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Pure titanium oxide (TiO2(ng)) and modified with potassium fluoride with different 
percentage of dopant: 2, 7, 15% (TiO2(2F), TiO2(7F), TiO2(15F), respectively) samples were 
synthesized by low-temperature sol-gel method. The morphology and particle size of pure 
titanium(IV) oxide (TiO2(ng)) and titanium(IV) oxide doped with potassium fluoride 
(TiO2(2F)) were investigated by scanning electron microscopy method. It was found that 
the doping with potassium fluoride does not have a significant effect on the shape of the 
particles, but allows to narrow the particle size distribution. X-ray phase and X-ray 
structural analyzes of the obtained TiO2 samples showed that the predominant phases of 
pure TiO2 were rutile and brookite, and only anatase contained in TiO2 doped with KF. 
The porous structure of the synthesized TiO2 samples was studied by the method of low-
temperature nitrogen adsorption-desorption. It was found that the all obtained TiO2 
samples belonged to porous adsorbents, the adsorption of which carried out monolayer. 
The adsorption properties of the obtained TiO2 samples were investigated using a model 
pollutant, phenol. It was found that the best adsorption properties showed TiO2(2F) sample 
at all three concentrations of pollutant. The maximum adsorption degree of phenol with an 
initial concentration of 3.125 mg/dm3 (18%) was achieved by TiO2(2F) sample; with an 
initial phenol concentration of 6.25 mg/dm3 was 21.5%, and at an initial phenol 
concentration of 12.5 mg/dm3 it was 42%. The highest photocatatical activity was shown by 
the sample of low-doped fluorine TiO2, in the presence of which phenol was decomposed 
by 68%. 
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Introduction 
Titanium (IV) oxide can exist in various allotropic modifications. The most famous 

natural modifications of TiO2 are anatase, rutile and brookite. Only the first two crystalline 
forms are used in industry [1–3]. 

Among the three modifications, rutile is the most thermodynamically stable form. It is 
formed from anatase and brookite when heated to a temperature of 600–800 ℃, depending 
on the atmosphere [4, 5]. Anatase and rutile are tetrahedral crystalline systems, while 
brookite is orthorhombic. In all three modifications, the oxygen atoms are arranged around 
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the titanium atoms in the form of curved octahedra. In rutile, oxygen atoms have 
hexagonal dense packing, and in anatase and brookite have cubic dense packing. Half of 
the octahedral gaps in rutile and the tetrahedral gaps in anatase are occupied by titanium 
cations. Titanium (IV) oxide is known as a promising adsorbent for the removal of 
hazardous pollutants from water, in particular phenol [3–10]. 

Phenol is found in wastewater from the chemical, oil refining, textile, coke-chemical 
and other industries. It is an extremely dangerous water pollutant, and today there are no 
universal and effective methods of its removal from waste industrial effluents. Among 
these methods reagent, extraction and many others are widely used. But they all have 
certain disadvantages; the need for valuable reagents, incomplete degree of extraction, 
and most importantly, the need for further disposal of removed phenol. Compared with 
the above methods, the method of adsorption has significant advantages, which makes it 
extremely promising and arouses great interest in the scientific world [10–20]. 

Currently, there is an increasing interest in the use of a photocatalyst based on titanium 
oxide (TiO2). Photocatalysis is a fairly inexpensive and easy-to-apply technology capable 
of solving many problems, while requiring virtually no costs during operation. 
Photocatalysis requires the catalyst itself (TiO2), which is not consumed, and sunlight or 
ultraviolet radiation. 

In this regard, the task of new adsorbents and photocatalysts creation and research on 
the processes of phenol removal in order to select the optimal parameters for their 
application and development of the technological implementation of these processes into 
industrial conditions is very relevant. 

Materials and Methods  
The synthesis of TiO2 samples was carried out by the modified low-temperature sol-

gel method [21]. For this 15wt.% titanium (III) sulfate solution in sulfuric acid was used 
as a precursor. To it a pre-prepared ammonium hydroxide solution with pH 8 was slowly 
added dropwise until a pH of 1.2 was reached. In the synthesis of doped samples during 
the adjustment of the precursor solution to pH 1.2 a portion of pre-weighed KF 
(according to table 1) was added in several small portions. After reaching a pH of 1.2, 
the solution was heated to a temperature of 50 °C with constant stirring to undergo low-
temperature hydrolysis for 30 minutes. Data for the synthesis of titanium (IV) oxide 
doped with potassium fluoride are presented in Table 1. 

Table 1 
Data for the synthesis of titanium (IV) oxide doped with potassium fluoride 

№ Sample Precursor volume, cm3 Mass of KF, g 
1 TiO2 (2F) 10 0.300 
2 TiO2(7F) 10 0.084 
3 TiO2(15F) 10 0.040 

 
After completion of the low-temperature hydrolysis step, the beaker was covered and 

left for aging during 7 days. Then the obtained precipitate of titanium (IV) oxide was 
washed on a vacuum filter until the qualitative reaction on SO4

2– ions disappeared, dried 
in an oven at 60–70 ℃ for 2 hours, ground in an agate mortar, and placed into a hermetic 
container for further storage. 
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Adsorption and photocatalytic decomposition of phenol. 

Investigations of the adsorption and photocatalytic properties of the synthesized 
titanium(IV) oxide samples were performed on a model solution of phenol with the 
initial concentration of 12.5; 9.375; 6.25; 3.125 mg/dm3. 

To study the photocatalytic properties of the synthesized samples of titanium(IV) 
oxide, an installation with a UV lamp with a power of 24 W and a wavelength of 254 nm 
was used. 

Results and Discussion 

Investigation of surface morphology of the TiO2 samples 
The morphology and particle size of pure titanium (IV) oxide (TiO2(ng)) and 

titanium (IV) oxide (TiO2(2F)) samples doped with potassium fluoride were investigated 
using scanning electron microscopy. The obtained images are presented in Fig. 1. 

 

  
a b 

  
c d 

Fig. 1. SEM images of the synthesized TiO2 samples. a, b – TiO2(ng); c, d – TiO2(2F). 
 
Fig. 1 shows that the particles of both synthesized samples have a spherical shape; 

their size is in the range of 15–35 μm for TiO2(ng) and 20–30 μm for TiO2(2F). This 
indicates that the addition of potassium fluoride does not have a significant effect on the 
shape of the particles, but allows to narrow the particle size distribution. 
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X-ray phase and X-ray structural analysis 

Diffractograms of four synthesized TiO2 samples obtained by X-ray phase analysis 
are shown in Fig. 2. 

 

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
0

50

100

150

200

250

75
,9

9
94

74
,1

9
33

7
1,

19
9

1

6
8,

17
9

3
6

6,
98

3
6

6
6

,5
38

7
65

,5
6

67

6
2

,7
39

7

5
5,

81
2

8
55

,2
0

04
53

,9
3

65
5

2,
31

5
0

4
9

,8
16

4

4
5

,1
58

9

42
,6

4
18

4
1

,8
91

4
39

,7
9

00
37

,4
8

58
3

6
,6

48
5

32
,5

4
96

31
,4

1
57

In
te

ns
ity

 (
cp

s)

2-theta (deg)

2
5,

46
7

4

 

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
0

50

100

150

200

(0
 0

 2
)

(0
 2

 1
)

(1
 0

 2
)

(1
 2

 1
)

(0
 2

 2
)

7
5

,4
92

7

(3
 2

 1
)

(0
 4

 1
)

(0
 4

 0
)

6
8

,6
93

2
(0

 2
 3

)

7
4

,7
85

2

53
,8

6
37 5

4,
70

5
9

62
,4

5
11

61
,7

9
28

6
9,

79
0

2

3
8

,3
89

3

47
,7

2
19

3
6,

87
6

4 3
7

,8
35

4

In
te

ns
ity

 (
cp

s)

2-theta (deg)

2
5

,1
70

9

 
a b 

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
0

50

100

150

200

250 (3
 1

 2
)

(3
 2

 1
)

(0
 4

 1
)

(0
 4

 0
)

7
5

,4
14

8

(0
 2

 3
)

74
,5

9
1

8

6
8

,4
47

8

5
4

,6
51

3

6
2,

30
9

3
61

,6
8

8
5

6
9

,7
24

3

(0
 2

 2
)

3
8,

32
6

3

(1
 2

 1
)

5
3

,6
7

0847
,6

8
0

1

(0
 2

 1
)

(0
 0

 2
)

3
7

,6
8

08
3

6
,7

7
4

7

In
te

n
si

ty
 (

cp
s)

2-theta (deg)

2
5

,1
3

88

 

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
0

50

100

150

200

250

7
4

,6
3

40 7
5

,2
9

2
0

(0
 4

 1
)

3
7

,7
9

4
9

(1
 3

 2
)

(0
 2

 3
)

6
9

,6
0

7
5

5
3,

78
9

1 54
,3

7
2

7

6
2

,3
2

6
4

6
8

,5
8

7
2

6
1

,6
5

5
4

(0
 2

 2
)

3
8

,3
1

03

(1
 2

 1
)

(1
 0

 2
)

4
7

,6
0

6
0

(0
 2

 1
)

(0
 0

 2
)

(0
 2

 0
)

3
6,

81
7

4

In
te

n
si

ty
 (

cp
s)

2-theta (deg)

2
5

,1
8

6
6

 
c d 

Fig. 2. Diffractograms of synthesized TiO2 samples.  
a – TiO2(ng); b – TiO2(2F); c – TiO2(7F); d – TiO2(15F). 

 
According to the diffractograms shown in Fig. 2, the TiO2(ng) sample contains 

modifications of rutile and brookite, and the other three samples have the structure of 
pure anatase. These findings were obtained using standard cards of International Center 
of Diffraction Data № 00-015-0875 (brookite), №00-021-1272 (anatase), №00-021-1276 
(rutile). 

Crystallograms of the TiO2 samples obtained by X-ray structural analysis are shown 
in Fig. 3. 

As can be seen from the crystallograms shown in Fig. 3, in the TiO2(ng) sample there 
are (110), (111), (002), (200), (220), (202), (221) planes of rutile, and (112), (022), 
(113), (132) planes of brookite. In the TiO2(2F), TiO2(7F), TiO2(15F) samples there are 
(101), (103), (004), (112), (200), (105), (211), (213), (204), (116), (220), (215), (301) 
planes, which are inherent in the structure of anatase. These findings were obtained 
using standard cards of International Center for Diffraction Data № 00-015-0875 
(brookite), № 00-021-1272 (anatase), № 00-021-1276 (rutile). 
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Fig. 3. Crystallograms of synthesized TiO2 samples.  
a – TiO2(ng); b – TiO2(2F); c – TiO2(7F); d – TiO2(15F). 

 
While processing the results of X-ray phase analysis, the crystal lattice constants 

were calculated; they are shown in Table 2. 

Table 2  
Crystal lattice constants of the synthesized TiO2 samples 

Sample a, A b, A c, A 𝛂 𝛃 𝛄 

TiO2(ng) 4.527 5.497 4.900 90.00 90.00 90.00 

TiO2(2F) 3.808 3.808 9.503 90.00 90.00 90.00 

TiO2(7F) 3.812 3.812 9.541 90.00 90.00 90.00 

TiO2(15F) 3.817 3.817 9.513 90.00 90.00 90.00 

 
For the TiO2(ng) sample, the three faces of the crystal lattice differ in length and 

indicate a rhombic syngony which is characteristic of brookite. The other three samples 
have two faces of the same length, so we can conclude that there is a tetragonal syngony, 
which is characteristic of the modification of anatase. 

Low-temperature adsorption-desorption of nitrogen 

The curves obtained by the method of low-temperature nitrogen adsorption-
desorption on the obtained TiO2 samples are shown in Fig. 4. The presented isotherms 
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belong to I type isotherms of gas adsorption on the surface of solids according to the 
Brunauer classification. They are characteristic of porous adsorbents on which the 
adsorption is monolayer, and sometimes does not reach the plateau. 

The presence of a hysteresis loop in the range of p/ps from 0–0.1 to 1.0 indicates the 
availability of mesopores (2–50 nm) in the synthesized samples. It is a noticeable 
expansion of the hysteresis loop with increasing of fluorine content in the samples. It 
depends on the curvature of the «saddle», the curvature of the spherical meniscus of the 
throat pores, as well as their change during the formation of the adsorption layer. The 
larger the difference in curvature, the wider the hysteresis loop, and for cylindrical pores 
closed on one side, the adsorption and desorption curves coincide. In TiO2(ng) and 
TiO2(15F) samples the adsorption and desorption curves practically coincide, so the 
hysteresis loop is almost invisible. 
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Fig. 4. Nitrogen adsorption-desorption isotherms on the synthesized TiO2 samples.  
a – TiO2(ng); b – TiO2(2F); c – TiO2(7F); d – TiO2(15F). 

 
The curves of the distribution of the pores by radii derived from the adsorption-

desorption isotherms described above are shown in Fig. 5. 
Pore distribution curves by radius for the sample of TiO2(ng) indicate the presence of 

mesopores in the sample and an insignificant number of micropores (Fig. 5,a). The 
porosity of the samples doped with fluorine is slightly lower than that of undoped TiO2 
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(Fig. 5,b–d). They have an insignificant, almost equal number of micro- and mesopores, 
which is reflected in the total porosity of these catalysts, as will be shown in the Table 3. 

 

  
a b 

 
  

 
c d 

Fig. 5. Pore distribution curves in the synthesized TiO2 samples.  
a – TiO2(ng); b – TiO2(2F); c – TiO2(7F); d – TiO2(15F). 

 
Structural and adsorption characteristics of the synthesized samples, calculated on the 

basis of the obtained isotherms of low-temperature nitrogen adsorption-desorption, are 
shown in Table 3. 

Table 3 
Structural adsorption characteristics of the synthesized TiO2 samples 

Sample 𝑺𝒔𝒑𝒆𝒄, m2/g 𝑽𝜮, cm3/g 𝑽𝒎𝒊𝒄𝒓𝒐𝒑𝒐𝒓𝒆𝒔, m3/g 𝑫𝒑𝒐𝒓, nm 
TiO2(нг) 67 0.27 0.26 3 
TiO2(2F) 53 0.33 0.21 3 
TiO2(7F) 55 0.33 0.23 3 
TiO2(15F) 49 0.30 0.20 3 

 
According to Table 3, the synthesized samples have a small specific surface area and 

a small pore volume and total porosity accordingly. The pore diameter is 3 nm, which 
confirms the presence of mesopores. 
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Phenol adsorption 

The experimental data obtained while a study of the phenol adsorption by the 
synthesized TiO2 samples are shown in Fig. 6. 

 

  
a b 

 
c 

Fig. 6. The adsorption degree of phenol of different initial concentration  
(a – С0=3.125 mg/dm3; b – С0=6.25 mg/dm3; c – С0=12.5 mg/dm3)  

on the synthesized TiO2 samples. 
 
The histograms of Fig. 6 show an increase in the degree of phenol adsorption from 

solution with the initial concentration of pollutant increasing. The adsorption of the 
pollutant may increase with increasing the adsorption capacity of the synthesized 
samples. This occurs when the adsorbat molecules are reoriented relative to the surface 
of titanium (IV) oxide. Because the phenol molecule contains a benzoic ring, its parallel 
and perpendicular orientation can occur. Another reason for the increase in adsorption 
capacity may be the rapid transition to polymolecular adsorption. Phenol molecules are 
adsorbed on the surface of the synthesized samples in the first 10 minutes. Over the next 
10 minutes, the phenomenon of pollutant desorption from titanium (IV) oxide is observed. 

TiO2(2F) sample showed the best adsorption properties at all three pollutant 
concentrations. The maximum degree of phenol adsorption with an initial concentration 
of 3.125 mg/dm3 by the TiO2(2F) sample was 18%, with an initial concentration of 6.25 
mg/dm3 – 21.5%, and at a phenol concentration of 12.5 mg/dm3 it was 42%. 
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The adsorption properties of the synthesized samples are improved by increasing the 

fluorine content in the synthesized samples. 
The isotherms of phenol adsorption by the synthesized TiO2 samples obtained in 20 

minutes are given in Fig. 7. They have a similar character of concave curves, which 
confirms the poorly developed microporosity of all obtained photocatalysts, and, as a 
result, their low adsorption capacity. 
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Fig. 7. Phenol adsorption isotherms by the synthesized TiO2 samples. 
 
Photocatalytic degradation of phenol 

The experimental results obtained while a study of the photocatalytic degradation of 
phenol are shown in Fig. 8. 

The degree of photocatalytic decomposition of phenol rises with the increase in the 
duration of UV irradiation on the pollutant solution, and with the increase in its initial 
concentration, as can be seen from the histograms in Fig. 8. For example, the degree of 
photocatalytic decomposition at the duration of UV irradiation of 20 min in the presence 
of the TiO2(15F) sample was 25; 38; 24; 47% and depended on the initial concentration 
of the pollutant solution.  

The highest degree of photocatalytic decomposition of phenol was reached at its 
initial concentration 12.5 mg/dm3 in the presence of the TiO2(2F) sample and constituted 
68%. 

Fig. 9 shows the spectra of the initial phenol solution and the phenol solution after 
photocatalytic degradation. 

The spectra of phenol measured before and after the photocatalytic process differ as 
is seen from the data in Fig. 9. The intensity of the phenol spectrum maxima in the range 
of 350-400 nm greatly increases after ultraviolet irradiation, which indicates the 
decomposition of the pollutant and the emergence of new substances, some products of 
phenol degradation. 
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a b 

  
c d 

Fig. 8. Photocatalytic degradation of phenol of different initial concentration  
(a – С0=3.125 mg/dm3; b – С0=6.25 mg/dm3; c – С0=9.375 mg/dm3; d – С0=12.5 mg/dm3)  

in the presence of the synthesized TiO2 samples. 
 

 
Fig. 9. Spectra of phenol solution before and after photocatalytic degradation. 
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Conclusions  
1. Particles of the samples TiO2(ng) and TiO2(2F) synthesized by low-temperature 

sol-gel method have a spherical shape; their size is in the range of 15–35 μm for 
TiO2(ng) and 20–30 μm for TiO2(2F). This indicates that the addition of 
potassium fluoride does not have a significant effect on the shape of the particles, 
but allows to narrow the particle size distribution. 

2. Sample TiO2(ng) contains modifications of rutile and brookite, and the other three 
samples of TiO2 supplemented with fluorine have the structure of anatase. 

3. Nitrogen adsorption isotherms on all synthesized samples belong to the first type 
according to the Brunauer classification. They are characteristic of porous 
adsorbents, the adsorption of which is monolayer, and does not reach the plateau 
sometimes, have a small specific surface area, and, accordingly, a small pore 
volume and total porosity. The pore diameter of all TiO2 samples is 3 nm, which 
confirms the presence of mesopores. 

4. The sample of TiO2(2F) showed the best adsorption properties toward phenol. 
The maximum adsorption degree of phenol with an initial concentration of 
3.125 mg/dm3 was 18%, with an initial concentration of 6.25 mg/dm3 it equaled 
21.5%, and it was 42% at a phenol concentration of 12.5 mg/dm3. 

5. The degree of photocatalytic degradation of phenol of all its studied initial 
concentrations in the presence of TiO2 synthesized samples exceeded the 
adsorption degree. The highest photocatatical activity was shown by the sample 
of low-doped fluorine TiO2, in the presence of which phenol was decomposed by 
68%. 
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SUMMARY 

Ірина ІВАНЕНКО, Юрій ФЕДЕНКО, Анна СТЕПАНОВА, Олена БИЦЬ 

СИНТЕЗ ТИТАН (IV) ОКСИДУ ТА ПЕРСПЕКТИВИ ЙОГО ЗАСТОСУВАННЯ В 
АДСОРБЦІЙНИХ І ФОТОКАТАЛІТИЧНИХ ВОДООЧИСНИХ ПРОЦЕСАХ  
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Синтезовано зразки фотокаталізатора на основі титан(IV) оксиду – чистого (TiO2(нг)) та модифіко-
ваного KF із різним відсотковим вмістом допанта: 2, 7, 15% (TiO2(2F), TiO2(7F), TiO2(15F), відповідно) 
методом низькотемпературного гідролізу. Морфологія та розмір частинок зразків чистого титан(IV) 
оксиду (TiO2(нг)) та титан (IV) оксиду (TiO2(2F)), допованого фторидом калію, досліджено із застосу-
ванням методу скануючої електронної мікроскопії. Встановлено, що допування фторидом калію не має 
значного впливу на форму частинок, але дозволяє звузити розподіл частинок за розмірами. Проведено 
рентгено-фазовий та рентгено-структурний аналізи одержаних зразків TiO2 та встановлено, що перева-
жаючими фазами у зразку чистого TiO2 є рутил та брукіт, а при його допуванні KF – анатаз. Встановлено, 
що в зразку TiO2(нг) присутні грані (110), (111), (002), (200), (220), (202), (221) від рутилу, а також грані 
(112), (022), (113), (132) від брукіту. У зразках TiO2(2F), TiO2(7F), TiO2(15F) присутні грані (101), (103), 
(004), (112), (200), (105), (211), (213), (204), (116), (220), (215), (301), що притаманні структурі анатазу. 
Дані висновки були отримані з використанням стандартних карток International Centre for Diffraction 
Data №00-015-0875 (для брукіту), №00-021-1272 (для анатазу), №00-021-1276 (для рутилу). Досліджено 
структуру поверхні синтезованих зразків TiO2 методом низькотемпературної адсорбції-десорбції азоту. 
Виявлено, що всі одержані зразки TiO2 належать до поруватих адсорбентів, адсорбція на яких є 
моношаровою. Адсорбційні властивості отриманих зразків TiO2 досліджено на прикладі фенолу. 
Виявлено, що найкращі адсорбційні властивості проявив зразок TiO2(2F) за всіх трьох досліджених 
концентрацій полютанту. Максимальний ступінь адсорбційного вилучення зразком TiO2(2F) фенолу з 
вихідною концентрацією 3,125 мг/дм3 становив 18%, з вихідною концентрацією фенолу 6,25 мг/дм3 – 
21,5%, а при вихідній концентрації фенолу 12,5 мг/дм3 він становив 42%. Найвищу фотокататітичну 
активність показав зразок низькодопованого фтором TiO2, у присутності якого фенол розкладався на 
68%. 

Ключові слова: титан (IV) оксид, золь-гель метод, допування, адсорбція, фотокаталізатор.  
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