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1. Introduction

There is a problem of pollution and purification of water 
resources in the modern world. A huge amount of different 
allogenic chemical substances penetrates water bodies. Such 
substances deteriorate water quality. The main sources of 

pollution of the environment are industrial enterprises, 
thermal power stations and transport. The transition to new 
technologies will reduce an impact of emissions into the 
environment.

The problem of environmental pollution with organic 
compounds is very important and relevant at present. It 
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Наведено результати дослiдження фото-
каталiтичної активностi оксидiв SnO2, ZnO, 
TiO2 в процесi окиснення гiдроксибензолу у вод-
ному середовищi, окремо розглянуто власти-
востi алотропних модифiкацiй оксиду тита-
ну (IV): анатазу та рутилу. Обґрунтовано 
взаємозв’язок зменшення значення шири-
ни забороненої зони та збiльшення фотока-
талiтичної активностi розглянутих оксидiв. 
Встановлено вплив органiзацiї перемiшування 
на зростання ступеня деградацiї гiдроксибен-
золу у водному середовищi, яке становить в 
середньому 10–15 %. Дослiджено вплив спiввiд-
ношення вмiсту анатазу до рутилу у фото-
каталiзаторi на ефективнiсть деградацiї 
гiдроксибензолу. Показано, що отриманi при 
цьому результати дослiджень узгоджуються 
з лiтературними даними, але вiдкривають-
ся додатковi можливостi збiльшення ступеня 
окиснення гiдроксибензолу прi сумiсном вико-
ристаннi анатазу та рутилу. Встановлено, 
що найбiльший ступiнь окиснення з перемi-
шуванням та без нього при часi опромiнюван-
ня 60 хвилин досягається при спiввiдношеннi 
кiлькостi анатазу до рутилу 75/25 % мас. та 
складає 23 % i 37 %, вiдповiдно. Використання 
такого складу дозволяє збiльшити ступiнь 
окиснення гiдроксибензолу у водному середо-
вищi на 11–18 %, що в 1,5–1,9 разiв бiльше 
порiвняно з чистим рутилом та анатазом. 
Показано, що при використаннi фотокаталi-
затора iз сумiшi анатазу та рутилу характер 
впливу перемiшування на ступiнь окиснення 
гiдроксибензолу має iншу закономiрнiсть, нiж 
при використаннi чистого анатазу або рути-
лу. Одержанi результати дозволили зробити 
висновок, що для скорочення часу досягнен-
ня максимальних показникiв процесу дегра-
дацiї гiдроксибензолу необхiдно збiльшувати 
вiдношення поверхнi опромiнювання до висо-
ти самого апарату та збiльшувати число Re 
процесу перемiшування. На основi отриманих 
експериментальних даних встановлено опти-
мальний склад фотокаталiзатору, який доз-
воляє досягти максимальний ступiнь вилучен-
ня гiдроксибензолу iз розчину

Ключовi слова: очищення стiчних вод, 
гiдроксибензол, фотокаталiтична актив-
нiсть, оксид титану, анатаз, рутил
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requires resolution at the stage of production, which is a 
source of pollution, or at the further utilization of discharges 
of this production. One of very harmful organic substances 
emitted to the environment, in particular to water basins, is 
hydroxybenzene. Its exposure to the environment leads to 
significant changes in the ecosystem itself.

Hydroxybenzene and its various derivatives belong to 
the most widespread and important substances in the world. 
Sources of the inflow of hydroxybenzene to the environment 
are enterprises of the chemical industry, which produce pes-
ticides and plastics, production of oil refining, wood chemis-
try, coke, aniline, pharmaceutical industry. Hydroxybenzene 
appears during a variety of processes in natural conditions. 
Such processes are biochemical decomposition and transfor-
mation of organic substances, metabolism of aquatic organ-
isms, which leads to formation of so-called low molecular 
weight and natural phenols.

The total content of hydroxybenzene and its derivatives 
can exceed 10‒20 g/dm3 in sewage water. And this is an indi-
cator of pollution of water bodies [1, 2].

The presence of hydroxybenzenes in water leads to 
formation of chlorine-substituted and nitro-substituted hy-
droxybenzenes, which are even more dangerous for human 
health. Chlorhydroxybenzenes form by chlorination of water 
to disinfect it. They also get to sewage water and drinking 
water as a result of decomposition of pesticides, with waste 
of pulp-and-paper production. The smallest traces of chlo-
rhydroxybenzenes (0.1 μg/dm3) give water a characteristic 
smack and smell. Rather “hard” boundary permissible con-
centrations (BPC) for individual chlorhydroxybenzenes are 
connected with mutagenic influence on microorganisms, 
which suggests presence of carcinogenic properties. Appear-
ance of nitrohydroxybenzene in water is a consequence of 
pollution of petrochemical production by sewage water and 
degradation of certain types of organophosphorus pesticides. 
BPC are 60 μg/dm3 for o-, m-nitrohydroxybenzene and  
20 μg/dm3 ‒ for p-nitrohydroxybenzene [3,4].

Water purification is necessary almost always, especially 
in modern conditions, along with control and decontami-
nation of food. Currently, people widely use chlorination, 
ozonation, bactericidal lamps and other methods for decon-
tamination of water and air. But all methods have a number 
of disadvantages: either high cost, or impossibility of appli-
cation near people, or low specification, that is, an action on 
one class of microorganisms only.

One of the promising directions is photocatalytic pu-
rification of water and aqueous media contaminated with 
organic compounds. The main advantages of the photocata-
lytic method of water purification are as follows:

1) ability to oxidize almost any organic substances and 
a number of inorganic compounds such as CO, H2S, HCN, 
NH3, NOx and others;

2) the method works at room temperature and atmo-
spheric pressure;

3) ability to oxidize even small concentrations of pol-
lutants; purification of them with methods is economically 
inappropriate;

4) no additional reagents are necessary except for the 
oxidizing agent – oxygen air for implementation of the pho-
tocatalytic purification method.

We can conclude from all the above that the study of the 
process of photocatalytic oxidation of hydroxybenzene and 
its derivatives in the aquatic environment is an important 
scientific and technical task. The expediency of the study 

consists in development of a new optimal composition of a 
photocatalyst, which will increase a degree of oxidation of 
hydroxybenzene in an aqueous medium.

2. Literature review and problem statement

Researchers give great attention to the photocatalytic 
oxidation in recent years. It makes possible effective de-
struction of organic compounds in water. Also, there is great 
attention paid to combination of electrochemical, photocata-
lytic and membrane methods of water purification of organic 
compounds. Authors of paper [5] propose to carry out the 
oxidation of hydroxybenzene in an alkaline solution with a 
use of a glass-carbon electrode. They show that hydroxy-
benzene adsorbed on a surface of the electrode is oxidized 
to hydroquinone. But they do not consider the process of 
further oxidation of intermediate products to products of 
complete destruction of hydroxybenzene, which will cause 
certain difficulties at complete purification of sewage water. 
In addition, the presence of alkaline environment causes 
some difficulties for creation of this environment in practice 
with significant amounts for processing.

Work [6] studies the process of oxidation of hydroxyben-
zene on platinum-titanium anodes in an acidic medium. It 
considers two types of electrocatalysts. They are platinum 
on titanium and platinum on titanium modified with cerium. 
But the question remains whether it is possible to use these 
anodes in mediums, where pH varies in a wide range. In ad-
dition, a use of such metal as platinum will increase specific 
costs for servicing of such anodes, which will increase cost of 
water purification.

Authors of paper [7] propose a use of the method of elec-
trochemical destruction of toxic and heavy oxidizing organic 
compounds under the high pressure of inert gas. But the 
use of high pressure in the technology of purified water will 
not make possible to provide high efficiency of purification 
facilities and will create certain difficulties for design of the 
main equipment.

Work [8] proposes to use a bacterial electrode for the 
oxidation of hydroxybenzene. The electrode was made of 
graphite, natural phosphate and modified bacteria. Exper-
imental studies showed that we can use the electrode for 
degradation of various compounds of hydroxybenzene, but 
there is no data on efficiency of a use of such electrode over 
time and there is no justification of expediency of a use of 
such electrode on the industrial scale.

A use of membrane technologies for water purification 
of organic compounds is another way to overcome the prob-
lem. Membrane filtration processes are rationally coupled 
with photocatalytic oxidation in photocatalytic membrane 
reactors with ultrafiltration membranes [9] and membranes 
based on polyester anide and polyurethane [10]. The use of 
membranes can significantly improve a degree of removal 
of organic pollutants and products of decomposition from 
aqueous solutions, as well as to solve the problem of removal 
of a catalyst from purified water. But there is no indication 
of periodicity of membranes operation and feasibility of a use 
for removal of hydroxybenzene from sewage water.

Application of adsorption methods with a use of modified 
clay minerals [11], interlayer modified titanium nanotubes 
[12] also give a possibility to remove hydroxybenzene from 
an aqueous medium. However, there is no data on adsorbent 
regeneration technology in a paper [11], and there is no data 
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on lifetime of these adsorbents and possibility of a use in the 
industry in work [12].

Photocatalytic decomposition of hydroxybenzene com-
pounds belongs to destructive methods of sewage water 
purification. Application of the catalytic method in con-
junction with the physical influence of UV irradiation can 
significantly intensify processes of oxidative destruction 
of organic pollutants and bring it to full mineralization in 
some cases. Photocatalysts should have the following prop-
erties: photoactivity, biological and chemical inertia, sta-
bility to photo corrosion, ability to use in the field of visible 
or near ultraviolet light, low cost and absence of toxicity. 
Titanium, iron, and zinc oxides and hydroxides play a role 
of catalysts in the process of photocatalytic decomposition 
of hydroxybenzene usually. Then they are removed from 
purified water.

We know that TiO2 has excellent pigmentary properties, 
a high degree of ultraviolet absorption and high stability. Its 
characteristics give possibility to use it in various industries 
such as electro ceramics, glass production and photocatalyt-
ic destruction of organic and inorganic substances in water 
and air. Titanium dioxide is available, non-toxic and relative-
ly cheap type of a photocatalyst.

Authors of paper [13] propose to use as a highly effective 
catalyst for decomposition of hydroxybenzene nanocrystal-
line TiO2 film with an organic D35 dye. But the disadvan-
tage of the catalyst is a long time needed for destruction of 
hydroxybenzene and possibility of its use for micro-pollut-
ants of sewage water only.

Authors of a work [14] developed a highly active photo-
catalyst based on mesoporous TiO2 modified by Al2O3. They 
established regularities of regulation of the synthesis condi-
tions (temperature, pH, chemical composition of a reagent, 
concentration) for the directed change of characteristics of 
a photocatalyst. However, there are no experimental data on 
usability of application of this photocatalyst in processes of 
water purification.

Paper [15] suggests a use of a composition based on TiO2 
on the carbon carrier of promoted Cu for the decomposition 
of hydroxybenzene. As a result, we obtain a photocatalyst 
with a developed nanoporous structure, which gives possi-
bility to reach a high degree of degradation of hydroxyben-
zene. Authors of work [16] investigated CuO/WO3/TiO2 
photocatalyst composition obtained by sol gel technology. 
They established dependences of a photocatalyst activity 
change on Ph and an amount of Н2О2 additionally intro-
duced into the solution. However, the works do not provide 
data on stability of photocatalysts data on effects of various 
sulfur compounds, which are present in industrial sewage, 
and they will affect Cu negatively.

Paper [17] investigated photocatalytic activity of a cat-
alyst made based on TiO2 and phenol formaldehyde resin by 
the method of the sol gel technology with the use of tetrabu-
tyl-titanate. The results showed that TiO2 is in anatase form 
in a synthesized product. The degree of decomposition of hy-
droxybenzene was 62.8 % at irradiation at a temperature of 
200 oС for 2 hours. However, there are no data on possibility 
of a use of such catalyst at room temperature, which limits 
the scope of its use. There is no data on possibility of a use of 
rutile form of TiO2 in this process.

Duration of UV irradiation and introduction of oxidants 
(Fenton reagent, Н2О2, О2, О3) into the system influences 
a degree of purification significantly. Authors of paper [18] 
investigated catalytic activity of B–N–Fe and Si–N–Fe 

compositions under conditions of ozonation and ultraviolet 
irradiation for the oxidation of hydroxybenzene compounds 
in an aqueous medium. They showed that we can achieve 
the highest degree of degradation by ozonation with the 
presence of boron nitride based composite. But a use of О3 
on an industrial scale will affect the economy of the process 
of sewage purification negatively. In addition, there is no 
data on an effect of duration of ozonation on the degree of 
oxidation of hydroxybenzene.

Work [19] proposes a photocatalyst based on iron-con-
taining silica Fe-HMS-50 material with a use of hexadecyl-
amine at room temperature. The authors investigated an 
influence of pH and Н2О2 concentration on the oxidation 
process. At the use of Н2О2, there is a series of problems with 
stability of this compound during storage, pH of a medium 
and with a cost. Decomposition of Н2О2 in an alkaline medi-
um limits the range of pH at which we can use it.

According to the results of the analysis of literature on 
the study subject, a choice of a photocatalyst, which should 
provide a high degree of oxidation and work in a wide range 
of pH, which should be stable in an operation environment, 
remains an unsolved problem.

A cost of electrodes and electricity is important for appli-
cation of electrochemical methods. There is no information 
on time of use of various membranes and their efficiency on 
the industrial scale. There are no data on ways of further 
regeneration of adsorbents and there is a limited range of 
use of separate photocatalysts under conditions of industrial 
sewage water.

We should note that there is no investigation of an in-
fluence of the type of allotropic TiO2 modification on the 
process of oxidation of hydroxybenzene in the reviewed and 
discussed publications of periodical scientific publishings. 
There is no information on the combined use of anatase and 
rutile at degradation of organic compounds. There is no data 
on possibility of a use of zinc oxide (II) and tin (IV) as pho-
tocatalysts for the oxidation of hydroxybenzene.

3. The aim and objectives of the study

The objective of the study was to examine the process of 
oxidation of hydroxybenzene on photocatalysts in an aque-
ous medium. We used zinc oxide (II), tin oxide (IV), titani-
um oxide (anatase), titanium oxide (rutile), and a mixture of 
rutile and anatase in various ratios. This will enable further 
determination of the optimal composition of a photocatalyst, 
which we can use in water purification technology.

We set the following tasks to achieve the objective:
– establishment of the dependence of the degree of oxida-

tion of hydroxybenzene on time of ultraviolet irradiation on 
the proposed photocatalysts;

– investigation of the influence of changes in the ratio of 
anatase/rutile on the degree of oxidation of hydroxybenzene 
and determination of the optimal composition of a photo-
catalyst.

4. Methodology for studying the photocatalytic oxidation 
of hydroxybenzene in an aqueous medium

The wavelength of ultraviolet radiation should be less 
than 380 nm for effective photocatalytic decomposition of 
organic contaminants in water. Fig. 1 shows the decompo-
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sition spectrum of organic substances, which corresponds to 
the wavelength in the range of 200‒280 nm.

Fig.	1.	Spectrum	of	decomposition	of	organic	substances

We used the “UFOBACT” ultraviolet bactericidal lamp 
of 034 (2) modification with the UFBOT-40-01 timer 
(Ukraine) as a source of ultraviolet radiation in the study. 
The quartz LKB-40-02 lamp (Ukraine) had a special coat-
ing and self-restorable electrodes. The wavelength of ra-
diation was 220‒280 nm, the maximum radiation range 
was 255‒260 nm. The power of irradiation in the range of 
220–280 nm at the distance of 1 m behind the optical axis of 
the irradiator was not less than 1.8 W/m2.

As a photocatalyst, we used zinc oxide of chemically 
pure grade, tin oxide of chemically pure grade and two 
allotropic modifications of titanium oxide: the anatase 
form of titanium oxide of PRETIOX AV-01-FG grade 
manufactured by Presheza a.s. (Czech Republic); and the 
rutile form of pigment titanium oxide of “SUMTITAN 
R-206” grade manufactured by PJSC “Sumykhimprom” 
(Ukraine). Table 1 gives some of their technical charac-
teristics.

We carried out the investigation of the oxidation of 
hydroxybenzene in an aqueous solution in a laboratory 
glass of chemically resistant glass of 100 ml volume with 
the internal diameter of 50 mm. Firstly, we weighed 1 g  
of the photocatalyst and transferred it to the glass to 
cover the entire surface of the bottom of the glass with 
titanium oxide. After that, we added an aqueous solution 
of hydroxybenzene. We dissolved phenol in distilled water 
in the amount of 0.5 g per 1 dm3 of water for preparation 
of the aqueous solution, and irradiated it with ultraviolet 
light for one hour. 

We used a stirring device, which consisted of a cylindri-
cal vessel with a stirrer of 25 mm diameter, to study an influ-
ence of stirring intensity. We used the following formula [20] 
to determine the Reynold’s number of the stirring process for 
this type of a stirrer:

2 2

6

998,2 38 0,025
Re 24000,

1004 10
n d

−

ρ⋅ ⋅ ⋅ ⋅
= = =

µ ⋅
  (1)

where сµ  is the dynamic viscosity, Pa×s; ρ  is the density of 
mixed liquid, kg/m3; d  is the diameter of the stirrer, m; n is 
the rotational speed of the stirrer, s-1.

The photocatalyst was in a fine-dispersed state and 
formed suspension with the solution. The presence of sus-
pended particles was not permissible for further determina-
tion of residual content of hydroxybenzene in the aqueous 
solution by the titrimetric method. Therefore, we decided to 
remove the photocatalyst not by the filtration method, which 
does not give possibility to remove titanium oxide (IV) 
completely, but by centrifugation. After that, we separated 
the irradiated part of the solution by the decantation meth-
od. We used MLW T23D centrifuge with rotation speed of 
6,000 min-1 for centrifugation.

We carried out determination of the content of hydroxy-
benzene according to the standard method [22, 23] based on 
the bromate-bromide method.

5. Results of studying the activity of  
photocatalysts in the process of liquid phase oxidation of 

hydroxybenzene

5. 1. Determination of SnO2 and ZnO activity
Quantitative methods of analysis of analytical chemistry, 

namely the titration method used in this study to determine 
the initial concentration and the final concentration of hy-
droxybenzene in water, are very sensitive to various admix-
tures that may be present in the analyzed solution.

We used a solution with possible presence of admix-
tures of the photocatalyst for titration. Combined appli-
cation of the centrifugation method and the decantation 
method to extract the photocatalyst from such solution 
does not make possible to ensure its high purity. There-
fore, firstly, it was necessary to establish possibility of 
application of the titration method to determine adequate 
values of hydroxybenzene concentrations. To do this, we 
conducted studies with proposed catalysts without irra-
diation with ultraviolet light for one hour; all other op-
erations of the mentioned earlier methodology remained 
unchanged.

We performed seven parallel experiments with the pho-
tocatalyst based on anatase mass of 0.5 g according to 
the methodology described above. Table 2 gives results of 
mathematical processing (absolute error Δі, absolute error 
δ and relative error E) of the obtained data on calculated 
concentration of hydroxybenzene in Сі solution at the giv-
en reliability P=0.95, Student coefficient t0,95=2.447 and 
equipment error δn=0.1 mg/l.2. We calculated the absolute 
error from equation:

( ) ( )2 2

0,95 0,95· · / 3 .iпt S tδ = + δ    (2)

 

Table	1

Technical	characteristics	of	grades	of	titanium	oxide	(IV)

Grade of titani-
um oxide

Mass fraction of 
TiO2, % not less

TiO2 rutile 
form, %, not less 

TiO2 anatase 
form, %, not less 

Volatile par-
ticles, %, not 

larger

Water soluble 
substances, %, 

not larger

Size of particles, 
μm

Whiteness, %

PRETIOX  
AV-01-FG

99 – 99 0.5 0.25 0.3 97

SUMTITAN 
R-206

94 97 – 0.5 0.2 0.4 97
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Thus, we can see in Table 2 that the proposed method 
of extraction of the photocatalyst from the solution and the 
subsequent use of the titrimetric determination method for 
the final content of hydroxybenzene have a very high accu-
racy and make up a relative error of no more than 1 %, which 
makes possible to use it in further research.

Fig. 2 shows results of the study of photocatalytic ac-
tivity of oxides of tin (IV) (curve 1) and zinc (II) (curve 2) 
in the process of liquid phase oxidation of hydroxybenzene. 
As we can see in Fig. 2, zinc oxide (II) has a greater activ-
ity than tin oxide (IV) and makes possible to achieve the 
twice higher degree of oxidation over time. However, the 
degree of oxidation achieved during such period of time is 
not sufficient for a use of such photocatalyst for purification 
of sewage water of organic contaminants, in particular from 
hydroxybenzene.

In order to increase efficiency of the use of photocatalysts 
considered in the study, we arranged stirring of the solution 
during its irradiation to distribute the catalyst through the 
volume of the solution evenly. As a result, the specific sur-
face of the photocatalyst, which takes an active part in the 
process of oxidation directly, increased, and consequently, its 
productivity increased. Fig. 2 shows this (curves 3 and 4). In 
both cases, an increase in the oxidation of hydroxybenzene 
was 8‒10 % on average.

Fig.	2.	Dependence	of	the	degree	of	oxidation	of	
hydroxybenzene	on	time	of	ultraviolet	radiation:	1	–	SnO2;		

2	–	ZnO;	3	–	SnO2	(Re=24,000);	4	–	ZnO	(Re=24,000)

The nature of the dependence of the degree of oxidation 
on irradiation time for these photocatalysts is linear. It is 
necessary to increase irradiation time for the solution with 
stirring and without it in order to achieve the most com-
plete decomposition of hydroxybenzene in the solution. We 
should note that the degree of oxidation achieved over time 
remains not high enough for industrial application even with 
arrangement of stirring.

A photocatalyst, which will effectively oxidize various 
organic compounds in industrial and domestic sewage water 
in a short period of time, would find effective application in 
solution of the ecological problem.

5. 2. Determination of anatase activity and rutile ac-
tivity

As noted in the literature review [13–16] above, there is 
another oxide effectively used to oxidize organic compounds 
in an aqueous medium. This is titanium oxide (IV). All three 
allotropic modifications found a widespread use: anatase, 
brookite and rutile, but brookite is practically not used due 
to complexity of its receipt.

Fig. 3 shows the results of the research on the oxidation 
of hydroxybenzene with a use of anatase and rutile. As in 
previous experiments, we analyzed a change in the degree 
of oxidation of hydroxybenzene in dependence on duration 
of ultraviolet irradiation, both with and without stirring, 
separately for anatase and rutile.

Fig.	3.	Dependence	of	the	degree	of	oxidation	of	
hydroxybenzene	on	time	of	ultraviolet	radiation:		

1	–	anatase;	2	–	rutile;	3	–	anatase	(with	stirring,	
Re=24,000);	4	–	rutile	(with	stirring,	Re=24,000)

Comparing the results of previous experiments with tin 
oxides (IV) and zinc oxides (II), the oxidation of hydroxy-
benzene on rutile and anatase reaches 26.2 % and 19.1 % 
during the stirring time, and without stirring ‒ 17.6 % and 
8.4 %, respectively.

Thus, the photocatalytic activity of rutile and anatase is 
significantly higher than the activity of photocatalyst used 
in previous experiments. Comparing the degree of oxidation 
achieved during stirring over time on rutile and zinc oxide 
(II), as a more efficient photocatalyst of previous studies, 
this indicator is almost twice higher. The use of anatase, in 
comparison with the previous photocatalysts, gives a slight 

Table	2

Results	of	mathematical	processing	of	data	obtained	as	a	result	of	titration	of	solutions

No. Сі, mg/l Δі=С–Сі Δі
2

Dispersion  

( )
2

1
i

iS
i
Σ∆

= ±
−

Absolute error, δ
Relative error  

100 %E
C
δ= ⋅

1 501.68 1.68 2.8224

1.158627 1.075 0.215

2 498.54 1.46 2.1316

3 500.06 0.06 0.0036

4 501.24 1.24 1.5376

5 499.68 0.32 0.1024

6 501.12 1.12 1.2544
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increase in the degree of oxidation at stirring after an hour 
of radiation, which is only 6 %.

Stirring (curves 3 and 4) helps to improve the process in 
both cases. We should note that the nature of an increase in 
the degree of oxidation at stirring over time relatively to the 
index of oxidation without stirring has an uneven character 
when using rutile as a photocatalyst. An increase in the ox-
idation during irradiation time is not proportional to other 
photocatalysts. For example, for anatase, this indicator is 
approximately the same at 5 and 60 minutes of irradiation 
and makes up 8‒9 %, but for rutile at 5 minutes, it is only  
3 %, while at the same time, at 60 minutes, it is 10 % already.

5. 3. Determination of the optimal ratio of anatase/rutile
The results presented in paper [24] show that, in some 

photocatalytic processes, we achieve the greatest activity of 
a photocatalyst based on titanium oxide (IV) not using pure 
anatase and rutile alone, but in the given ratio. Therefore, 
we carried out studies on the effect of the ratio of anatase 
and rutile in the photocatalyst on the degree of oxidation of 
hydroxybenzene in an aqueous medium and establishment of 
an optimal ratio to achieve a minimum final hydroxybenzene 
concentration in water.

For the study, we prepared photocatalysts with the 
following ratios of anatase to rutile, % mass: 40/60, 60/40, 
75/25 and 80/20. The total mass of the photocatalyst re-
mained the same as in previous studies and made up 1 g.  
Fig. 4, 5 show the results of the conducted studies.

Fig.	4.	Dependence	of	the	degree	of	oxidation	of	
hydroxybenzene	on	time	of	ultraviolet	irradiation	and		

the	ratio	of	anatase/rutile	(without	stirring)

Fig.	5.	Dependence	of	the	degree	of	oxidation	of	
hydroxybenzene	on	time	of	ultraviolet	irradiation	and		
the	ratio	of	rutile/anatase	(with	stirring,	Re=24,000)

We can see in Fig. 4 and 5 that we achieved the highest 
degree of oxidation with and without stirring at an irra-
diation time of 60 minutes with the ratio of anatase and 
rutile of 75/25 % by weight. And this is 23 % and 37 %, 

respectively. The use of such composition makes possible 
to increase the oxidation of hydroxybenzene in an aque-
ous medium by 11‒18 %. That is, such a photocatalyst, in 
comparison with pure rutile and anatase, has an activity of  
1.5 times greater without stirring and 1.9 times greater 
with stirring, respectively.

The arrangement of stirring for the photocatalyst of this 
composition (Fig. 5) is even more significant for increasing 
of the oxidation of hydroxybenzene, as it is almost 1.5 times 
greater than at the use of pure anatase or rutile. The change in 
the ratio of anatase to rutile from 40/60 to 60/40 in compar-
ison with pure anatase at arrangement of the process without 
stirring (Fig. 4) does not significantly affect the oxidation 
efficiency of hydroxybenzene for 60 minutes of irradiation. 
When arranging the stirring (Fig. 5), until the irradiation 
time of 30 minutes, the degree of oxidation increases with 
increased anatase content in the photocatalyst. After irradi-
ation time of 30 minutes, this change is not very significant.

It is evident from the dependences of the degree of oxi-
dation on time of irradiation (Fig. 6–8) for different ratios 
of anatase to rutile, that the more content of anatase in the 
photocatalyst is, the greater is an increase in the degree of 
oxidation at arrangement of stirring. Thus, at 60-minute 
irradiation for the photocatalyst with anatase/rutile ratio of 
60/40, the difference is 9 % (Fig. 6), 75/25 ‒ 14 % (Fig. 7), 
and (Fig. 8) it is 17 % already for the ratio 80/20.

Fig.	6.	Dependence	of	the	degree	of	oxidation	of	
hydroxybenzene	on	time	of	ultraviolet	irradiation	on	

anatase/rutile	catalyst	(60/40):	1	–	without	stirring;		
2	–	with	stirring	(Re=24,000)

Fig.	7.	Dependence	of	the	degree	of	oxidation	of	
hydroxybenzene	on	time	of	ultraviolet	irradiation	on	

anatase/rutile	catalyst	(75/25):	1	–	without	stirring;		
2	–	with	stirring	(Re=24,000)

An increase in the degree of oxidation during the first  
30 minutes of irradiation is more significant for photocata-
lysts with higher anatase content. For example, the oxida-
tion degree for the photocatalyst with the ratio of anatase to 
routine of 60/40 (Fig. 6) is only 13 %, and for the photocata-
lyst with a ratio of 80/20 (Fig. 8), it is almost 20 %.
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Fig.	8.	Dependence	of	the	degree	of	oxidation	of	
hydroxybenzene	on	time	of	ultraviolet	irradiation	on	

anatase/rutile	catalyst	(80/20):	1	–	without	stirring;		
2	–	with	stirring	(Re=24,000)

We should also note that the nature of the curve after 
30 minutes of irradiation with an increase in the content of 
anatase in the photocatalyst becomes gradually almost lin-
ear, both with and without stirring, and it slightly increases 
during subsequent irradiation time.

6. Discussion of results obtained in the study of 
photocatalytic activity of metal oxides

Presence of valent zone of conductivity in any semicon-
ducting metal oxide determines its photocatalytic properties, 
due to peculiarities of the electronic structure. Electrons in 
a semiconductor receive additional energy to overcome a 
bandgap width due to light energy. The magnitude of the 
bandgap width will determine the photocatalytic activity 
of one or another semiconductor. At its reduction, the photo 
absorption limit will be blended toward the long wavelength 
visible range.

Values of the bandgap of metal oxides used in the stud-
ies carried out were, respectively: SnO2 – 3.54 еV; ZnO ‒ 
3.37 eV; anatase ‒ 3.2 eV and rutile ‒ 3 eV. The analysis of 
the correspondence of an increase in values of the bandgap 
width completely corresponds to an increase in activity (the 
degree of oxidation of hydroxybenzene) of these oxides in 
our process and are, respectively: SnO2 ‒ 10 %; ZnO ‒ 13 %;  
anatase ‒ 19 % and rutile ‒ 26 %.

Dispersibility of the catalyst plays an important role in 
heterogeneous catalytic processes. Increasing of a specific 
surface of the photocatalyst enables to increase a number of 
active centers, which participate in the act of chemical pho-
tocatalysis, that is, as in our case, to accelerate the process of 
oxidation of organic compounds. In this aspect, the arrange-
ment of stirring of a solution with the photocatalyst takes 
not the last position among factors that contribute to the in-
crease in the degree of oxidation over a short period of time.

The effect of stirring may be different in dependence on 
dispersibility and physical-and-chemical properties of a pho-
tocatalyst itself. For two allotropic modifications of titanium 
oxide (IV) ‒ anatase and rutile, the nature of the increase 
in the oxidation of hydroxybenzene due to stirring for some 
time is not the same (Fig. 3).

We can explain the difference by the fact that a part of 
anatase in the solution is initially mainly suspended. It forms 
a suspension of a photocatalyst with an aqueous solution of 
hydroxybenzene. Thus, a larger surface of the photocatalyst 
works from the first minutes of irradiation, and the stirring 
itself, due to turbulence, leads to a constant increase in the 

oxidation degree by 8‒9 %. In the case with rutile, we ob-
serve another situation: rutile particles in the solution settle 
down initially into the lower part of the glass, that is, only 
a small surface of the photocatalyst that covers the bottom 
of the glass operates at the beginning of irradiation. During 
time, due to stirring, all particles of rutile pass into a sus-
pended state. Due to this, the percentage of the photocata-
lyst surface that is working in the process of hydroxybenzene 
photooxidation increases and the oxidation degree reaches 
its maximum.

When we use a photocatalyst of a mixture of anatase 
and rutile, the effect of stirring on the degree of oxidation of 
hydroxybenzene has a different pattern (Fig. 5). Also, as for 
pure anatase and rutile, there is an intense increase in the 
oxidation of hydroxybenzene during stirring in the first 30 
minutes of irradiation. However, the increase in the content 
of anatase in the photocatalyst does not lead to a decrease in 
this effect, but rather to its growth, although, as noted above, 
for rutile, the arrangement of stirring is more influential. We 
can explain this by the fact that anatase, being mainly in 
a weighted state, plays a double role in the first minutes of 
irradiation: on the one hand, it takes an active part in the 
process of oxidation of hydroxybenzene, and on the other, 
it shields particles of rutile from ultraviolet irradiation as a 
more active component of the catalyst. With increasing of 
content of anatase to more than 75 %, contribution of rutile 
to the total activity of the photocatalyst becomes less and 
the degree of oxidation of hydroxybenzene decreases.

As a result of the mathematical analysis of the depen-
dence of the degree of oxidation of hydroxybenzene on 
irradiation time for a photocatalyst, which contains 75 % of 
anatase and 25 % of rutile, we obtained the following para-
bolic regression equation:

– without stirring:

−= − ⋅ ⋅ + ⋅ +3 24,5 10 0,615 2,42,y x x   (3)

– with stirring:

3 28,9 10 1,037 6,17.y x x−= − ⋅ ⋅ + ⋅ +   (4)

Determination coefficient R was 0.999 and 0.997, re-
spectively. Thus, the calculation parameters of the model 
explain the relationship between the parameters studied 
by 99 %.

Thus, when we use rutile or a mixture with it as a pho-
tocatalyst to achieve the highest degree of oxidation of hy-
droxybenzene, stirring is required. In order to reduce time 
to reach the maximum values, it is necessary to increase the 
ratio of an irradiation surface to the height of an apparatus, 
which will be used to disinfect water of organic admixtures. 
Also, we can reduce process time by an increase in a number 
of rotation of a stirrer, that is, an increase in the Reynolds 
number, or by a use of these engineering solutions togeth-
er. Therefore, the task of further research will be to study 
an influence of the Reynolds criterion and dispersion of a 
photocatalyst on the degree of oxidation and establishment 
of optimal values of these parameters in terms of maximum 
disinfection of hydroxybenzene and minimum energy costs.

The degree of oxidation achieved in this study on the 
photocatalyst is not high enough, which is the main disad-
vantage of the research data. However, we established the 
optimal composition of the photocatalyst with the ratio of 
anatase and rutile, which gives possibility to increase the de-
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gree of degradation of hydroxybenzene. Therefore, the main 
task of further research is to find ways to increase the oxida-
tion of hydroxybenzene in less time of ultraviolet irradiation 
and to study the obtained composition of the photocatalyst 
in other photocatalytic processes.

Authors of papers [25, 26] note that oxygen plays an 
important role in the oxidation of organic compounds, there-
fore, in order to increase the oxidation of hydroxybenzene, 
there is a plan to use additional sources of oxygen further. In 
some cases, oxygen is considered as inert gas, because it does 
not destroy harmful substances in water. But during photo-
catalytic activation of air oxygen, it is not necessary to add 
expensive chemicals for purification of sewage water, which 
is very promising in its use.

There is a plan to use hydrogen peroxide as a source of 
oxygen. It intensifies degradation of hydroxybenzene by 
additional formation of hydroxyl-radicals when introduced 
into the photocatalytic system [27]:

Н2О2→2ОН-;    (5)

Н2О2+ОН-→Н2О+НО2-;   (6)

Н2О2+НО2-→Н2О+О2+ОН-.  (7)

It is also necessary to provide additional air barbotage 
through the solution. This will provide additional stirring of 
the photocatalyst and saturation of the solution with oxygen.

7. Conclusions

1. We established the dependence of the degree of oxi-
dation of hydroxybenzene on time of ultraviolet irradiation 
over time on oxides of semiconducting SnO2, ZnO metals 
and on allotropic modifications of TiO2 ‒ anatase and 
rutile. We showed that an increase in irradiation time and 
arrangement of stirring leads to an increase in the degree 
of oxidation of hydroxybenzene in an aqueous medium for 
the selected oxides. We established the interconnection of 
activity of the photocatalyst with its electronic structure, 
namely, the width of the bandgap. And this showed effi-
ciency of the use of titanium oxide (IV) in the process of 
liquid phase oxidation of hydroxybenzene in comparison 
with other oxides.

2. We carried out investigation of the dependence of the 
degree of oxidation of hydroxybenzene on the composition of 
the photocatalyst, namely the ratio of anatase and rutile. We 
showed that we can achieve 37 % of oxidation in the photo-
catalyst of the following composition: 75 % of anatase and 
25 % of rutile. We can explain this by physical-and-chemical 
properties of allotropic TiO2 modifications. The specified de-
gree of oxidation is not sufficient for application in practice, 
but the task of further research is to find ways to increase it.

3. We determined an additional possibility of increasing 
of the degree of oxidation of hydroxybenzene due to ar-
rangement of stirring, which makes possible to increase the 
efficiency of degradation by 10‒15 %.
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