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Abstract: In this work, the adsorption and photocatalytic properties of ZnO-ZnAl20+-CuO na-
nosized composites synthesized by the polymer-salt method have been studied. To evaluate the
efficiency of adsorption, experiments were carried out on the decolorization of aqueous solutions of
the Chicago Sky Blue diazo dye. The adsorption process is divided into two stages, at the first stage
the dye is rapidly adsorbed on the outer surface of the composite particles, at the second stage the
dye diffuses into the pores of the material. It was noted that the rate of photocatalytic decomposition
of the dye is higher than the rate of the adsorption process, which indicates the occurrence of pho-
tocatalytic decomposition of dye molecules both on the surface of the composites and in the liquid
phase. With an increase in the light intensity, the photocatalytic process is significantly accelerated,
linearly at low intensities, and at high intensities the dependence becomes a power law.
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1. Introduction

Photocatalytic processes are widely studied and used for water and air purification,
water splitting and other practical applications[1-5]. Nanomaterials based on ZnO are ef-
fective photocatalysts which are used for water and air purification [4-11].

It is known that photocatalytic process includes the light absorption by semiconduc-
tor, generation of electron-hole pairs, formation of chemically active oxygen species (hy-
droxyl radicals -OH, singlet oxygen, etc.) which oxidize organic contaminations on the
surface of photocatalyst [1-3,12]. Therefore, the role of different processes proceeding on
the semiconductor’s surface during photocatalytic processes is very important. The in-
crease of material’s specific surface area at the application of nanoscale semiconductors
promotes their photocatalytic activity.

The decrease of the size of semiconductors ZnO crystals can be achieved by the opti-
mization of their synthesis conditions [11,13] or by the formation of mixed photocatalytic
ZnO-R«Oy composites (R=Mg,ALY,Sn, etc.) [14-16]. The simultaneous formation of differ-
ent crystals prohibits their growth and the aggregation and provides the formation of the
material structure consisting of small particles with high specific surface area.

ZnO-ZnAl204+CuO nanocomposites having high bactericidal properties were syn-
thesized and studied in [17]. ZnAl:Os nanoparticles demonstrate high photocatalytic
properties [18-26] that determined their application as a component of prepared compo-
site. Cu additions improve photocatalytic properties of ZnAlO4 [27].

The study of the features of kinetics of dye adsorption and photooxidation in the
solutions containing additions of ZnO-ZnAl20s+-CuO composites is the aim of this work.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202302.0308.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 February 2023 d0i:10.20944/preprints202302.0308.v1

2. Materials and Methods

The polymer-salt method which is applied for the synthesis of different nanoparticle
[13,14,28,29] was used in this study. The aqueous solutions of Zn(NOs)2, AI(NOs)s and
CuSOs were used as raw materials for the nanocomposites synthesis. The solution of pol-
yvinylpyrrolidone (PVP) (K30; Mw = 25000+35000) in propanol-2 was added to the mixture
of aqueous solutions of metal salts. Liquid mixtures were stirred for 30 minutes at room
temperature. After drying obtained polymer-salt composites were calcined in air atmos-
phere at 680°C for 2 hours. Chemical compositions of initial solutions and obtained com-
posites are given in Table 1.

Sample Chemical composition of solutions, wt.% Chemical composition of powders, mol.%

Zn(NOs):  AI(NOs)s  CuSOw

H.O PVP Propanol-2 ZnO ZnALlO4 CuO
-6H20 -6H-20 5H-0
1 51.6 258 40.6 3.38 1.77 0.013 82.9 16.7 04
2 53.0 2.65 41.7 1.76 3.54 0.011 - 99.6 04

The morphology of composites was studied by SEM analysis using microscope Supra
55VP. The diffractometer Rigaku Ultima IV was used for X-ray diffraction (XRD) analysis
of prepared materials. The crystallite size was calculated using the Scherrer’s equation:

0921
~ B cos@’ )

where d is the average grain size of the crystallites, A - the incident wavelength, 0 -
the Bragg angle (radians) and f is the full width at half maximum (FWHM) in radians.

Diazo dye Chicago Sky Blue (CSB) (Sigma Aldrich) was used as model organic con-
tamination in adsorption and photocatalytic experiments. This dye was used earlier for
the estimation of photocatalytic properties of different materials [28,29]. The mass of the
powder portions used in the experiments was 0.01 g. The powder portions were mixed
with 3 ml of an aqueous dye solution (all dye solutions will be aqueous) and placed in a
quartz cuvette. Dye content in the initial solutions was 41 mg/1.

3. Results and discussion
3.1. Crystal structure and morphology of ZnO-ZnAl20+CuQO composites

Fig.3 shows the SEM images of composites 1 (Zn4 Cu0.5) (a,b) and 2 (Zn1 Cu0.5) (c,d)
at different magnifications. Both composites consist of small nanoparticles that determine
the high value of their specific surface area. Composite 1 consist of small nanoparticles
many of them having shape rods (Fig.1 a,b). A numerous pores are observed in the struc-
ture of composite 2 (Fig.2c,d). Observed difference in powders morphologies is deter-
mined by the chemical compositions of prepared powders.

Figure 1. SEM images of composites 1 (a,b) and 2 (c,d) at different magnifications.
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Figure 2. SEM images of composite 2 at different magnifications.

3.2. Photostimulated discoloration of dye solutions
3.2.1. Photolysis of dye molecules in solutions

Figure 3 demonstrates the influence of UV irradiation on the absorption spectra of
CSB solutions without addition of composite (a) and with the addition of powder 2 (b).
The intensity of dye absorption band (Amax=612 nm) decreases in spectra of both solutions
under UV irradiation.
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Figure 3. Influence of UV irradiation on the absorption spectra of CSB solutions without addition of
composite (a) and with the addition of powder 2 (b).

The changes of absorption spectra of CSB solution without addition of photocatalytic
composite are determined by the dye photolysis in the solution. Figure 3a shows that these
changes are small after 20 min of UV irradiation. Dye photolysis is photochemical reaction
proceeding without photocatalyst. The kinetics of this process is described often by the
equation of pseudo-first order:

C=Coxe, 1)

where C and Co — current and initial dye concentrations; k — constant rate of photo-
chemical reaction; t — time.

Figure 3b exposes the effect of UV irradiation on absorption spectra of CSB solution
containing powder 2. It is seen that the shape of dye absorption spectra is remained during
irradiation. This fact suggests that forming intermediate products of dye decomposition
haven’t remarkable light absorption in visible spectral range. The behavior of spectral
changes is similar to that reported for CSB photodecomposition in solutions with other
photocatalysts [28,29].

3.2.2. Photocatalytic discoloration of dye solutions

Kinetic dependence of the photodecoloration of CSB solution without photocatalytic
additions is shown in Figure 4 (curve 1). The decomposition of CSB in solution without


https://doi.org/10.20944/preprints202302.0308.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 February 2023 d0i:10.20944/preprints202302.0308.v1

photocatalysts proceeding slowly — less than 4% of dye molecules were decomposed after
UV treatment during 20 minutes. Experimental data are described by the equation
pseudo-first order (1) with the constant rate k = 0.002 min and determination coefficient
R? =0.9319. Obtained experimental data showed that photolysis of dye molecules in the
solutions without photocatalytic additions is slow process and the input of this process in
the total dye decomposition during photocatalytic process is small.
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Figure 4. Kinetics dependencies of CSB solution discoloration during UV irradiation without powders (curve
1) and CSB solutions containing powders 2 (curve 2) and 1 (curve 3).

The rates of photocatalytic dye oxidation (Figure 4, curves 2 and 3) significantly
higher than the rate of dye photolysis without photocatalysts (curve 1). The input of the
last process in the total dye decomposition during photocatalytic process is small. The
significant difference of dye decomposition rates observed at the use of composites 1 and
2 related to difference of their chemical composition and morphology (fig.1 and 2).

The Langmuir-Hinshelwood (L-H) kinetic model is used often to describe semicon-
ductor photocatalysis [1,30]. According to this model the dye decomposition rate r is de-
scribed by kinetic equation: [1-4,28-31]:

dC _ kiKaC

r="%= 1+KqC’ )

where C - current dye concentration at the time t, k1— constant rate of dye decompo-
sition, K« — constant of adsorption-desorption equilibrium. At low dye content (C <<'1
mM), the equation (1) is simplified to pseudo-first order equation [32,33]:

ln(ClCo) = kKt = kappt/ 3)

where kapp — apparent constant rate of pseudo-first order. Kinetics dependencies of
the photodecomposition of CSB in the solutions containing additions of powders of are
described sufficiently by the equation (3) with determination coefficients Rz = 0.9689 and
0.9877 for composites 1 and 2, correspondingly. These results are agreed with the data of
the work [34] in which was demonstrated that L-H model correspond to the kinetics of
photodecomposition of an azo dye by porous photocatalysts at the initial stages of the
process.

3.2.3. Dye adsorption from solutions on the surfaces of composites

Observed solutions discoloration at the presence of photocatalytic composites is de-
termined by a few different processes:

1. The dye photolysis in the liquid phase;
2. Its adsorption on the powder surface;
3. Photocatalytic dye decomposition.
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Figure 5a demonstrates changes of absorption spectra of dye solution containing
powder 1 during adsorption process in the darkness. The behavior of these changes is
similar to that observed during UV irradiation of dye solutions. Approximately 25-30% of
dye molecules are adsorbed on the surface of the composite 1 during first 120 min of ad-
sorption process. It is worth to notice that adsorption process and solution discoloration
are continued for 1 week (Fig.5a).
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Figure 5. a Changes of absorption spectra of dye solution containing powder 1 (Zn4-1) during ad-
sorption process. Adsorption duration, min: 0 (curve 1); 20 (curve 2); 120 (curve 3); 1440 (curve 4);
2880 (curve 5); 10080 (curve 6), b Kinetic dependencies of the dye adsorption on the powders 2
(curve 1) and 1 (curve 2).

Kinetic models of adsorption on the surface of photocatalysts are used at the consid-
eration of photocatalytic processes. The relatively simple kinetic models including the
equations of the pseudo-first or pseudo-second orders are used often [28,35].

The adsorption rate can be described the kinetic equation of pseudo-first order
[28,36,37]:

S = ke x (e — q0), @)

where g: — the dye amount adsorbed by 1 g of the sorbent at the time #; g. — equilib-

rium adsorption capacity; ks — rate constant of the adsorption; ¢ — adsorption duration.

According to equation (4) the rate of the adsorption decreases as the surface is filled with
dye molecules.

It is necessary to pay attention to the value of the equilibrium adsorption capacity g,
which enters into the equation (4). In some works [37,38] the geis assigned a value deter-
mined as a result of short-term experiments (1+2 hours) by approximating the kinetic de-
pendence based on the observed decrease in the adsorption rate. The data shown in Fig.5a
indicate that the achievement of adsorption-desorption equilibrium on the surface of
ZnO-ZnAL:0s-CuO composites requires a much longer adsorption process.

Fig.6 demonstrates the dependence In(g. — q¢) = () for the dye adsorption on the
surface of composite 1 during 48 hours. This long-term dependence is described formally
by kinetic equation (4) with ki = 0.0007 min™ and R?= 0.9525. However, the experimental
points obtained at initial stages of the adsorption deviate significantly from the linear de-
pendence that indicates that adsorption process has the complicate behavior.
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Figure 6. Dependence In(qe — qt) = f(t) for the dye adsorption on the surface of composite 1. Inset:
Dependence In(qe — qt) = f(t) for initial stages of the dye adsorption on the surface of composite 1.

The inset in Fig.6 shows the dependence In(q. — q:) = f(t) for initial stages of the dye
adsorption on the surface of composite 1. The rate of adsorption in these stages is signifi-
cantly (more than 10 times) higher (ks=0.0073 min') than average value.

Based on obtained data the kinetics of adsorption process can be separated to two
different stages:

1. Fast adsorption observed at initial stages of the process (duration of adsorption ~ 120
min.);

2. Slow adsorption which is proceed at more long-term process (duration of adsorption
> 120 min.).

It is possible to suggests that dye molecules fust adsorb on the external surface of
composite particles at the first stage of the process. Following slow adsorption is deter-
mined by the labored diffusion of dye molecules into the tiny pores and caverns inside
composites particles.

For the description of adsorption kinetics, the equation of pseudo-second order is
often used also. This equation can be written as:

d
=k X (4o — 407 (5)

and in the integral form [31,32,39]:

t: 1 +i’ (6)

qcr  ka2xqi  dqe

where k: - rate constant of the adsorption, g. — equilibrium adsorption capacity, q: -
the dye amount adsorbed by 1 g of the sorbent at the time #. This model describes a much
stronger dependence of the adsorption rate on coverage degree of sorbent surface with
dye molecules. The graphs t/q = f(t) for the kinetics of dye adsorption on the surface of
composite 1 showed a satisfactory agreement (R?=0.9899) between experimental data and
equation (6) (Fig.7).
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Figure 7. Dependence t/q: = f(t), based on the experimental data of dye adsorption on the surface of
the composite 1.

Based on the obtained results it is possible to conclude that the adsorption of diazo
dye CSB from the aqueous solutions on the surface of porous ZnO-ZnAlOs+-CuO compo-
sites can be described by both kinetic models pseudo-first and pseudo-second orders.

3.2.4. The ratio of adsorption and photocatalysis rates

Usually, the reactant species adsorption is considered as the first stage of photocata-
lytic process in a typical photocatalytic reaction [40,41]. Dye adsorption and its photo-
decomposition are considerate as successive stages of photocatalysis. Therefore, the total
rate of photocatalytic dye decomposition couldn’t be higher the adsorption rate. However,
this is not agreed with obtained experimental results.

Fig.8 shows kinetic dependencies of dye adsorption from the solution on the surface
of composites 1 (curve 1) and 2 (curve 2) and the dye photocatalytic decomposition using
composites 1 (curve 3) and 2 (curve 4). It is worth to notice that experimental data showed
in Fig.8 indicate thar photocatalytical dye decomposition proceeds faster than dye adsorp-
tion process. This phenomenon was observed earlier in [28] and was explained by the
oxidation of some part of dye molecules in liquid phase by the chemically active oxygen
species photogenerated by photocatalyst. Photocatalytic degradation of the organic con-
taminant in aqueous solution using composite photocatalyst was observed also in [42].
Thus, it is possible to conclude that at the application of porous ZnO-ZnAl:0s-CuO com-
posites photocatalytic dye degradation proceeds as on the surface of photocatalysts so as
in the liquid phase.
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Figure 8. Kinetic dependencies of dye adsorption from the solution on the surface of composites 1
(curve 1) and 2 (curve 2) and the dye photocatalytic decomposition using composites 1 (curve 3)
and 2 (curve 4).
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3.2.5. Influence of the light intensity on the kinetics of photocatalysis

It is known that the light is the driving force of photocatalytic processes. Influence of
light intensity I on the kinetics of photocatalytic decomposition of different organic com-
pounds was studied in many works [1-9]. It was found that at the application of L-H
model obtained values ki and K. are dependent from the light intensity I and different
approaches were used to describe these dependences. Deng [1] and Puma et al. [9] sepa-
rates the dependence r = f(I) to a few different regions determining by I values. At low
light intensity a linear dependence of photodecomposition rate r from the light intensity I
is observed (r ec I) [1]. At the increase of light intensity linear dependence r = f(I) trans-
forms to a power law dependence r o If (0<f<1) [1].

These features of r = f(I) dependencies are determined by the mechanisms of the pro-
cesses proceeding at the semiconductor photocatalyst excitation. Photogenerated elec-
tron-hole pairs can recombine directly, or they can be trapped by the matter and take part
in photocatalytic process. Clearly, that high light intensity and more trapping of electron-
hole pairs may increase the dye decomposition rate. The trapping of the electron-hole
pairs and photocatalytic action dominate at low light intensity values while the recombi-
nation processes prevail at high light intensity values [1,10].

The dependence of kapp = f(I) for photocatalytic dye degradation using composite 1 is
exposes in Fig.9. At the low light intensity, the dependence is linear but at I > 100 mW/cm?
it transforms to a power law dependence. Observed behavior of kayy = f(I) dependence
fully corresponds to the literature data.
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Figure 9. The dependence of kapp = f(I) for photocatalytic dye degradation using composite

4. Conclusions

ZnO-ZnAl204 composites synthesized by polymer-salt method consists of small
(size less 100 nm) nanoparticles, have “pine needles”-like or porous structure and demon-
strate some features of their adsorption and photocatalytic properties. Experiments on
the adsorption diazo dye Chicago Sky Blue from aqueous solutions on the surface of pre-
pares composites showed that adsorption kinetics consists of two different stages. The
first stage of this process is the fast dye adsorption on the external surface of composites
particles followed by the slow diffusion and dye adsorption inside pores and caverns. The
rate of photocatalytic dye decomposition is higher than the rate of adsorption process. It
suggests the photocatalytic decomposition of dye molecules proceeds as on the surface of
composites so as in the liquid phase.
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The increase of light intensity significantly accelerates the photocatalytic process. At
the low light intensity, the dependence is linear but at I > 100 mW/cm? it transforms to a
power law dependence.
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