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This work is devoted to synthesizing titanium dioxide doped with Fluorine and investigating its structural,
morphological, and adsorption properties. By sol-gel synthesis, samples of TiO2 from 2, 4, and 8 wz. mass of
Fluorine, labeled as 2F-TiOz, 4F-TiOz, and 8F-TiOz, were created. To obtain these samples, NaF was injected into
an aqueous solution of titanium aqua-complex [Ti(OH2)s]**3CI" with a pH of ~ 0.5+1.5. XRD, IR spectrometry,
low-temperature N2 adsorption-desorption isotherms, and pH of point of zero charges of as-synthesized samples
were performed. A description of the structure-forming process is also given. The adsorption capacity of 2F-TiO»,
4F-TiO2, and 8F-TiO2 samples toward strontium cations was investigated. The adsorption kinetics, equilibrium
adsorption, and the effect of the solution's acidity on this process were measured. It was found that 8F-TiO: has the
most potent adsorption properties toward strontium cations. The paper concludes that as the mass fraction of
Fluorine atoms in TiO: increases, the number of acid adsorption centers =TiOH®" increases. Compared to the basic
sample of a-TiOz, the number of adsorption centers in the 8F-TiO2 sample increases by 3.5 times.
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Introduction

The world scientific community is widely researching
new methods and substances that can be used for the
adsorption uptake of heavy metal ions and radionuclides
from aqueous solutions. The relevance of adsorption
research and the creation of new adsorbents is dictated not
only by the problems of preserving the cleanliness of the
environment but also by the need to develop regenerative
technologies. For example, strontium (Sr?*) plays a vital
role in rocket fuel and modern 5G communication
facilities [1]. Sr*" is obtained mainly from solid strontium
ores, but the price of Sr** products rises when depleted. It
is worth noting that in salty lake brines and oilfield water,
there are many resources containing strontium in
dissolved form, that is, in the form of the Sr>" cation [2].
Oilfield water, as a by-product of oil and gas production,
is characterized by low mineralization (about
5~300g- L") and a concentration of Sr** of about
> 100 g'L™". As a new type of strontium resource, oilfield

267

water is not yet exploited due to the heterogeneous
composition of the matrix and the lack of cost-effective
technologies for the extraction of Sr?* [2]. Therefore, the
search for effective adsorbents for strontium cations
continues. As noted by the authors [7, 8, 9], the adsorption
of strontium from aqueous solutions is highly relevant
from ecology, industry, and economics, as well as from
the point of view of fundamental research.

Effective in solving these scientific problems are
adsorbents capable of uptake metal ions or radionuclides
from aqueous solutions [10]. Adsorbents such as fumed
silica [11], synthetic zeolites [12], MOFs, titanates, and
adsorbents based on oxidized graphene are widely
investigated by the scientific community [13-15].
Zirconium (IV) and titanium (IV) phosphates also show a
high adsorption capacity toward heavy metal cations [I,
16, 17].

Titanium dioxide is the most promising adsorbent
[19-24], according to such features as adsorption capacity,
resistance to aggressive media, regenerating ability, and
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cost-effectiveness. The authors of publications [19-21]
created effective adsorbents for binding Sr** cations or
other heavy metal cations.

Chemical impregnation of oxygen-containing anions,
PO4*, CO;*, or AsOs* into the surface of the oxide
material makes it possible to increase the adsorption
capacity of mesoporous TiO» synthesized by the sol-gel
method. The significantly higher electro-negativity of P
(2.1), C (2.5) and As (2.0) in comparison with Ti (1.5)
contributes to the fact that in the vicinity of the groups
=Ti(O,POOH), =Ti(0.CO) or =Ti(O2AsOOH),
impregnated in the structure of the surface layer, the
number of active centers increases due to the inductive
effect on the distribution of electron density in the bridges
of Ti-O-Ti. Thus, when impregnation of 4 arsenate groups
=Ti(0,AsOOH) in an area of 10 nm?, the number of acid
centers, TiIOH%', increases from 36 to 90 units. The
mesoporous TiO, modified in this way adsorbs
262.8 mg g™ of Sr*" cations [20].

Recently, a solution of titanium-containing aqua
complex [Ti(OH2)6]*"-3CIl" [25] has been used as a
precursor to obtaining adsorbents based on anatase
modification of TiO, [25]. Its advantages are obtaining
TiO, with a high specific surface area and reproducible
physicochemical properties, compared with TiCls, TiCls,
titanium alkoxides, or other precursors.

In this work, we aimed to investigate the structural
and morphological properties of TiO, particles obtained
by the sol-gel method using the titanium aqua-complex
[Ti(OH2)6]*"3CI" and the modifying component NaF as a
precursor. This work also investigated the adsorption
properties of titanium dioxide samples doped with
Fluorine atoms toward Sr?" cations.

The impregnation of anions F* into the structure of the
surface layer of TiO; particles, due to the high electrical
negative F (4.0), should increase the adsorption activity of
the oxide material.

I. Methods of experimental research

1.1. Obtaining investigated samples

Samples of TiO; containing 2, 4, and 8 wt. %. F were
synthesized to analyze the effect of impregnating Fluorine
anions on titanium dioxide's structural, morphological,
and adsorption properties. To obtain these samples in a
solution of titanium aqua complex [Ti(OH,)s]**-3CI" with
pH ~ 0.5+1.5, the appropriate amount of NaF was
introduced. The mixtures were heated at 60°C for 60
minutes. Under these conditions, tiny particles of TiO»
containing F atoms in their structure were formed in the
volume of the reaction medium. The dispersion was
deoxidized to pH ~ 6.0 + 6.8 with a solution of NaOH.
After that, the synthesized particles were removed with a
vacuum filter, washed from Na* and CI  ions with distilled
water, and dried at a temperature of 150°C. Investigated
samples with a content of 2, 4, and 8 wt. % of Fluorine are
further indicated in the text as 2F-TiO,, 4F-TiO,, and 8F-
TiO,, respectively, and the base sample without dopant
was named a-TiO,.
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1.2. Study of the characteristics of titanium dioxide
samples

1.2.1. X-beam diffractometry (XRD)

The phase composition of basic a-TiO- and Fluorine-
doped samples was investigated using the STOE STADIP
diffractometer in copper anode radiation. The rays were
focused on according to the Breg-Brentano scheme.
Rietveld analysis of recorded diffractograms was
performed using SHELXL.-97 software [26, 27].

1.2.2. Low-temperature N, adsorption/desorption

The study of the surface area of the samples and their
pore size was performed using isotherms of low-
temperature adsorption-desorption of N, molecules. For
this purpose, the Quantachrome Autosorb (Nova 2200¢)
Surface Area and Pore Size Analyzer was used. The
samples were calcined in a vacuum at a temperature of
180°C for 24 hours before measurement. The surface area
of the samples was calculated using the BET (Brunauer-
Emmett-Teller) theory. Pore size was estimated using
density functional theory (DFT).

1.2.3. Infrared spectroscopy (IR)

IR spectroscopy was used for qualitative and
quantitative analysis of samples, with the help of which it
is possible to assess the structure and phase composition
of the samples under study. The IR spectra of the
investigated samples were obtained on the SPECORD
MS8O0 spectrophotometer. To record the spectrum, the
sample weight (4 mg) was mixed with KBr in a ratio of
1:100 and ground in a vibrating mill for 10 minutes. A
transparent plate of 20x5 mm? was formed by pressing the
resulting mixture.

1.2.4. Determination of the Point of Zero Charge
of TiO2 doped with Fluorine (pHpzc)

Determination of the pH of the point of zero charge of
the investigated samples was performed using the drift
method of hydrogen index, as described in the papers [19-
21].

1.3. Study of the adsorption capacity of TiO:
samples doped with Fluorine

Adsorption studies were performed under batch
conditions. The kinetics of adsorption, equilibrium
adsorption, and the dependence of the adsorption value on
pH were studied. The liquid-to-solid-phase ratio (L:S)
was equal to 100. When analyzing the adsorption value's
dependence on the solution's acidity, the L:S ratio was
equal to 200. The strontium cations' initial and residual
(equilibrium) concentration was determined by direct
complexometric titration with Eriochrome black T
indicators [28]. The amount of adsorption was calculated
using the formula (1):

[(co—Ce)V]

go = oo (1)

Where q. — adsorption values, mg/g; C, ta C. — initial

and residual (or equilibrium) concentration of adsorbate,
mg/L; V- solution volume, L; m- mass of adsorbent, g.

The four most common kinetic models were applied
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Table 1.
Phase composition and structural characteristics of the investigated samples
Anatase Brookite
Sample Con- Ti-O Ti-O (plane), | Content, | a, A
P tent, % | &0 ¢, A (axial), A (}\) ) % bA | A
a-TiO, 100 3.7955 | 9.4982 1.9766 1.9390
2F-TiO, 93+2 3.7946 | 9.4802 1.9728 1.9384 5-7 9.124 | 5417 | 5.238
4F-TiO, 95+2 3.7971 9.4954 1.9760 1.9398 4-6 9.0771 | 5.3657 | 5.238
8F-TiO, 100 3.7920 | 9.4849 1.9738 1.9372

to the experimental results of non-equilibrium adsorption:
Elovich, diffusion model, as well as models of adsorption
kinetics based on pseudo-first and pseudo-second order
equations [29].

The equilibrium adsorption of Sr?* cations was
analyzed using the theories of Langmuir and Freundlich;
the corresponding equations are given below:

— AmaxKCe
1+ K1.Ce

qe 2

Where q. — the amount of adsorbate uptake at
equilibrium, mg-g'; g., — maximal adsorption value,
which corresponds to filling the whole adsorption centers,
mg-g’!'; KL — Langmuir equation’s constant, (L-mg™") is the
value inverse to the concentration of C., at which
adsorption is Y2 Aws; C. — adsorbate equilibrium
concentration, mg-L"!

qe = K¢ Ce' 3,

where Ky — Freundlich constant, ((m,,f’T/)‘q); n — intensity
—n

L
parameter of adsorption.

II. Results and discussion

2.1. Phase composition of the samples

X-beam diffractograms of the 2F-TiO,, 4F-TiO», and
8F-TiO, samples, as well as a-TiO», are shown in Fig. 1.
The phase composition of these samples and their
structural characteristics are given in Table 1.

Intensity, a. u.

T T T T T T T

10 20 30 40 50 60 70
20, degrees

1-a-TiO,; 2 - 2F/TiO,; 3 - 4F/TiO,; 4 - 8F/TiO,

Fig. 1. X - diffractograms of investigated samples
(1) a-TiOy, (2) 2F-TiOy, (3) 4F-TiO,, and (4) 8F-TiO;.
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The base sample of a-TiO is single-phase. The crystal
structure of this phase is anatase (space group 141/amd).
The presence of 2 and 4% F oxide material in the structure
contributes to the fact that, in addition to anatase, (5-7) %
and (4-6) % of brookite (Pbca spatial group), respectively,
are formed in the samples.

The content of the anatase phase in the sample 8F-
TiO, is 100%. It has been shown that there is no
proportional increase or decrease in the parameters of the
anatase cell with an increase in the content of F in titanium
dioxide. This indicates that the groups TiF are localized
mainly on the surface of oxide material particles.

The sizes of the coherent displacement domains
(CDD) (in the first approximation, correspond to the size
of the crystallite grains), determined by the reflex (101) of
the tetragonal anatase lattice in the a-TiO, sample, are 4-
5 nm and are smaller compared to the sizes of the domains
(5-6 nm) in the doped samples.

2.2. Morphological state of samples

Low-temperature adsorption/desorption isotherms of
N> molecules by basic and fluorine-containing samples of
titanium dioxide are shown in Fig. 2. The parameters of
their porous structure calculated according to these
isotherms are shown in Table 2. The dependencies of the
pore volume distribution by their size are shown in Fig. 3.
We can see that the presence of Fluorine atoms in the
structure of the oxide material significantly affects its
morphological state. In the doped samples, compared to
the base sample a-TiO,, the specific surface area S is less
developed, 125 m?-g!, and is 1.9 times inferior in size to
the specific surface area of a-TiO,. There are no
micropores in fluorine-containing samples, and the
volume of Vieso mesopores in 2F-TiO, and 4F-TiO;
samples is 0.136 cm’-g"!' and 0.148 cm?-g’!, respectively
(less than the volume of mesopores of the base sample).

2.3. IR spectra of samples

IR spectra of fluorine-containing samples of titanium
dioxide and base sample a-TiO, are shown in Fig. 4. In the
spectrum of the base sample, the anatase phase is
manifested by absorption bands of degenerate Eu
oscillations of TiOs octahedra at 475 cm™' and 604 cm™'.
Symmetrical oscillations of the atoms of the Au mode in
the Ti-O-Ti anatase bridges belong to the bands 320-360
cm™! and 745 cm™! [30]. The bands at 490 cm™! and 562 cm®
! in the spectra of the 2F-TiO; and 4F-TiO, samples are
attributed to degenerate oscillations of the octahedra of the
brookite phase. Although, according to X-ray
diffractometry, the experimental sample 8F-TiO, is
single-phase and has an anatase structure, however, in its
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Fig. 3. Pore size distribution of the initial TiO> and

fluorine-doped TiO, samples.

Table 2.
Morphological characteristics of initial and F-doped TiO, samples
Sample S, m>r! Shicro, M?T"! Stneso, M2 T7! V, e 1" | Vinicro, M T | Vineso, cM? 17!
a-TiO, 239 100 139 0.152 0.054 0.098
2F-TiO, 163 - 163 0.136 - 0.136
4F-TiOs 186 - 186 0.148 - 0.148
8F-TiO; 125 - 125 0.095 - 0.095

IR spectrum, in addition to the band of degenerate
oscillations of anatase octahedra 475 cm™!, a band of 427
cm’! is recorded, which belongs to the degenerate
oscillations of octahedra of the rutile phase [20]. The rutile
phase in this sample is likely crystalline and imperfect
since it contains only structural motifs of this phase, which
cannot be manifested on diffractograms.

1 - a-TiO2
2 - 2F-TiOs
3 - 4F-TiO2
4 - 8F-TiO2

Transmittance (a.u.)

604‘!’5560
2000 1600 1200 800 400

Wawenumber (cm-)

Fig. 4. IR — spectra of fluorine-containing samples of
titanium dioxide and base sample a-TiO,.

The band at 890 ¢cm™ in the spectra of samples
containing 2% and 4% F atoms belongs to adsorbed CO;*
anions [19-21]. In the spectrum of the sample with 8% F
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in TiO,, the bands at 1070 cm™ and 1391 cm™! are due to
the formation of =TiOCOOH [31] groups on the surface
of the crystalline disordered phase of rutile. Most likely,
these groups occur at the formation stage of solid-phase
embryos and cause the formation of structural motifs of
rutile.

2.4. Structure-forming process

The aqua-complex titanium precursor
[Ti(OH2)6]*"3CI" has significant advantages compared to
other titanium-containing precursors, primarily because it
allows influencing the course of structure-forming
processes, the growth rate of particles, the chemical state
of their surface during the synthesis of TiO,, and thus
obtaining a product with predetermined and reproducible
properties [25].

Chemical reactions involving this precursor are
special, which ensure the formation of TiO; particles with
a high degree of dispersion. Thus, when the precursor
solution is heated at a temperature of 60°C, the titanium
cation Ti (IIT) is oxidized:

Ti*" > Ti*" + ¢ 4),

Which causes the reduction of H,O molecules in the
aqua-complex for the production of hydroxyl anions OH™:

2H,0 + O, + 4e — 40H" (5).

In turn, OH" anions attach to Ti*" cations and form
molecules Ti (OH)4-2H>0. As a result of the condensation
process, TiO, - 2H,O particles are formed with the
participation of these molecules. This process covers only
a quarter of the Ti*" cations.
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Hydrolysis of rutile cations Ti*" is carried out by
oxidation of the NaOH reaction medium. Introducing the
required amount of NaF into the precursor solution leads
to adding anions F* to Ti*" cations and producing fluorine-
containing aqua-complexes [TiF(OH,)s]**-2CI". Oxidation
of Ti?* cations and subsequent hydrolysis leads to
TiF(OH);'2H,O  molecules forming. With  the
participation of these molecules, as a result of the
condensation process, fluorine-containing titanium
dioxide F-TiO; is formed. The ionic radius of the F* anions
is 1.36 A and close to the ionic radius of the Oxygen anion
(1.40 A) [10]. Because of this, the anions F* easily occupy
the positions of Oxygen in the structure of TiO». The large
electrical negative of O (3,5) atoms causes an inductive
effect on the redistribution of electron density in the
=Ti-O-Ti= bridges to which the F atom is attached.

The shift in electron density from the Ti" atom to F
leads to an elongation of the Ti-O bond in the Ti'O¢
octahedron and a decrease in the value of this bond in the
Ti**Q¢ octahedron. The imbalance of the interatomic
distances of Ti-O in the octahedra of TiOs contributes to
the formation of the brookite phase since, in this
crystalline modification, the distances from the Titanium
atom to the Oxygen atoms in the octahedra are of different
magnitudes.

In particular, Ti atoms bonding hydroxyl groups can
be converted into acidic =TiOH®" or the basis =TiOH>
adsorption centers on the surface of particles of TiO,
doped with Fluorine atoms. The activity of these centers
and their number depend on the concentration of F atoms
in the surface layer of TiO; particles and the distance from
F atoms to Ti atoms that carry a hydroxyl group.
Therefore, the addition of TiO, by F atoms should lead to
an increase in the adsorption capacity for metal cations
and anions of various natures.

2.5. Point of zero charge of the sample’s surface

PHpze — is the value of the hydrogen pH of the
electrolyte, at which the surface of the adsorbent acquires
zero electric potential. The pHy. value is an essential
characteristic of the adsorbent since it indicates the
regions of pH values of the electrolyte in which the
adsorbent behaves like a cationite or an anionite.

The pH value of the electrolyte pH of the base sample
a-TiO,, determined by the pH drift method, is 5.35. For
fluorine-containing samples 2F-TiO», 4F-TiO,, and 8F-
TiO,, this parameter equals 1.93, 3.02, and 3.54,
respectively. As we can see, the entry of F atoms into the
structure of TiO, shifts the point of zero charge of the
surface to the acidic region. Changing the chemical state
of TiOy's surface expands the functionality of the
adsorbent - it allows binding metal cations in acidic
environments.

Figure 5 shows an analytical method for determining
the point of zero charge on the pH scale for the doped
samples.

2.6. Results of adsorption of strontium ions by the
investigated samples of TiO2

The results of adsorption studies of strontium ions by
2F-TiO,, 4F-TiO,, and 8F-TiO; are shown in Figures 6 (a-
e), 7 (a-d), and 8. Figures 6-8 indicate the high adsorption
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ability of the samples toward strontium cations. At the
same time, titanium dioxide with 8 wt. % F impregnated
on the surface, 8F-TiO,, has the most potent adsorption
properties.

12t i
PHinitia™ PHgina)
10 ——2Fmio, i
—) —e—4F[TiO, \
® 8 —a—sFTiO, ]
=
6l _
E 4 pPHpzc=1.93 g pPHpzc= 3.54
_-:‘3=0_-—_-‘=:__—/_._---"—=
"-l——I_.-—--—'_'_'_'
2k W _
{  pHpyc=3.02
0 L 1 N 1 . 1 . L . , ) ,

pH (initial)

Fig. 5. pH of the point of zero charge of fluorine-doped
TiO; samples.

The dependence of the adsorption value of the Sr?*
cations on the duration of the interaction, i.e., kinetic
dependence, indicates that the equilibrium in the system
of “aqueous solution of adsorbate - the surface of TiO,” is
established 100 minutes after the start of the interaction.
Adsorption kinetics describes the temporal evolution of
adsorption values under non-equilibrium conditions.
Therefore, there is an opinion among scientists [29, 32]
that the kinetics of adsorption are mathematically more
difficult to describe than equilibrium adsorption.
However, with the help of kinetic models of adsorption, it
is possible to establish certain patterns for specific cases.

In this work, the effect of strontium ion transport from
the solution to the adsorbent surface was eliminated by
rapid mechanical mixing so that it could be ignored. The
most common kinetic models were applied to the
experimental results of the kinetic dependence of
strontium ion adsorption by TiO, doped with Fluorine:
diffusion, Elovic model, and kinetic models based on
pseudo-first and pseudo-second-order equations. The
results are shown in Fig. 6 (a-¢) and Table 3.

Applying the intraparticle diffusion model (Eq. 4)
indicates that with an increase of impregnated Fluorine in
the TiO; surface, the constant C (mg/g) also increases in
the adsorption equation. This constant is associated with
the influence of the boundary surface layer of the
adsorbent on the adsorption process. As seen from Table
3, the constant C increases in the series 2F-TiO,, 4F-TiO,,
and 8F-TiO,, and its value equals 22.647, 30.09, and
39.25 mg/g.

qi=Dipa t * +C 4)

Where, Djpa — coefficient of intra-particle diffusion,
mg/g min®3, C- the constant corresponds to the influence
on the adsorption process of the boundary surface layer of
the adsorbent (mg/g).
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Fig.6. (a-¢) Adsorption of strontium ions by TiO, dopped by Fluoride atoms: (a) Experimental adsorption kinetics;
(b-e) Application of the diffusion and Elovich kinetic models, and kinetic models based on pseudo-first and pseudo-
second order equations.

Table 3.
Application of kinetic models on experimental adsorption of Sr>* by samples of Fluorine-Doped Titanium Dioxide.

Kinetic model Adsorption process Parameters R?
Diffusion Sr** by 8F-TiO, Stepl Q=0,936-t>3+ 39,25 0.9213
Sr** by 4F-TiO, Stepl Q=0,494-t+ 30,09 0.9015
Sr** by 2F-TiO, Stepl Q=0,515-1"3+22,647 0.8948
Elovich Sr** by 8F-TiO, Q=3,26:Int+ 34,48 0.8989
Sr** by 4F-TiO, Q=1,803-Int+ 27,3 0.9616
Sr** by 2F-TiO, Q=1,895Int+19,69 0.9714
Pseudo-first order Sr** by 8F-TiO, log(ge-q:) = -0,0828-t+10,97 0.9495
equation Sr** by 4F-TiO, log(ge-q1) = -0,0837-1+6,256 0.7477
Sr** by 2F-TiO, log(qe-qr) = -0,0492-t+5,95 0.8668
Pseudo-second order Sr** by 8F-TiO; t/q=0,0188- t +0,067 0.9995
equation Sr** by 4F-TiO, t/q=0,0269- t +0,0615 0.9998
Sr** by 2F-TiO, t/q=0,0334- t +0,104 0.9998
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The coefficients of linear approximation also increase
with an increase in the mass percentages of Fluorine on
the surface, which agrees with the ideas about the course
of the adsorption process. The speed of the process of
adsorption of strontium ions by TiO» doped with Fluorine
excludes the possibility of chemisorption. Therefore, there
is a slight increase in R? of the Elovich model, with an
increase in the percentage of Fluorine impregnated in
TiO,, which may only indicate an increase in the intensity
of the interaction of Sr?" with the surface of TiO,.

However, the highest coefficient of linear
approximation was obtained for all samples without
exception using a kinetic model based on a pseudo-
second-order equation [28, 29, 32]. The results are shown
in Table 3.

Analyzing equilibrium adsorption can provide more
complete conclusions about the adsorption mechanism.
The analysis of the equilibrium adsorption of strontium
cations by TiO, samples doped with Fluorine atoms is
shown in Figures 7(a-d) and Table 4. The analysis was
carried out using the equations of the adsorption theories
of Langmuir and Freundlich. For this purpose, the "Solver
add-in" software of Microsoft Excel was used [32].

The results of the investigation of equilibrium
adsorption are shown in Figures 7 (a-d). Table 4 indicates
that the Freundlich equation better describes the
equilibrium adsorption of strontium ions by 2F-TiO,. This
is evidenced by a better correspondence of the adsorption

A
150 4 . °
o
/ ]
5 1004 /
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E n
T 50+ X
[
; n— 2F-TiO2
04 & 4F-TiO2
A—8F-TiO;
0 2000 4000 6000 8000
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(a)
©
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©
E
50
o
—8— Sr2* by 4F-TiO
Lang
D4 ©— Freu
(IJ 20|00 4OIOO BOIOO 80|OO
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(c)

value calculated according to this theory to the
experimentally obtained one, a higher correlation
coefficient R> and a lower Pearson parameter 2.
Freundlich's theory describes the adsorption process on a
heterogeneous surface. Recall that in the structure of 2F-
TiO,, there is also a tiny proportion of brookite in addition
to anatase. This determines the presence of several types
of adsorption centers. The situation is unclear for samples
with a higher percentage of fluorine on the surface (4F-
TiO,, 8F-TiO;). The value of maximum adsorption
calculated according to the Langmuir equation shows a
better correspondence with the one determined
experimentally. At the same time, the Freundlich equation
gives an inflated result. R? values are also higher when
applying Langmuir's theory than Freundlich's. At the same
time, the higher the Pearson parameter. However, a
detailed analysis of this parameter (which determines the
discrepancy  between  experimental results and
theoretically calculated ones) indicates that significant
values of the Pearson parameter are observed only in the
area of low adsorbate concentrations. Langmuir's theory
in this region of concentrations gives underestimated
results compared to the experiment due to the high
adsorption activity of the surface of TiO, doped by 4% and
8% of Fluorine and its insignificant filling. Therefore, we
believe that Langmuir's theory more reliably describes the
process of adsorption of strontium ions by 4F-TiO, and
8F-TiO, samples.
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Fig.7. (a) Experimental isotherms of adsorption of strontium ions TiO; doped by Fluoride atoms. Analysis of
equilibrium adsorption of Sr?* ions from aqueous solutions by investigated samples:
(b) 2F-TiOy; (c) 4F-TiOy; (d) 8F-TiOx.
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Table 4.

Application of equilibrium adsorption theories to experimental data on adsorption of heavy metal cations by
fluorine-doped TiO, samples.

. Adsorption
Cation Adsorbent | exp, mg/g The(I))ry eale, mg/g Parameters R? 1
Langmuir 123.84 KL:O’(_)OO48 0.9887 6.04
2F-TSO 128.8 Qmax=160
-TiO, -
Freundlich | 13157 K10 0.9906 5219
Langmuir | 149.85 %L:O;?%%% 09918 20.11
Sr2* 4F-TiO> 145.6 ‘112)‘72 97’ 0.9675
: T4 .
Freundlich 159.9 1=0,4489 9.68
162.6 | Langmuir | 160.06 | 1L=0:00077 0.9876 23.66
8F-TiO, Qnax"189
. K=3,7 0.9819
Freundlich 172.19 n=0,432 9.7
The study of the effect of the acidity of the solution
on the process of adsorption of strontium ions by the Table 5.

investigated samples is illustrated in Figure 8.

The adsorption values of Sr>* ions increase with the
transition of pH to the alkaline region, which coincides
with the results of measurements of the point of zero
charge of these adsorbents, as well as with the results of
similar studies for other adsorbents based on titanium
dioxide [21-24].
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Fig.8. Dependence of the Sr** adsorption value on pH.

It can be said that this pattern of pH dependence is
typical for most inorganic adsorbents. The results allow us
to recommend using acid solutions to regenerate TiO-
doped with Fluoride atoms. We conducted preliminary
studies and found that investigated TiO, samples
withstand at least five cycles of adsorption-desorption of
strontium ions without loss of initial adsorption capacity.

The number of active adsorption centers on the
surface area of the prototypes with an area of 10 nm? was
calculated according to the formula (5):

Amax'Na

N= SpeT'10%7 (5)

In the formula, qmax - is the experimentally determined

maximum value of adsorption of Sr?* cations in a neutral

medium (mole-g"); Sger- the specific surface area of the

adsorbent (m* g!); N4 — Avogadro's number (6.022:10%).
Results are shown in Table 5.

Number of active adsorption centers on the surface area
of investigated samples with an area of 10 nm? for
binding of Sr?* cations in a neutral medium

a- 2F- 4F- 8F-
Adsorbent TiO, TiO, TiO, TiO;
Number of

active 23 46 53 80
adsorption

centers

The data in the table shows that as the mass fraction
of Fluorine atoms in TiO; increases, the number of acid
adsorption centers =TiOH®" also increases. Compared to
the basic sample of a-TiO,, the number of adsorption
centers in the 8F-Ti0O, sample increases by 3.5 times.

The absence of micropores in the doped samples and
the smaller specific surface area of these samples
compared to the a-TiO, must be noted. The reason for this
is a more active course of condensation processes during
the synthesis of doped samples since the presence of both
neutral =TiOH and acidic =TiOH®" groups on the surface
of the formed samples facilitates their fusion due to less
energy expenditure on the formation of bridges =Ti — O —
Ti=:

=TiOH + = TiOH* — =Ti— O - Ti =+ H,0 (6)

Conclusions

The use of a solution of titanium aqua-complex [Ti
(OH2)6)**-3CI" and the modifying component NaF in sol-
gel synthesis as a precursor ensures the formation of F-
impregnated mesoporous titanium dioxide, which can
effectively adsorb Sr?* cations from the aqueous medium.
As the F atoms increase in TiO; from 2% to 8% wt., the
adsorption of Sr?>" cations increases and reaches
162.6 mg/g for 8F-TiOx.

The reason is as follows: higher electronegativity of F
— (4.0) atoms in comparison with Oxygen O (3.5) atoms
causes an inductive effect on the redistribution of electron
density in the bridges =Ti — O — Ti= and leads to the
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formation of a large number of acid centers =TiOH®*, on
the surface of TiO».

This indicates that at the specified number of F atoms
in Ti0,, virtually all hydroxylated atoms of those surfaces
become acid centers. In the initial a-TiO, the number of
acid centers on the specified surface area is only 19 units.

The formation in the process of synthesis of proto-
particles containing neutral =TiOH and acid groupings
=TiOH®" on their surface activates condensation
processes. It leads to the formation of titanium dioxide
devoid of micropores and a smaller specific surface area

compared to the base oxide material.

Mironyuk Ivan Fedorovych — Professor, Head of the
Department of Chemistry, Vasyl Stefanyk Precarpathian
National University.

Mpykytyn Igor — Associated professor, Department of
Chemistry, Vasyl Stefanyk Precarpathian National
University.

Vasylyeva Hanna — Associated professor, Department of
Radiation Safety, Uzhhorod National University.

[1] C. Liu, X. Li, Q. Duan, X. Yu, Ya. Guo, T. Deng, Insight into strontium recovery from oilfield water by porous
fiber-supported ammoniated titanium phosphate: Adsorption performance and mechanisms, Chemical
Engineering Journal, 503, 158586 (2025); https://doi.org/10.1016/j.cej.2024.158586.

[2] C. Liu, X. Yu, C. Ma, Ya. Guo, T. Deng, Selective recovery of strontium from oilfield water by ion-imprinted
alginate microspheres modified with thioglycolic acid, Chemical Engineering Journal 410, 128267 (2021);
https://doi.org/10.1016/j.cej.2020.128267.

[3] LF. Mironyuk, .M. Mykytyn, O.Ye. Kaglyan, D.I. Gudkov, et al., Energy, *’Sr adsorption from the aquatic
environment of Chornobyl exclusion zone by chemically enhanced TiO;, Nucl. Phys. At.21 (4) 347 (2020);
https://doi.org/10.15407/jnpae2020.04.347

[4] Zh. Cao, Ya. Hu, P. Zhang, Predicting sulfate mineral scale solubility with machine learning, Journal of Cleaner
Production 461, 142655 (2024); https://doi.org/10.1016/].jclepro.2024.142655.

[5] H. Vasylyeva, 1. Mironyuk, I. Mykytyn, N. Danyliuk, Adsorption of Barium and Zinc lons by Mesoporous TiO,
with Chemosorbed Carbonate Groups, Physics and Chemistry of Solid State 20 (3) 282 (2019);
http://DOl.org/10.15330/pess.20.3.282-290.

[6] M. E. Mahmoud, E. A. Saad, M. A. Soliman, M. S. Abdelwahab, Removal of radioactive cobalt/zinc and some
heavy metals from water using diethylenetriamine/2 pyridine carboxaldehyde supported on NZVI, Microchemical
Journal 145, 1102 (2019); https://doi.org/10.1016/j.microc.2018.12.032.

[7] D.S.P. Franco, J. M. Cunha, G. F. Dortzbacher, G. L. Dotto, Adsorption of Co(Il) from aqueous solutions onto rice
husk modified by ultrasound-assisted and supercritical technologies, Process Safety and Environmental
Protection, 109, 55 (2017); https://doi.org/10.1016/].psep.2017.03.029.

[8] Y. Komatsu, Y. Fujiki, T. Sasaki, Adsorption of Cobalt(Il) lons on Crystalline Hydrous Titanium Dioxide Fibers
at 298 to 423 K, Bulletin of the Chemical Society of Japan, 59 (1), 49 (1986); https://doi.org/10.1246/bcsj.59.49.

[91 K.R. Kim, S.H. Lee, S.W. Paek, et al., Adsorption of cobalt (Il) ion by titanium-based oxides in high-temperature
water. Korean J. Chem. Eng., 16, 34 (1999); https://doi.org/10.1007/BF02699002.

[10] K.M. Mackay, R.A. Mackay, W. Henderson, Introduction to modern inorganic chemistry, 5" ed. (Blackie
Academic and professional, and imprint of Chapman and Hall. 2-6 Boundary Row, London, 1996, UK ISBN
0751403733).

[11] LF.Mironyuk, V.M. Gun'ko, H.V. Vasylyeva, O.V. Goncharuk, T.R. Tatarchuk, V.I. Mandzyuk, N.A. Bezruka,
T.V. Dmytrotsa, Effects of enhanced clusterization of water at a surface of partially silylated nano silica on
adsorption of cations and anions from aqueous media, Microporous, and Mesoporous Materials, 277, 95 (2019);
https://doi.org/10.1016/j.micromeso.2018.10.016.

[12] H.Vasylyeva, I. Mironyuk, M. Strilchuk, V. Tryshyn, O. Gaidar, A. Vasyliev, Adsorption of zirconium ions by
X-type  zeolite, Biointerface  Research in  Applied Chemistry, 11 (5), 13421 (2021);
http://dx.doi.org/10.33263/BRIAC115.1342113431.

[13] Ph.Z. Ray, H.J. Shipley, Inorganic nano adsorbents for removing heavy metals and arsenic: a review. RSC
Advances, 5 (38), 29885 (2015).

[14] [14]. K. Padmavathi, V. Siva, S. Sanjana, A. Murugan, A. Shameem, M. Hussien, R. Jayakala Devi, In-situ
growth of SiO; decorated Co and Zn-based zeolite structured metal-organic frameworks (MOFs) and their
antibacterial performance, Journal of Molecular Structure, 141118 (2024);
https://doi.org/10.1016/j.molstruc.2024.141118.

[15] M. Motlochova, V. Slovak, E. Plizingrova, et al., Highly-efficient removal of Pb(ll), Cu(1l) and Cd(1l) from water by
novel lithium, sodium, and potassium titanate reusable micro rods, RSC Advances, 10, 3694 (2020);
https://doi.org/10.1039/CIRA0873 7K.

[16] Ya.Yu, L. Zhou,J. Tang, P. Wu, Li Feng, B. Ge, H. Chen, J. Hu, Sh. Song, T. Zeng, Effective removal of Co(Il)
and Sr(ll) from radioactive wastes using covalent triazine frameworks: Kinetics and isotherm studies, Separation
and Purification Technology, 277, 119633 (2021); https://doi.org/10.1016/j.seppur.2021.119633.

[17] W.Mu, Sh. Du, Q. Yu, X. Li, H. Wei, Yu. Yang, Sh. Peng, Highly efficient removal of radioactive *°Sr based
on sulfonic acid-functionalized a-zirconium phosphate nanosheets, Chemical Engineering Journal, 361, 538
(2019); https://doi.org/10.1016/j.cej.2018.12.110.

275


https://doi.org/10.1016/j.cej.2024.158586
https://doi.org/10.1016/j.cej.2020.128267
https://doi.org/10.15407/jnpae2020.04.347
https://doi.org/10.1016/j.jclepro.2024.142655
http://doi.org/10.15330/pcss.20.3.282-290
https://doi.org/10.1016/j.microc.2018.12.032
https://doi.org/10.1016/j.psep.2017.03.029
https://doi.org/10.1246/bcsj.59.49
https://doi.org/10.1007/BF02699002
https://doi.org/10.1016/j.micromeso.2018.10.016
http://dx.doi.org/10.33263/BRIAC115.1342113431
https://doi.org/10.1039/C9RA08737K
https://doi.org/10.1016/j.seppur.2021.119633
https://doi.org/10.1016/j.cej.2018.12.110

Ivan Mironyuk, Igor Mykytyn, Hanna Vasylyeva

[18] E.A.A.El-Shazly, G.A. Dakroury, H.H. Someda, Kinetic and isotherm studies for the sorption of '3*Cs and *’Co
radionuclides onto supported titanium oxide, Journal Radioanal Nucl. Chem., 330, 127 (2021);
https://doi.org/10.1007/s10967-021-07956-w.

[19] 1. Mironyuk, T. Tatarchuk, Mu. Naushad, H. Vasylyeva, 1. Mykytyn, Highly efficient adsorption of strontium
ions by carbonated mesoporous TiO; Journal of Molecular Liquids, 285, 742 (2019);
https://doi.org/10.1016/j.molliq.2019.04.111.

[20] 1. Mironyuk, T. Tatarchuk, H. Vasylyeva, V.M. Gun'ko, 1. Mykytyn, Effects of chemosorbed arsenate groups
on the mesoporous titania morphology and enhanced adsorption properties towards Sr (Il) cations. Journal of
Molecular Liquids, 282, 587 (2019); https://doi.org/10.1016/j.molliq.2019.03.026.

[21] 1. Mironyuk, T. Tatarchuk, H. Vasylyeva, Mu. Naushad, 1. Mykytyn, Adsorption of Sr (1) cations onto
phosphate mesoporous titanium dioxide: Mechanism, isotherm, and kinetics studies, Journal of Environmental
Chemical Engineering, 7 (6) 103430 (2019); https://doi.org/10.1016/j.jece.2019.103430.

[22] 1. Mironyuk, H.Vasylyeva, 1. Mykytyn, Kh. Savka, Sodium-modified mesoporous TiO,: Sol-gel synthesis,
characterization and adsorption activity toward heavy metal cations, Journal of Molecular Liquids, 316, 113840
(2020); https://doi.org/10.1016/j.mollig.2020.113840.

[23] H.Vasylyeva, 1. Mironyuk, I. Mykytyn, Kh. Savka, Equilibrium studies of yttrium adsorption from aqueous
solutions by titanium dioxide. Appl. Radiat. Isot., 109473 (2021); https://doi.org/10.1016/j.apradis0.2020.109473.

[24] H.Vasylyeva, 1. Mironyuk, I. Mykytyn, M. Strilchuk, et al., 4 new way to ensure selective zirconium ion
adsorption, Radiochimica Acta, 109 (12), 000010151520211083 (2021); https://doi.org/10.1515/ract-2021-1083.

[25] 1.&®. Muposntok, B.JI. Uensaun, Memoou odeparcants diokcudy mumany (oenad), ®izuka i Ximis Tepmoro Tina,
11, 815 (2010).

[26] W.H. Bragg, The nature of y- and X-rays, Nature, 77, 270 (1995); Bibcode: 1908Natur..77.270B (1908).

[27] W. Braun, (Applied RHEED: reflection high-energy electron diffraction during crystal growth. Berlin: Springer.
(19999) ISBN 3-540-65199-3. OCLC 40857022).

[28] H. Vasylyeva, 1. Mironyuk, et al., Chemistry, Adsorption of Co** and radioactive %°Co by mesoporous TiO;,
Physics, and Technology of Surface, 10 (4), 446 (2019); https://www.doi.org:10.15407/hftp10.04.446.

[29] W. Plazinski, W. Rudzinski, A. Plazinska, Theoretical models of sorption kinetics including a surface reaction
mechanism: a review, Advances in Colloid and Interface Science, 152 (1-2), 2 (2009);
https://doi.org/10.1016/j.cis.2009.07.009.

[30] U. Shukla, Fourier transform infrared spectroscopy: A power full method for creating a fingerprint of molecules
of  nanomaterials, Journal of Molecular Structure, 1322 2) 140454 (2025);
https://doi.org/10.1016/j.molstruc.2024.140454.

[31] A.Kumar, M. Khandelwal, S. K. Gupta, V. Kumar, R. Rani, Chapter 6 - Fourier transform infrared spectroscopy:
Data interpretation and applications in structure elucidation and analysis of small molecules and nanostructures
(Editor(s): Gauri Misra, Data Processing Handbook for Complex Biological Data Sources, Academic Press,
(2019); https://doi.org/10.1016/B978-0-12-816548-5.00006-X.

[32] H.N. Tran, S.-J. You, A. Hosseini-Bandegharaei, H.-P. Chao, Mistakes and inconsistencies regarding
adsorption of contaminants from aqueous solutions: A critical review. Water Res. 120, 88 (2017);
https://doi.org/10.1016/j.watres.2017.04.014.

IBan Mupomnrok!, Irop Mukurun!, 'anna Bacunbesa®

CtpykTypHO-MOop(dooriuHi Ta aacopOuiiiHi BJIaCTUBOCTI TJiOKCHIY TUTAHY,
aonoBaHoro @ropom

Kageopa ximii, [Ipuxapnamcokuii nayionanshuii ynieepcumem im. B.Cmepanuka, m. leano-Ppanxiscvk, Yrpaina,
myrif555@gmail.com
2Biooin padiayitinoi besnexu, Yoiceopoocvkuill HayioHarbHull yuigepcumem, M. Yoiceopoo, Yrpaina, h.v.vasylyeva@hotmail.com

Jana poOora mpuCBSYE€HA CHHTE3y Ta JOCTIHKEHHIO CTPYKTYpHO-MOP(ONOTIYHMX Ta amacopOuiitHUX
BJIACTHBOCTEH MIOKCHAY THTaHy J0moBaHOrO DTopoM. MeTomoM 30iib-relib CHHTE3y OyJHM CHHTE30BaHi 3pa3Ku
TiO2 i3 2, 4 Ta 8 MacoBuMHU BincoTkamu DTopy, siki mo3naueni 2F-Ti02, 4F-TiO2 Ta 8F-Ti0:. st onepxanHs uux
3paskiB y BOAHMH PO3uMH TUTaHOBOrO akBakoMwiekcy [Ti(OH2)s]**-3Cl i3 pH ~ 0.5+1.5 BBOAMIM BiAMOBimHY
kinpkicte NaF. Bymno nposeneno X-npomeneBy audpaktomeTpito, [Y-crekTpockomnito, BUMIPIOBAHHS MTUTOMOT
IUIOIII TOBEPXHI Ta TOYKH HYJIBOBOTO 3apsay CHHTE30BaHUX aacopOeHTiB. Takox JaHO OmHC
CTPYKTYpOyTBOpIOOYOro Tporecy. JocmimkeHo aacopOuiitny 3natHicTs 3pas3kiB 2F-Ti02, 4F-TiO2 ta 8F-TiO2
0710 KaTiOHIB CTpoHIi0. [IpoBeieHO BUMipIOBaHHS KIHETHUKH aIcOPOIIiil, piBHOBaYXHOT aIcOPOIIii @ TAKOK BIUTUBY
Ha JIaHUI TpOIIeC KUCIIOTHOCTI po3unHy. BHsBIeHO, M0 HAHOLIBIIOW aacopOUifHO0 3MATHICTIO MO0 KaTioHIB
ctpoHmiio Bosozie ancopoeHT 8F-TiOz2. Y poboTi 3podieHo BUCHOBOK, IO B Mipy 3pOCTaHHSI MacoBOi J0JIi aTOMIB
®topy B TiO2 YMCENBHICTH KMCIOTHUX ancopOuiiinux nentpis =TiIOH®" 36inburyeTses. B nopisHsHHI 3 6a30BUM
3pazkoMm a-Ti0; yncenbHICT aacopOLiiHuX HeHTpiB y 3pasky 8F-TiOz 3poctae B 3.5 pasu.

KurouoBi ciioBa: ancopOuiis, 3051b-reIb CUHTE3, JIOKCHA TUTaHY, MUTOMA MOBEPXHs, pPHus, CTPOHIIIH.
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