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Kinetics of adsorption and photocatalytic decomposition of a diazo dye

by nanocomposite ZnO−MgO
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The synthesis of ZnO−MgO nanocomposite via modified Pechini method was performed. The crystalline

structure and the morphology of nanocrystals were studied by X-ray diffraction analysis and scanning electron

microscopy. The study on the kinetics of diazo dye adsorption and its photocatalytic decomposition on the surface

of nanocomposite was performed. It was shown that the rate of adsorption process in aqueous solution is described

by a kinetic equation of the first order. The application of the nanocomposite allows to significantly increase the

efficiency of UV water treatment and its purification from the dye. However, a brief deviation of experimental data

on the rate of photocatalytic degradation from the values of the widely used kinetic equation of the first order is

observed.
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Introduction

Pollution of water environments is one of the main

environmental problems on a global scale. In the problem

of purification of aqueous media, various approaches can

be used, such as precipitation, ozonation, adsorption, ion

exchange [1]. Photocatalytic decomposition of organic

pollutants is one of the most promising methods for

purification of aqueous media, as it allows decomposing

organic substances to inorganic oxides (H2O, CO2).
Under the action of UV radiation in some semiconductor

oxides (ZnO, TiO2), the process of generation of reactive

oxygen species (including free radicals) occurs, which have

high chemical activity and easily react with organic pollu-

tants [2,3]. Zinc oxide, in addition to making scintillators, is

also used as an antibacterial and fungicide agent [4,5].
The process of generation of reactive oxygen species

occurs on the material surface; therefore, the use of

semiconductor ZnO nanoparticles allows to increase the effi-

ciency of photodecomposition of pollutants. Modification of

the properties of nanocrystalline ZnO, such as the band gap

and absorption spectrum, can be carried out by introducing

the dopants into the material structure [6–8].
The presence of structural defects also has a significant

effect on the optical, electrical, and photocatalytic properties

of ZnO [9,10]. Zinc oxide is characterized by such structural

defects as oxygen vacancies (Vo), interlattice zinc (Zni),
and hydrogen (Hi) [11,12]. A controlled change in the

concentration of defects allows to obtain a material with

new properties, for example, with increased absorption in

the visible part of the spectrum or with n-type conductivity.

Many applications, such as the sintering of ZnO-based

ceramics, require heat treatment of the material at high

temperatures. However, upon heating, structural defects

in pure ZnO disappear, which can lead to a change in the

properties of the material. The introduction of the dopants

during the synthesis of the material allows to obtain defects

in the ZnO structure, which have a higher temperature

stability [13,14]. Ions with larger or smaller ionic radius

replace Zn2+ in the ZnO structure, which leads to crystal

lattice distortion and the formation of structural defects with

high thermal stability.

Nanocrystalline powders can be obtained by hydrother-

mal synthesis [15], polymer-salt method [16] or sol-gel

method [17]. The properties of the resulting material depend

on the synthesis method. The modified Pechini method is

a variation of the sol-gel method. The synthesis of Gd2O3

nanocrystalline powder using this method was described

in [18]. In the synthesis of nanomaterials by the modified

Pechini method, citric acid is used as a chelating agent,

polyvinylpyrrolidone (PVP) plays the role of a stabilizer, as

well as an organic fuel that increases the dispersion of the

synthesized material due to the release of a large volume of

gaseous reaction products during heat treatment. The main

difference between the proposed method and the classical

Pechini method is the absence of ethylene glycol in the

composition of the initial solutions, as well as the presence
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Chemical composition of the initial solution

Magnesium Zinc PVP Citric acid Water

nitrate nitrate

0.42% 2.38% 2.27% 2.27% 92.66%

of a water-soluble polymer (PVP), which plays the role of a

second stabilizer along with citric acid.

The objectives of this study are the synthesis of a

nanocrystalline ZnO−MgO powder containing structural

defects modified by the Pechini method and the study of

the adsorption and photocatalytic properties of the obtained

material.

Materials and methods

Chemical composition of the initial solution is given

in the table. The concentration of magnesium oxide in

the final product (ZnO−MgO) is 10mass%. Zinc nitrate

hexahydrate (chemically pure, Lenreaktiv), magnesium

nitrate hexahydrate (chemically pure, Lenreaktiv), citric acid
(chemically pure, Lenreaktiv), PVP, and distilled deionized

water were used as initial reagents.

The masses of zinc and magnesium nitrates, calculated to

obtain 25 g of the final product, were dissolved in 50 ml of

water, 5 g of PVP were dissolved in 100ml of water, 5 g of

citric acid — in 50ml of water. Then the solutions of PVP

and citric acid were added to the salt solution, the resulting

mixture was heated to 70◦C and kept at this temperature

while stirring with a magnetic stirrer. The resulting solution

was dried at a temperature of 70◦C in an oven, the resulting

polymer-salt composition was subjected to heat treatment at

a temperature of 550◦C for 2 h in an electric muffle furnace

with a hood.

X-ray diffraction patterns of the synthesized powder were

obtained using a Rigaku Ultima IV X-ray diffractometer,

the morphology of powder particles was studied using Tesla

BS-301 scanning electron microscope.

The study of the adsorption activity of the synthesized

powder was carried out as follows. Into a quartz cuvette

with 3ml of Chicago Sky Blue (CGB) organic dye solution,

20mg of the test powder were placed. The content of the

dye in the initial solutions was 9 mg/l. This dye was used

earlier in [19–23] to evaluate the photocatalytic properties

of materials. In aqueous dye solutions, an intense absorption

band with a maximum of λmax = 612 nm is observed. In [24]
the experimentally determined dependence of the optical

density of CSB aqueous solutions at this wavelength on

the dye concentration was given. In the present study, this

dependence was used to determine the concentration of the

dye in the studied solutions.

Then, using a spectrophotometer, absorption spectra were

recorded with a time interval of 7.5 min (taking into

account the measurement time). Using the calibration

curve (the dependence of the optical density of the
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Figure 1. X-ray diffraction pattern of ZnO−MgO powder.

solution on the concentration of the dye), according to the

Bouguer−Lambert−Beer law, the change in concentration

during the adsorption of the dye by the powder was

calculated. Based on the data obtained, a time dependence

of the change in the concentration of the solution (kinetic
curve) was constructed.

The study of photocatalytic activity was carried out by

a similar method. A quartz cell with a dye solution and

powder was irradiated for 5min with UV radiation, and the

absorption spectra were recorded for 2.5min. On the basis

of the data obtained, a kinetic curve for the photocatalytic

decomposition of the dye in solution was plotted.

The absorption spectra were recorded using Perkin Elmer

Lambda 650 UV/VIS spectrophotometer; a mercury lamp

was used as a source of UV radiation.

The luminescence spectra of the synthesized materials

were recorded using Perkin Elmer LS50B spectrofluorime-

ter.

Experimental results and discussion

Structure and morphology of ZnO−MgO powder

particles

The X-ray diffraction pattern of the ZnO−MgO powder

is given in the Fig. 1. Most of the observed peaks belong

to the ZnO phase, one weak peak corresponds to the

magnesium oxide phase, which indicates the formation of

a small amount of this substance.

The average size of nanocrystals was calculated using the

Scherrer formula (1):

D =
Kλ

B cos χ
, (1)

where D — average size of nanocrystals, K — constant

depending on particle shape, B width at half maximum of
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Figure 2. SEM-images of powder ZnO−MgO particles.
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Figure 3. Luminescence spectrum of the ZnO−MgO nanocom-

posite.

the most intense peak, χ — Bragg angle [25]. According to

calculations, the average size of nanocrystals is 78ṅm.

SEM images of particles of the synthesized powder are

shown in Fig. 2.

According to the SEM data, the synthesized powder

consists of the aggregated nanoparticles 70−150 nm in size.

Considering that most of the nanoparticles have sizes of the

order of 70−90 nm, the result obtained agrees with the data

obtained by calculation using the Scherrer formula.

Luminescent properties of the ZnO−MgO
nanocomposite

The luminescence spectrum of the synthesized

ZnO−MgO nanocomposite is shown in Fig. 3. The

excitation wavelength is 370 nm.

The luminescence spectrum consists of an exciton band

in the UV part of the spectrum and bands in the visible

part of the spectrum, corresponding to structural defects

typical of zinc oxide. The effect of the surface defects

on the luminescence spectrum is especially pronounced

in nanocrystalline ZnO due to the high specific surface

area [10,26]. The luminescence bands with maxima near

415, 440 and 455 nm correspond to interlattice zinc [27],
the bands in the spectral region 510−600 nm correspond to

oxygen vacancies [10,28].

Adsorption and photocatalytic activity

Figure 4 shows the data illustrating the change in the

absorption spectra of aqueous solutions of the dye during

its adsorption by the nanocomposite (a), during its photode-
composition in solution (b) and during its photocatalytic

decomposition (c). It can be seen that in all cases no change

in the shape of its absorption spectra is observed, and the

most rapid and significant changes in the spectra of solutions

are observed during the photocatalytic decomposition of the

dye (Fig. 4, c).
Data on changes in the relative concentration of the

dye during its photodecomposition in solution (curve 1),
during its adsorption on the surface of nanocomposite

particles (curve 2), and during photocatalytic decomposition

are shown in Fig. 5. The calculated curves C/C0 = f (t)
corresponding to changes in the relative concentration in

accordance with equation (2) are also shown in this figure.

The rate of discoloration of the solution during the

photocatalytic process is determined by the combined action

of several main processes:

1) photodecomposition of the dye in the liquid phase,

2) dye adsorption on the photocatalyst surface,

3) photocatalytic decomposition of dye molecules ad-

sorbed on the surface of photocatalyst particles.

Processes 2 and 3 are sequential, and the photodecompo-

sition of the dye in the liquid phase proceeds independently

and simultaneously with processes 2 and 3.

Kinetics of dye photolysis in the liquid phase

For a formal description of the photodecomposition

kinetics of various organic substances, the first-order kinetic

equation is widely used [29–38]

−
dc
dt

= kc, (2)

Optics and Spectroscopy, 2022, Vol. 130, No. 9
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Figure 4. Changes in the absorption spectra of aqueous solutions of the dye during its adsorption by the nanocomposite (a),
photodecomposition (b), and photocatalytic decomposition (c). Duration of a and c processes: initial solution (curves 1), 7.75 (curves 2),
15.50 (curves 3), 23.25 (curves 4), 31.00 (curves 5), 2880.00min (curve 6). Process duration for photodecomposition in solution: initial

solution (curve 1), 5 (curve 2), 10 (curve 3), 15 (curve 4), 20min (curve 5).

which after integration is as follows

C
C0

= e−kt, (3)

where C0 and C — initial and current dye concentrations

(mM), t — duration of the irradiation process (min) and

k — reaction rate constant ( min−1).
To a certain extent, the basis for applying equations (2)

and (3) can be the basic law of photochemical kinetics,

which can be expressed by the equation [39]

−
∂C
C

1

∂t
= K

1

hν2
(4)

where I — intensity of incident light, hν — photon energy,

C — concentration of dye molecules, K — photosensitivity

of the given system. When a stable radiation source

is used in the experiment, the value of I/hν on the

right side of equation (3) is constant, and the dye con-

centration changes exponentially during the photochemical

reaction.

Figure 6 shows the graph of the dependence ln(C/C0) =
= f (t) for the photodecomposition of the dye in solution.

The experimental data are well described by a linear de-

pendence with the coefficient of determination R2 = 0.996.

This indicates the adequacy of the kinetic model, which

expresses the change in the photodecomposition rate of the

dye in solution by a first-order equation.

Adsorption kinetics

The kinetics of the processes of adsorption of organic

substances from solutions on the surface of solid materials

has been the subject of research for many years. To date,

many kinetic models have been proposed that take into

account individual features of the processes to one degree

or another and describe specific experimental data with

varying accuracy [39–46]. The adequacy of the description

of experimental data by kinetic models is estimated by the

value of the coefficient of determination R2 [46]. Among

the kinetic models of adsorption most frequently used in
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Figure 5. Dependences of the relative concentration of the dye

during its photodecomposition in solution (curve 1), during its

adsorption on the surface of nanocomposite particles (curve 2),
and during photocatalytic decomposition (curve 3).
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Figure 6. Graph of dependence ln(C/C0) = f (t) for the process

of dye photodecomposition in solution.

describing the rate of photocatalytic processes, one can

single out pseudo-first and pseudo-second order models.

Figure 5 (curve 1) shows the dependence of the relative

dye concentration in the suspension on the duration of the

process of adsorption by the ZnO−MgO powder. It can

be seen that the strongest change in concentration occurs

during the first 10−15min of the process, and then the

adsorption rate decreases significantly.

The pseudo-first-order kinetic equation proposed by

Lagergren [39,45] and describing the process of adsorption

on the surface of solids can be written as [39,40,45]

dqt

dt
= k f (qe − qt), (5)

where qt (mM/g) — is the amount of dye adsorbed by

1 g of the sorbent by time t, qe – is the equilibrium

adsorption capacity of the sorbent, k f (min−1) — adsorption

rate constant, t — duration of adsorption process (min). It
can be seen from the equation that as the surface is filled

with dye molecules, the adsorption rate decreases.

Figure 7 shows the dependence ln(qe − qt) = f (t) con-

structed on the basis of experimental results. It can be

seen that this dependence is close to linear, which allows

us to conclude that the adsorption rate of the diazo dye

on the surface of the ZnO−MgO nanocomposite is well

described by the kinetic equation (5). The obtained value

of the coefficient of determination R2 = 0.9954 indicates a

good agreement between the pseudo-first-order adsorption

kinetic model and the experimental values.

The value of the adsorption rate constant

(k f = 0.0558min−1) determined using the graph

ln(qe − qt) = f (t) (Fig. 7, a) is quite large. Similar

values of k f were observed earlier in [47] for the adsorption

rate of the methylene blue dye on ZnO nanoparticles.

Also, the pseudo-second order equation is often used to

describe the adsorption kinetics

dqt

dt
= k2(qe − qt)

2, (6)

which can be written in integrated form [48–51,43,44]

t
qt

=
1

k2q2
e

+
t

qe
, (7)

where k2 — is the second-order adsorption rate constant,

qe — is the maximum equilibrium adsorption capacity of

the photocatalyst (mg/g), qt — the content of the adsorbed

dye on the surface of the photocatalyst at time t (mg/g).
This model describes a much stronger dependence of the

adsorption rate on the degree of coverage of the surface of

a solid material with dye molecules. The graph t
qt

= f (t)
showed satisfactory agreement between the experimental

data and equation (7) (Fig. 7, b). However, the value of the

coefficient of determination R2 was 0.9895, which is less

than that obtained for the pseudo-first-order kinetic model

(Fig. 7, a).
Thus, we can conclude that the pseudo-first-order adsorp-

tion kinetic model describes the obtained experimental data

somewhat better.

Kinetics of photocatalytic dye decomposition

The photodecomposition kinetics of azo dyes is usually

described by the Langmuir−Hinshelwood model and ap-

proximated by the kinetic equation [52,53]

−
dC
dt

= k1KaC1 + KaC, (8)

where C — current concentration of the dye at time t,
k1 — process rate constant, Ka — adsorption equilibrium

constant.

Optics and Spectroscopy, 2022, Vol. 130, No. 9
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At a low dye concentration (C ≪ 1mM), equation (8)
simplifies to a pseudo-first-order process rate equa-

tion [53,54]

ln(C/C0) = k1Ka t = ka ppt, (9)

where ka pp — pseudo first order rate constant.

Figure 8, a shows the graph of the dependence

ln(C/C0) = f (t), built on the basis of experimental data. It

can be seen that the linear dependence corresponds to these

data with the coefficient of determination R2 = 0.9634,

which is close to similar literature data [31,47,55]. It

can be noted that the obtained value ka pp = 0.062min−1

somewhat exceeds the rate constant of photodecomposition

of methylene blue dye on ZnO : Cr nanorods (0.043min−1),
synthesized and studied in [56].
The equation used in the kinetic model for pseudo-second

order photocatalysis can be written as [47]

1

C
=

1

C0

+ k2t, (10)

where k2 — is the rate constant of the pseudo-second

order photocatalytic reaction. Figure 8, b shows the plot

of 1/C = f (t), from which it can be seen that this

kinetic model is worse (compared to the pseudo-first order

model) in agreement with the experimental data, and the

value of the coefficient of determination is relatively small

(R2 = 0.9148).

It should be noted that the deviations of the experimental

results from the data obtained using the pseudo-first and

pseudo-second order photodecomposition kinetic models

are quite significant (Fig. 8).

According to [24], the change in the Gibbs free energy

1Gad upon adsorption of CSB from solution onto the

surface of ZnO−Ag nanoparticles is −26 kJ/mol, which is

close to the change in 1Gdim during dimerization of this dye

molecules in solutions (−28 kJ/mol ([57]). The closeness

of these values determines the possibility of polymolecular

(
”
multilayer“) adsorption occurring simultaneously with the

formation of the first layer of dye molecules adsorbed

Optics and Spectroscopy, 2022, Vol. 130, No. 9
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Figure 9. Illustrative scheme of dye photodecomposition: 1 —
photolysis of dye molecules in solution, 2 — photocatalytic

decomposition of the dye on the nanocomposite surface, 3 —
photolysis of adsorbed dye molecules.

on the surface of the nanocomposite. The possibility of

polymolecular adsorption of organic dyes on the surface of

solid oxide materials is described in the literature ([58]).

At a high adsorption rate, the layers of adsorbed dye

molecules formed on the surface of the nanocomposite

shield the semiconductor material from external radiation,

reducing the efficiency of photocatalysis. Figure 9 shows

an illustrative scheme of this process. According to this

scheme, dye molecules undergo photodecomposition:

a) in solution (process 1, Fig. 9); the decomposition

rate of these molecules is well described by equations (1)
and (2),

b) adsorbed on the surface of the composite and oxidized

by reactive oxygen species released by the semiconductor

composite under the action of external radiation (process 2,
Fig. 9).

c) adsorbed on the surface of the composite and de-

composed by direct exposure to UV radiation (process 3,

Fig. 9). The rates of processes 1 and 3 of dye photolysis

without the participation of a photocatalyst are close. These

photochemical reactions proceed relatively slowly (Fig. 5
(curve 1) and Fig. 6).

At the initial stages of the solution bleaching process (the
first 5?10 min of irradiation, Fig. 5), the concentration of

CSB molecules adsorbed on the surface of the composite

is low, their screening effect is small, and a significant

contribution to the photodecomposition of the dye is made

by the photocatalytic mechanism characterized by a rela-

tively high rate and efficiency. However, as the adsorption

process proceeds, the screening effect of the layer of

adsorbed molecules increases, and the fast photocatalytic

mechanism of dye decomposition is replaced by a much

slower photolysis of adsorbed molecules. The rate of

discoloration of the solution then decreases and approaches

the rate of adsorption of dye molecules (irradiation duration

20−40min, Fig. 5). The proposed scheme allows to

explain the observed discrepancy between the experimental

data and the known and most commonly used models of

photocatalysis kinetics.

Conclusion

Based on the consideration of the features of the forma-

tion of structural defects in zinc oxide and their significant

effect on its photocatalytic properties, we chose the chemical

composition of a ZnO-based solid solution modified with

Mg2+ ions and including the corresponding defects in

the crystal structure. The ZnO−MgO nanocomposite

was synthesized by the modified Pechini method, and its

morphology and structure were studied by X-ray phase

analysis and scanning electron microscopy. The study of the

luminescence spectra of the composite in the visible part

of the spectrum confirmed the presence of characteristic

structural defects in zinc oxide.

The study of the kinetics of the processes of adsorption

and photocatalytic decomposition of the CSB diazo dye

showed that the synthesized nanocomposite has a high effi-

ciency and rate of dye removal from solutions. Experimental

data are satisfactorily described by pseudo-first-order kinetic

models of the rate of processes.
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