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Experimental results on photobleaching of Chicago Sky Blue diazo dye solutions using ZnO/ZnAl2O4/Cu

photocatalytic nanocomposites are presented. Data on the crystal structure and morphology of these

nanocomposites obtained by the polymer-salt method are presented. The results of studies of the kinetics of

the processes of photobleaching of dye solutions and its adsorption on the surface of powdered nanocomposites

showed that the experimental data correspond to known kinetic models using the first and second order rate

equations for these processes.
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Introduction

Many countries are currently developing semiconductor

oxide photocatalytic materials for power generation and

advanced air and water purification systems [1–7].

It is known (e.g., [1–3] that the photocatalysis process

involves light absorption by a semiconductor material,

generation of electron-hole pairs, their transport to the

material surface and formation there of chemically active

particles (hydroxide − radical ·OH, anions ·O −

2 and others)
that degrade organic contaminants [1–3]. Therefore, the role

of processes occurring during photocatalysis on the surface

of materials is very important. The increase in specific

surface area achievable with nanoscale materials is used to

increase the efficiency of photocatalytic processes.

Mechanical dispersion methods can be used to increase

the specific surface area of the materials, but it is more

efficient to use special methods to produce nanoscale

photocatalysts, such as − gel synthesis [1], solution com-

bustion method [3], polymer − salt method [4], solution

deposition 5,8 and others.

In photocatalytic decomposition, the interaction of or-

ganic molecules with the photocatalyst takes place on

its surface. This determines the importance of taking

into account the adsorption of organic molecules on the

photocatalyst surface. The adsorption processes of organic

pollutants on the surface of photocatalysts have been

investigated previously in papers [9–15].

One of the most effective photocatalysts is zinc oxide-

based materials [1–5, 16–18]. To enhance the photo-

catalytic properties of zinc oxide various additives are

widely used that change the morphology of the material,

increase its specific surface area, reduce the probability

of recombination processes of electronically generated −

hole pairs (e.g., [4,19,20]). The application of ZnAl2O4 as

photocatalytic material was investigated in [21–23]. The

high photocatalytic properties of ZnO-Cu nanocomposites

have been reported in a number of papers [24–26]. The

photocatalytic properties of ZnAl2O4 have been shown

is [8] to increase when copper is added to the material

composition.

The aim of this paper was to investigate the photocatalytic

and adsorption properties of ZnO/ZnAl2O4/Cu nanocom-

posites produced by the polymer − salt method.

Materials and methods

The polymer − salt method described in detail earlier

in [4,20] was used to synthesize the nanocomposites.

Aqueous solutions of Zn(NO3)2, Al(NO3)3, CuSO4 and a

solution of Polyvinylpyrrolidone (PVP) in Propanol-2 were

used as starting materials. The solutions were mixed in the

specified volumes using a magnetic stirrer. The resulting

homogeneous composite solutions were placed in a Fisher

Scientific drying cabinet. Drying was carried out for 96 h at

temperature 75◦C.

The heat treatment of the dried samples was carried out in

a Nabertherm N20/HR electric laboratory furnace at 680◦C

for 2 h with an exit time of 2 h. The heat treatment mode

used ensured complete decomposition of PVP and metal

nitrates with the formation of oxide nanocomposites.

The chemical compositions of the solutions and the oxide

composites obtained from them are given in the Table.
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Figure 1. Electron microscopic images (with different magnifications) of nanocomposite 1.

Table 1. Chemical composition of the solutions and the composites obtained therefrom

Number
Chemical composition of solutions, mass % Chemical composition of composites, mol %

H2O PVP Propanol-2 Zn(NO3)2 · 6H2O Al(NO3)3 · 6H2O CuSO4 · 5H2O ZnO ZnAl2O4 CuO∗

1 51.6 2.58 40.60 3.38 1.77 0.013 82.91 16.69 0.40

Zn4-Cu03

2 53.0 2.65 41.7 1.76 3.54 0.011 − 99.6 0.40

Zn1-Cu03

Scanning electron microscopy was used to investigate

the morphology of the obtained materials. A Supra 55VP

electron microscope was used for the research.

The crystalline structure of the synthesized powders was

studied by X-ray diffraction analysis on a Rigaku Ultima IV

apparatus. The Scherrer formula was used to estimate the

crystal size from the data obtained.

Chicago Sky Blue (CSB) diazo dye (Sigma Aldrich) was

used as a model organic pollutant. The powder weights used

in the experiments were 0.01 g. Powder suspensions were

mixed with 3ml aqueous dye solution (all dye solutions are

further aqueous) and placed in a quartz cuvette. The content

of the dye in the initial solutions was 42mg/l. This dye was

used earlier in [3,5,9,17,18] to evaluate the photocatalytic

properties of materials.

In dye solutions, an intense absorption band with a

maximum of λmax = 612 nm is observed. In [9] the

experimentally determined dependence of the absorbance of

CSB 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.

A high-pressure mercury lamp DRSH-250 was used

to phototreat solutions. The emission spectrum of this lamp

has been given in [27].

The absorption spectra of the solutions were measured

on a Perkin Elmer Lambda 900 spectrophotometer in the

300−750 nm spectral range using standard 10mm quartz

cuvettes.

Fig. 1 shows electron microscopic images (with different

magnifications) of the 1 nanocomposite. It can be seen

from Fig.1, a that the synthesized powder is composed

of microscopic particles of different sizes and shapes. A

higher magnification image showed that these particles

contain pores and are composed of smaller particles of no

more than 50 nm. This morphology of the material can

provide a large surface area of contact between the material

and the environment, which contributes to its adsorptive and

photocatalytic properties.

A study of the structure of ZnO/ZnAl2O4/Cu nanocom-

posites by X-ray diffraction analysis in the early papers [28]
showed that the obtained materials consist of a mixture

of small and tightly packed hexagonal ZnO crystals (size
8−13 nm) and cubic spinel crystals ZnAl2O4. It was found

that copper ions were incorporated into the crystalline lattice

of zinc oxide, slightly changing the parameters of its lattice

cell.

Photobleaching of dye solutions

Fig. 2 shows the change in absorption spectra of a

CSB dye solution containing 2 powder additives under UV

irradiation. The figure shows that the irradiation causes

gradual solution bleaching, while the form of the dye
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Figure 2. Absorption spectra of Chicago Sky Blue dye solutions

containing powder 2, before exposure (0) and after UV irradiation

for 1,2, . . . 20min.

20100 15
0

0.2

1.0

0.4

0.6

0.8

5

Duration of UV radiation, min

R
el

at
iv

e 
d
y
e 

co
n
ce

n
tr

at
io

n
 C

/C
0

–0.002t
C = C e ·0

2
R  = 0.9319

–0.022t
C = C e ·0

2
R  = 0.874

–0.127t
C = C e ·0

2
R  = 0.733

1

2

3

Figure 3. Photobleaching curves of CSB dye solution (curve 1)
and solutions of this dye containing photocatalytic powder addi-

tives 2 (curve 2) and 1 (curve 3).

absorption spectrum remains unchanged. This suggests that

the resulting photodegradation products have no significant

effect on the absorption spectra of the dye in the visible

part of the spectrum. The observed pattern of change in the

dye absorption spectra is broadly similar to that previously

described in [12].

Fig. 3 shows the bleaching kinetic curves of CSB solution

(curve 1) as well as solutions of this dye containing powder

additives 1 (curve 3) and 2 (curve 2). For samples 1

and 2 the graphs are shown with adsorption taken into

account. The photobleaching process of CSB solution

without addition of powders is relatively slow — at a

UV irradiation time of 25min less than 5% of the dye

molecules are observed to decompose. The figure shows

that the photobleaching rate of the solution increases

considerably with the addition of synthesized powders, with

a significantly higher acceleration of the decolorization being

observed with the addition of 1 powder containing zinc

oxide.

The light absorption by dye molecules in solution is a

photochemical decomposition reaction. The speed of this

process is described by a first-order reaction kinetic model:

C = C0e−ka ppt, (1)

where C0 — initial dye concentration in solution (mg/l),
C — current dye concentration (mg/l);ka pp — nominal

pseudo-first order reaction rate constant (min−1). To for-

mally describe the photobleaching kinetics of solutions

containing organic dyes and photocatalytic additives, the

first-order reaction kinetic equation [4,5,9,12,13,17] is also

often used.

The curves based on calculations using the formula (1)
and experimental data are shown in Fig. 3. These curves

do not describe the experimental data well enough. The

value of the coefficient of determination R to estimate the

fit of the kinetic model to the experimental values does

not exceed 0.9 for samples 1 and 2, which indicates the

inapplicability of this kinetic model. This may be due to the

high adsorption properties of the nanocomposites 1 and 2.

For a more accurate description of the photobleaching ki-

netics, a pseudo-second-order reaction photocatalysis kinetic

model was chosen, which can be written in [13] form:

1

c
=

1

c0

+ K2t, (2)

where k2 – the rate constant of a pseudo-second order

photocatalytic reaction. Fig. 4 shows the 1/C = f (t)
dependence plots for dye photodegradation when using 1

and 2 nanocomposites. It can be seen that the experimental

data for dye photodecomposition using both composites

are well described by the pseudo-second order kinetic

dependence (R2 >0.9).
It is known that the photobleaching of solutions in

the presence of dispersed photocatalysts is determined by

several processes [9–15,29]:
• photodegradation of dye molecules in the solution;

• by dye adsorption on the surface of a dispersed photocat-

alyst;

• by photocatalytic decomposition of dye molecules on the

photocatalyst surface.

The rate of each of these processes and their contribution

to the photobleaching of solutions depends on a number

of factors, including chemical composition, photocatalyst

structure and morphology, dye concentration in the solution,

spectral composition and intensity of radiation used, tem-

perature and other conditions of photochemical treatment.

In the irradiation process, dye removal from the solution is

determined both by its decomposition (in the liquid phase

or on the photocatalyst surface) and by its adsorption on the

dispersed photocatalytic powder surface). These phenom-

ena have been discussed in some detail in [9,11–15,17,29].
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Figure 4. Dependences 1/C = f (t) for dye photodecom-

position processes by applying nanocomposites 1 and 2 and

their linear approximation results by functions 5.4025t + 54.31

and 0.8954t + 43.69.

750500350 600 700

0

1

2

3

400

Wavelength, nm
550 650450

O
p
ti

ca
l 

d
en

si
ty

2

3

4

5

6

7

8

9

1

Figure 5. Changes in the absorption spectrum of Chicago

Sky Blue dye solution during adsorption on the surface of the

powder 1. Adsorption process duration, min: 0 (original solution,
curve 1), 5 (curve 2), 10 (curve 3), 15 (curve 4), 20 (curve 5),
30 (curve 6), 40 (curve 7), 50 (curve 8), 60 (curve 9).

Kinetics of Chicago Sky Blue dye
adsorption from solutions

To evaluate the effect of adsorption on the photobleaching

kinetics of the dye solution, experiments were carried out

in the absence of external radiation at 1 h process duration

corresponding to the experimental data on photobleaching

of solutions (Fig. 3, 4). Fig. 5 shows the effect of dark

exposure of CSB solution containing 1 powder on the

absorption spectra of the solution. It can be seen that the

nature of the spectral changes is similar to that observed

in photobleaching of the solution (Fig. 2). This Fig. shows

the experimental results showing the changes during the
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Figure 6. Kinetic dependences of dye adsorption in darkness

conditions on the surface of 2 (curve 1) and 1 (curve 2) powders.

initial stage of the adsorption process and corresponds to

the photobleaching of the solution (curve 3, Fig. 3).
Fig. 6 shows the kinetic dependence of dye adsorption

under darkness conditions on the surface of 1 and 2

powders. Comparison of the results with photobleaching

of solutions (Fig.3) shows that the dye adsorption on

the surface of the materials are significantly slower than

the observed bleaching of solutions under UV irradiation.

Similar results were obtained earlier in paper [9].
When considering photocatalytic processes, kinetic mod-

els of adsorption on the surface of solids, including

pseudo-first and pseudo-second order equations, are most

commonly used [5,9,12].
In the pseudo-first order kinetic equation [9,12,18,19,30]

the adsorption rate is described by the expression [12,30]:

dqt

dt
= k1(qe − qt), (3)

where qt (mmol/g) — the amount of dye adsorbed to

1 g sorbent by time t;qe(mmol/g) — the equilibrium

adsorption capacity of the sorbent;k1 (min−1) — adsorption

rate constant; t — duration of adsorption process (min).
According to equation (3), the speed of the adsorption

process decreases as the surface is filled with dye molecules.

In the present paper, qe values were calculated based on

dye concentration in solutions at the duration of adsorption

process ∼60min and are close to the equilibrium adsorption

capacity of the outer surface of photocatalyst particles.

Fig. 7 shows the ln(qe − qt) = f (t) dependencies based

on experimental data for 1 (Fig.7, a) and 2 (Fig.7, b)
dye adsorption. The above data show that the linear

dependences given correspond satisfactorily (R2 > 0.9) to

the experimental results for adsorption on the surface of

both powders. Comparing the values of k1=0.0073 (a)
and 0.0026min −1 (b) shows that the process proceeds

much faster on the surface of 1 powder containing more

zinc oxide. This can be explained by the manifestation

of the interaction between CSB molecules and Zn2+ ions

described earlier in [9].
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Figure 7. Dependencies ln(qe − qt) = f (t) plotted from experi-

mental data on dye adsorption of powders 1 (a) and 2 (b).

It can also be noted that the rate constant of adsorption

of CSB dye on the surface of ZnO-MgO nanocomposite

(k1 = 0.056) given in [12] in the present paper is signifi-

cantly higher than that obtained in the present paper. This

can be explained by significant differences both in chemical

composition and structure of nanocomposites obtained

in the present paper and in [12], significant difference

in conditions of adsorption kinetics experiments (different
concentrations of initial solutions and masses of composite

suspensions).
To describe the kinetics of adsorption from solutions, a

pseudo-second-order equation is often used, which can be

written in the
dqt

dt
= k2(qe − qt)

2, (4)

form or in the integrated form [12,26,30–32]:

t
qt

=
1

k2 × q2
e

+
t

qe
, (5)

where k2 – second order adsorption rate constant, qe –
maximum equilibrium adsorption capacity of the powder

(mg/g), qt – adsorbed dye content on the surface of the

powder at duration of adsorption process t .
The graph t

qt
= f (t) (Fig. 8) showed a good agreement

(R2 = 0.992) of the experimental data with Equation (5).
Thus, the kinetics of CSB dye adsorption from solutions

onto the surface of obtained powders in the considered
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Figure 8. Time dependences of t/qt plotted on Chicago

Sky Blue (Sigma Aldrich) dye adsorption from aqueous solution

on powder surfaces 1 (1) and 2 (2), and their linear approximation

to 0.870t + 28.29 and 0.329t + 15.64.

main stage of solution decolorization (removal of up 80%

dye molecules from solutions) is satisfactorily described by

kinetic models of both first and second orders.

Thus, the experimental results on photobleaching kinetics

of CSB diazodye solutions and adsorption of this dye on

ZnO/ZnAl2O4/CuO photoactive powder surfaces show that

the rates of these processes are satisfactory described by

the known kinetic models. The photobleaching processes

of solutions are satisfactorily described by the pseudo-

second-order kinetic dependence, which agrees well with

the literature data on photocatalysis in the application of

some other oxide photocatalysts[4,9,12].

Conclusions

ZnO/ZnAl2O4/Cu nanocomposites synthesized by

polymer-salt method showed high photocatalytic and

adsorption properties in decolorizing aqueous solutions

of Chicago Sky Blue dye. Experimental data showed

that the rate of dye adsorption and photobleaching of

solutions under UV radiation was higher when using

nanocomposites with a higher zinc oxide content. It was

found that the photo-bleaching rate of diazo dye solutions

in ZnO/ZnAl2O4/Cu nanocomposites significantly exceeds

the adsorption rate on the nanocomposite particles in the

absence of UV irradiation. A study of the adsorption

kinetics of dye nanocomposites from these solutions

showed that the kinetic model describing the adsorption

rate by a pseudo-second order equation better fits the

experimental data obtained than the model describing the

adsorption kinetics by a pseudo-first order equation.
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