spectrophotometer was used to monitor the changes in absor-
bance in the main bands of MB and RhB, located at 664 and 554 nm,
respectively.

3. Results and discussion

X-ray diffraction was used to investigate the crystal structure of the
ZnO samples synthesized at different reaction pH, as shown in Fig. 1. All
the samples revealed sharp and intense diffraction peaks correspond to
the hexagonal wurtzite phase of ZnO (JCPDS Card # 36-1451). No
additional peak corresponds to other phase or impurity in the diffraction
patterns of the samples, indicating their high purity. However, with the
variation of solution pH, changes in the intensity and peak broadness
(Fig. 2a) could be observed for both the sample sets (prepared using
NaOH and KOH as pH controlling agents).

Variations in the intensity and width of the diffraction peaks are
associated with changes in the crystallite size and lattice strain of the
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Fig. 3. Typical SEM images of the ZnO nanostructures synthesized at different reaction pH values using NaOH (series Na) and KOH (series K) as pH controlling agent.

structure [28,29]. Average crystallite size and lattice strain in the Ki
fabricated nanostructures were estimated utilizing the Uniform Defor- P cos 0= ) +4esin 0 @
mation Model (UDM) of the Williamson-Hall, utilizing the relation [30]:

where K is a shape factor, which is ~ 0.9 for spherical particles, ¢ is the
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lattice strain, g is the full width at half maximum (FWHM) of the
considered diffraction peak in radian, ¢ is the Bragg’s angle, 1 is the X-
ray wavelength, and D is the crystallite size. Using the slope and the
intercept in the ordinate axis of the linear fits of the f cos 8 vs 4 sin
plots, lattice strain and average crystallite sizes in the samples were
estimated, respectively (Fig. 2¢ and d) [31]. Obtained results are sum-

marized in Table 1.
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Lattice parameters of the nanocrystals were calculated using the
following equations [28]:

A
a=———
V/3sin 100

@
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Fig. 2b shows the changes in lattice strain and lattice parameters of
the ZnO particles with the variation of solution pH for both the cases
(NaOH and KOH). As can be seen in Fig. 2b, for the case of NaOH as a pH
controller, the lattice parameters a and c vary in a complex manner with
clear a-axis lattice shrinkage and c-axis lattice expansion near a pH of
8.5, which is close to the isoelectric point of ZnO [32]. On the other
hand, for KOH, after an initial shrinkage of the lattice both along a and c,
the values of the lattice constants increased, reaching a maximum near
pH = 9.5, indicating a lattice expansion along of both the a and c-axis.
Observed changes in the lattice constants and lattice strain could be
associated with the change in the reaction pH, as well as the source of
hydroxyl ions used in the synthesis process since the type of base used
has significant effects on the crystallinity and structural defects of the
ZnO particles [25,26,33]. As can be seen, the lowest values of a and ¢
were obtained using NaOH as a pH controlling agent, and the highest
with KOH; these variations can be explained by Ralph Pearson’s theory
of hard acids and hard bases. OH™ is a hard base and prefers the union of
a hard acid (the smaller the ions are the harder) and the hardness of the
acid is reduced Li > Na > K > Rb > Cs. Therefore, the hydrolysis of Zn in
KOH solution is faster than that of NaOH and its crystal growth rate is
higher [34].

Similar results were reported by Abdelouhab et al. [35], where they
indicate that the nature of zinc ions source precursor and the used
alkaline hydroxide not only affect the crystallinity of the sample but also
the morphology and size of particles. Uekawa et al. [36] reported that
the interaction between cations in alkali metal hydroxide, water mole-
cules, and Zn(OH)ﬁf ions affect the growth process of zinc oxide crystals.
With the increase of pH of the reaction medium, the average crystallite
size of the ZnO particles changes (Table 1).

The possible growth of the ZnO particles is described by the
following chemical reactions [37,38]:

Zn(CH3COO), - 2H,0 + 2NaOH — Zn(OH), + 2Na(CH;COO) + 2H,0
Zn(OH), 4+ 2H,0 — Zn(OH); +2H"

Zn(OH);™ = ZnO + H,0 + 20H~

In this work, KOH was also used as a source of hydroxyl ions so an
above process similar would be carried out.

The morphology of the microwave synthesized ZnO nanostructures
was investigated by scanning electron microscopy (SEM). Typical SEM
images of the samples are shown in Fig. 3. As can be seen, the sample
prepared without adjusting solution pH (i.e. without the addition of an
alkaline agent, sample 5Z) consists of nanometric particles of semi-
spherical shape. ZnO particles synthesized at reaction solution pH = 7
with NaOH addition (sample 7Na) contained a bit bigger particles of

semi-spherical shape, with prominent crystal facets. The shape of the
particles changed from semi-spherical to rod-like for sample 8Na. For
the reaction pH = 10 (i.e. sample 10Na), the particles become a bit
smaller and non-uniform shapes. Finally, for reaction pH = 12, the shape
of the obtained particles is disk-like.

On the other hand, for the samples synthesized using KOH as a pH
controlling agent, the sample prepared at pH = 7 (sample 7 K) revealed
similar morphology as that of the sample 7Na with a slightly bigger
average size. However, for the samples prepared with higher solution
pH, i.e., samples 8 K, 10 K, and 12 K, the average size of the particles
decreased gradually with shape becoming irregular (Fig. 4). Particle size
distribution in the samples was analyzed by measuring the size of in-
dividual particles from the SEM micrograph of the respective sample,
and the average particle size was estimated by the log-normal fitting of
the size distribution histograms (Fig. 4). As can be seen in Fig. 4d, for
both NaOH and KOH, with the increase of solution pH, average particle
size increased up to a certain pH value and then decreased. While for
NaOH, the maximum average particle size was for pH = 8, the maximum
particle size for KOH was obtained at pH = 7.

Changes observed in crystallite size and morphology of the synthe-
sized ZnO particles are related to the variations in the molar ratio Zn?*
and OH™ ions in the reaction solution [39], since the addition of NaOH
and KOH have significant effects on the concentration of Zn(OH), and
[ZnO(OH)4] > present in the reaction medium, which controls the
nucleation and growth rate of ZnO nanostructures [15]. The variation of
Zn(OH), and [ZnO(OH)4]2' in the reaction mixture can also induce
lattice strain, causing structural deformation. The results obtained in the
present work indicate the role of reaction pH on the size and
morphology of the ZnO nanostructures.

To confirm the existence of organic compounds and inorganic spe-
cies in the ZnO nanostructures synthesized at different pH values, all the
samples were characterized by FTIR spectroscopy in the range of
4000-400 cm ™! (Fig. 5). The band that appeared at ~3400 cm™! is
associated with the stretching vibration of —OH, which probably
appeared due to the water adsorbed on the surface of the particles [40].
The sharp and well-defined absorption bands that appeared around
1580 cm ! and 1420 cm ™! are the symmetric stretching (v;-COO) and
asymmetric stretching (v,-COO) that are characteristic of the acetate
groups [41]. Also, it is possible to observe signals around 900-1100
cm ! that are related to the acetate group [42], attributable to the
precursors or the formation of by-products of the reaction, either as
sodium acetate or potassium acetate [38]. The signals of these acetate
groups were not eliminated because heat treatment was not performed
on the samples obtained.

These species found on the surface of photocatalysts may affect the
interaction with both dye and water molecules in the photocatalysis
process. Finally, the characteristic vibrational modes of the Zn—-O bond
appeared in between 420 and 500 em™}, confirming the formation of
ZnO in the samples [43].
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Fig. 9. Absorption spectra of the (a) MB and (b) RhB solution recorded at
different intervals during photocatalytic degradation by ZnO nanostructures
prepared using NaOH and KOH.

According to group theory, the wurtzite structure of ZnO (space
group cg,,) has 3 vibrational modes active in Raman; A1, Eq, and E, [44].
Fig. 6 shows the Raman spectra of the samples synthesized with NaOH
and KOH as a pH controlling agent. The strongest peak for all samples
appeared around 427 cm™}, which is the 2E, (high) vibration mode of
the nonpolar optical phonons of ZnO [45]. Two weak bands observed
around 313 and 380 cm ! are the zero limit phonons 2E; (low) and the
transverse optical mode A; (TO), respectively [46]. The E; (LO) mode
appeared at 566 cm ™! corresponds to the surface oxygen vacancies in
ZnO [47]. Also, all samples present a signal ~660 cm™! indicating the
presence of the adsorbed acetate group [42], corroborating the obser-
vations in FTIR. The high intensity of the E; mode together with the
weak signal of E; (LO) confirms that the synthesized ZnO nanostructures
posse high crystallinity as indicated by the XRD results [44].
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Fig. 10. Plot of (C/Co) versus time for ZnO nanostructures synthesized at
different pH values using NaOH and KOH, for the degradation of (a) MB and (b)
RhB at different intervals of time.

To estimate the specific surface area of the ZnO samples synthesized
at different reaction pH, their Ny adsorption-desorption isotherms were
recorded at 77 K (Fig. 7). BET multipoint method was used on the lower
relative pressure region of the adsorption isotherm to estimate the
specific surface area. Pore size distribution in the samples was obtained
using the BJH (Barret, Joyner, Halenda) method on the adsorption
isotherm (Table 1). According to the IUPAC classification, all the sam-
ples show type IV adsorption isotherms with H3 hysteresis loops, char-
acteristic of mesoporous materials [48,49]. Table 1 presents the specific
surface area data calculated for all the samples. From Table 1, it can be
seen that as the pH of the precursor solution increased, the specific
surface area decreased (in general), which is in good agreement with the
SEM observations, where the samples with the higher pH values
revealed higher particle aggregation [50]. Also, the 5Z sample exhibited
a larger pore size range compared to the other samples, allowing its
greater specific surface area.

Fig. 8 shows the optical absorption spectra of ZnO particles synthe-
sized at different pH values using NaOH and KOH as pH controlling
agents. All the samples revealed a sharp absorption edge in the UV re-
gion (200-400 nm). However, the sample 5Z exhibited a slightly higher
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Fig. 11. Kinetics of (a) MB and (b) RhB degradation by the ZnO nanostructures prepared using NaOH and KOH as a pH controlling agent.

Table 2

Summary of photocatalytic performance of ZnO nanoparticles synthesized at
different pH values of the reaction mixture. D corresponds to degradation % and
k corresponds to kinetic constant.

Sample MB RhB
% D k (min~1) % D k (min~1)

5Z 99 17 x 1073 98 9.5 x 1073
7Na 90 9.4 x 1072 85 7.6 x 1072
8Na 9% 12.8 x 1072 93 11.1 x 1073
10Na 94 12.3x 1073 89 7.8 x 1073
12Na 88 8.6 x 103 84 6.7 x 1073
7K 85 8.1 x 1072 78 6.1 x 1072
8K 86 8.1 x1073 75 5.9 x 1073
10K 91 10.3 x 1073 83 7.3 x 1073
12K 92 10.1 x 1072 79 6.4 x 1072

absorption in the visible region, unlike the other samples (inset).
Bandgap energy values for the samples were estimated by extrapolating
the linear portions of absorbance spectra (R > 0.998), using the relation
[51]:

- 1239.?42 X m )
where m and b correspond to the slope and intercept in the ordinate axis
of the linear fits, respectively. The 5Z sample possesses a bandgap en-
ergy value of 3.16 eV, while 7Na, 8Na, 10Na, and 12 Na samples
exhibited their bandgap energy as 3.19, 3.18, 3.17, and 3.17 eV,
respectively. Samples prepared with KOH, i.e., 7 K, 8 K, 10 K, and 12 K
revealed their bandgap energy values 3.19, 3.18, 3.15, and 3.15 eV,
respectively.

Photocatalytic efficiencies of the ZnO nanoparticles were evaluated
using methylene blue (MB) (10 ppm) and rhodamine B (RhB) (10 ppm)
degradation as model reactions. For photocatalytic tests, 24 mg of
catalyst was added to 80 mL of the dye solution. Before irradiation, the
solution was placed in an ultrasonic bath under dark for 30 min, to
obtain the adsorption-desorption equilibrium of the dye on the sample
surface.

Photocatalytic degradation was carried out over 240 min using a UV
lamp of 30 W power placed 10 cm above the reactor. After every 30 min
of UV irradiation, an aliquot (approximately 5 mL) was withdrawn from
the reaction solution and centrifuged to separate the particles. Change in
absorbance of the catalyst-free aliquots was determined from their ab-
sorption spectra, monitoring the intensity of the principal absorption
bands of MB and RhB located at 665 and 554 nm, respectively. The
degradation efficiency (DE) was calculated using the relation:

Cy— C,“ Ay A — Ay
G 100 = A 100 (5)

DE(%) =—"—"

where Cy, Ag correspond to the initial concentration and absorbance of

the dye, respectively. C;, A; are the concentration and absorbance of the
dye at time t, respectively [52,53].

Absorption spectra of the MB and RhB dye solutions at different
times of UV exposure are shown in Fig. 9. It can be seen that the intensity
of the main absorption bands of the dye molecules decreases gradually
with irradiation time. However, the catalyst 5Z exhibits a higher
degradation rate for both the dyes (Fig. 10). In the case of MB, the
degradation efficiency after 240 min of irradiation was as follows: 5Z
(99%) > 8Na (96%) > 10Na (94%) > 12 K (92%) > 10 K (91%) > 7Na
(90%) > 12Na (88%) > 8 K (86%) > 7 K (85%). On the other hand, for
RhB, the samples presented the following sequence of degradation: 5Z
(98%) > 8Na (93%) > 10Na (89%) > 7Na (85%) > 12Na (84%) > 10 K
(83%) > 12 K (79%) > 7 K (78%) > 8 K (75%).

For the tested dyes (MB & RhB), the 7 K and 8 K samples revealed the
lowest percentage of degradation. We attribute this behavior to the fact
that both the samples posse low specific surface area, in addition to their
highest energy gap values among the samples.

In (%:) =kt (6)

Langmuir-Hinshelwood (L-H) kinetic model was used to calculate
the kinetic constants of the samples for the photocatalytic degradation of
MB and RhB. For that, we utilized the relation:Where C, is the initial dye
concentration, C, is the dye concentration at time t and k is the pseudo-
first-order rate constant. Fig. 11 shows In (C,/C,) versus time plots of the
photocatalysts for MB and RhB degradation. The linear fits used for the
determination of k values (rate constants) had a good fit to the data
points (R? >0.994) and the rate constants values for the samples are
listed in Table 2.

As can be seen in Table 2, samples 5Z and 8Na have the highest
activities among the samples of corresponding groups for degrading MB
and RhB, while samples 7 K and 8 K have the lowest activities. While the
sample prepared with natural pH = 5.0 of the reaction mixture (i.e. the
sample 5Z, prepared without adjusting pH) revealed the best photo-
catalytic activity for degrading MB and RhB, an increase of solution pH
of the synthesis reaction mixture to 7.0 using either NaOH or KOH
produced ZnO nanostructure of reduced photocatalytic activities. On
increasing the pH of the reaction mixture further up to a certain level (i.
e., up to pH = 8 for NaOH and pH = 10 for KOH), the photocatalytic
activity of the synthesized ZnO nanostructures increased. The photo-
catalytic activity of the ZnO nanostructures prepared at reaction solu-
tion pH higher than optimum (pH = 8 for NaOH and pH = 10 for KOH)
value reduced. The results obtained in our photocatalytic study of the
ZnO nanostructures prepared at different reaction solution pH under
microwave irradiation indicate the ZnO nanostructures prepared at
acidic or near isoelectric point pH values are more suitable for photo-
catalytic degradation of organic dye molecules. As can be noticed from
Table 1 and 2, although the samples 5Z, 8Na, and 10 K revealed high
photocatalytic activity, their specific surface areas are not the highest



M. Arellano-Cortaza et al.

among the samples of corresponding sets (prepared using NaOH or
KOH). Rather, the nanostructures synthesized at the highest pH value (i.
e. pH = 12.0) using either NaOH or KOH have the highest specific sur-
face areas (Table 1). The results demonstrate that not only the specific
surface area but the concentration of active catalytic sites at the surface
plays an important role in the photocatalytic performance of the ZnO
nanostructures.

That is, the active sites could be related to the oxygen vacancies of
the 5Z sample, which are possible since the synthesis conditions are not
stoichiometric [54], and due to the microwave irradiation the nucle-
ation and growth of the crystals are done very quickly. promoting the
increase of structural defects [18,55]. These defects cause the ZnO
particles synthesized under acidic conditions to exhibit an increase in
absorbance in the visible region [16,17,46], as shown in the inset in
Fig. 8.

4. Conclusion

In summary, we demonstrate the synthesis of ZnO nanoparticles of
different morphologies through a fast, microwave-assisted chemical
technique at different reaction pH values of the reaction mixture. While
the nanoparticles of varied morphologies and sizes could be synthesized
by the used technique, variation of reaction pH is seen to have a strong
effect on the lattice parameters and lattice strain of ZnO nanocrystals.
Depending on the nature of the pH controlling agent, lattice constants
and microstrain of the ZnO nanocrystals lattice vary in complex man-
ners. On utilizing NaOH as a pH controlling agent, both the lattice pa-
rameters a and c of the hexagonal ZnO lattice decrease with the increase
of pH of the reaction mixture along with a gradual increase of micro-
strain; these changes in the values of a and ¢ can be attributed to its basic
dissociation constant, since being strong acids, it is possible that there is
an excess of OH- ions, so there will be an accumulation of negative
charges that generate a disaggregation.

However, on utilizing KOH as a pH controlling agent, both the lattice
parameters increase with reaction pH along with the increase of lattice
strain. While the ZnO nanostructures synthesized at the highest pH value
(pH = 12) revealed the highest specific surface area, the nanostructures
prepared at pH = 5 (natural pH value of the reaction solution) revealed
the best photocatalytic performance of the degradation of organic dyes
such as MB and RhB, clearly revealing the role of active catalytic sites at
the nanostructure surface. We must consider that although the concen-
trations of Na™ and K on to the surface of ZnO particles could be low,
the subproducts generated in the reaction (Na(CH3;COO), K(CH3COO))
are possibly related to the discoloration percentages obtained in the tests
[33], because the catalysts were not calcined.

So, these ions interact not only with the molecules of the organic
dyes, but also with the water, and due to their properties, they affect the
photocatalytic performance of the samples in which NaOH or KOH was
used [32].
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