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The adsorption of Sr(l1) cations by Boron-doped TiOz was investigated. The adsorbent samples were obtained
by liquid-phase sol-gel method using the aqua complex precursor [Ti(OH2)s]**8CI- and modifying reagent
hydrogen borate HsBOs. It was found, that single-phase rutile titanium dioxide or two-phase anatase-rutile oxide
materials were formed under the different initial ratios of components.

Boron atoms are combined with Oxygen atoms into triangular structural cell BOs in the rutile sample 0.5B-
TiOz2 and are localized in the surface layer of the nanoparticle material as a grouping =02BOH. The introduction of
Boron atoms into the structure of the rutile adsorbent causes an increase in its adsorption capacity for the binding
of Sr(ll) cations in the aqueous electrolyte medium. The maximal adsorption values for Sr(Il) cations by the rutile

adsorbent in a neutral electrolyte environment reach 102.3 mg g%, while it is equal to 68.8 mg g-* for the unmodified

anatase adsorbent a-TiOz.

The number of acid adsorption centers =TiOH®" on the surface of the rutile adsorbent 0.5B-TiOz is ~ 50 units
on a surface area of 10 nm2, which is twice the number of centers on the surface of the anatase adsorbent a- TiOa.
The ionic strength of the acid centers of the =TiOH®* pKq1 and the base centers of the =TiOH® pKa2 of the rutile
sample is the largest in comparison with the centers of other investigated adsorbents and, accordingly, are equal to

0.6 and 12.3.

Anatase-rutile adsorbents 1.0B-TiOz and 1.5B-TiOz contain, respectively, 70% and 57% of the anatase phase.
They are significantly inferior in adsorption ability toward cations of Sr(ll) compared with the rutile adsorbent
0.5B-TiO2. This is because Boron atoms are mainly localized in the anatase phase and with oxygen atoms form
tetrahedral groups of BO4". Tetrahedral coordination of Boron atoms with respect to Oxygen atoms in the structure
of anatase reduces the induction effect of Boron atoms on the redistribution of electron density in the B-O-Ti bridges
and does not lead to the formation of additional acid adsorption centers on the surface of the anatase.
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Introduction

Adsorption technologies are widely used to solve
environmental problems at present time. In particular, the
synthetic adsorbents — activated carbon, zeolites, metal
oxide-adsorbents FezO4, ZnO, TiOy, titanium or zirconium
phosphates, ion exchange resins, etc., are often used for
the removal of heavy metal cations Pb (I1), Cd (1), Ba (11),
Hg (11), Sr (1) as well as some anions AsO,4%, SeO%, F-
from the aquatic environment [1-5]. The disadvantage of
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known adsorbents is low adsorption capacity, instability
to aggressive media, or complexity of synthesis. In this
regard adsorbents based on TiO, have unique properties:
resistance to acid medium, simplicity of synthesis, and
high adsorption capacity toward heavy metal cations. The
adsorption binding of metal cations by TiO.-based
adsorbents is carried out by hydroxylated Ti atoms of only
a certain type on the surface of TiO,.

The surface of the anatase modification of TiO2 with
an area of 10 nm? may contain 120-140 =TiOH — groups,
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but only ~ 30 titanium groups are =TiOH®" acidic centers,
which take part in the metal cations adsorption. Most
titanium groups, 70-76 (%) percent of the whole amount,
demonstrate a neutral nature and are not involved in
adsorption.

The authors of publications [6-9] impregnated
=T102CO, =Ti02POOH or =Ti0,AsOOH grouping in the
amount of 3 to 13 units per 10 nm? on the surface of the
anatase TiO to increase the number of acid adsorption
centers in 2-2.8 times. Exactly the high electronegativity
of atoms C (2.5), P (2.1), and As (2.0) in these groupings,
compared to the electronegativity of Ti atoms (1.5), causes
the formation of additional acidic centers of =TiOH®"
capable of binding metal cations around these atoms.

According to our publication [10], sol-gel synthesis of
nanoparticle TiO, using aqua complex precursor

[Ti(OH2)6]** 8CI- and modifying reagent of borate acid

HsBOs3 (which is also known as hydrogen borate or boric
acid) leads to the formation of Boron-containing TiO; of
different phase composition. In particular, the Boron-
containing sample of 0.5B-TiO; is a rutile material with a
particle shape in the form of villi. Samples with a higher
content of Boron atoms 1.0B-TiO; and 1.5B-TiO;, in
addition to rutile, contain 70% and 57% of the mass of
anatase, respectively.

Since the electronegativity of atoms B is 2.0 and
exceeds the electronegativity of Ti atoms, we can assume
a high adsorption capacity of Boron-containing samples of
TiO, toward metal cations.

In this work, we aim for the following tasks:

- find out the ionic strength of acid =TiOH®" and the
base =TiOH®> adsorption centers of the surface of
modified TiO2 samples;

- investigate the adsorption of Sr(l1) cations by Boron-
containing TiO;

- determine the average number of acid =TiOH®" and
the main =TiOH?® adsorption centers on a surface area of
10 nm? of base and modified samples.

I. Experimental techniques

1.1. Synthesis of titanium dioxide samples

Experimental samples of Boron-containing TiO» were
obtained by the liquid-phase sol-gel method using as a
precursor  solution of titanium aqua complex
[Ti(OH2)6]** 8CI- and modifying agent — borate acid
H3BOa.

The synthesis of investigated samples was carried out
at different ratios of components. The conditions for the
synthesis of investigated samples and the mechanism of
influence of the modifying agent on the course of
structure-forming processes are described in detail in the
publication [10].

1.2. Investigations of the characteristics of
titanium dioxide samples

In this work, special emphasis was placed on the study
of the surface characteristics of TiO, samples, which can
affect the course of adsorption processes.

TEM and IR analyses were conducted; textural
characteristics such as surface area and pore size
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distribution were determined, as well as the pH of the
point of zero charges (pHpzc).

Images of bare a-TiO, and Boron-doped TiO, were
obtained using the LSM 2100F transmission electron
microscope (TEM). The accelerating voltage during the
operation of the transmission electron microscope was 200
kV or more, which made it possible to record images on a
nanometer scale. Light field rendering mode was also
used.

The phase composition of the bare a-TiO, and
modified samples 0.5B-TiOz, 1.0B-TiOz, 1.5B-TiO,, the
parameters of the lattice and the dimensions of primary
crystallites were investigated using the STOE STADIP
diffractometer in the radiation of copper anode. The focus
of the rays was carried out according to the Bragg-
Brentano scheme. Rietveld's analysis of recorded
diffractograms was performed using SHELXL-97
software [11, 12].

The study of the surface area of the samples and their
pore size distribution was carried out with the help of
isotherms of low-temperature N, adsorption-desorption.
Quantachrome Autosorb (Nova 2200e) equipment was
used for this purpose. Before measurement, the samples
were calcined in a vacuum at 180°C for 24 hours. The
surface area of the samples was calculated according to the
theory of BET (Brunauer-Emmett-Teller). Pore size was
estimated using density functional theory (DFT). It should
be noted, that when calculating the surface area of
adsorbents, the theories of BET and DFT give results that
are well consistent with each other. However, since the
calculation of surface area using the Brunauer-Emmett-
Teller theory is generally accepted, we also used this
particular theory.

IR spectroscopy was used, for qualitative and
quantitative analysis of samples, with which it is possible
to assess the structure of the complex, ions in compounds,
phase composition, as well as the different coordination
states of Boron atoms in the structure of anatase and rutile.
The IR spectra of the samples were obtained on the
Double-beam spectrophotometer SPECORD M80 device.
To record the spectrum, the sample weight (4 mg) was
mixed with KBr at a ratio of 1:100, and crushed in a
vibration mill for 10 minutes. The resulting mixture
formed a transparent plate size of 20x5 mm? by pressing.

The pH of the point of zero charges of the surface was
determined to assess the surface ability of synthesized
adsorbents to attach cations or anions. As a rule, pHpz is
the value of a negative decimal logarithm of the activity
of the potential-defining ion of the surface of a solid, that
comes into contact with the electrolytic medium.
Determination of the pH of the point of zero-charge of the
surface a-TiO, and samples of TiO, doped by the Boron
atoms was carried out by the method of drift of the
hydrogen indicator of the medium.

1.3. Adsorption research and calculation of the
number of adsorption centers of TiO2 samples

Adsorption studies were carried out in batch
conditions. To the 0.05 g of the adsorbent was added 5 ml
of the studied aqueous solution of SrCl,. The ratio of
liquid: solid phase (L:S) was, respectively, 100. Initially,
the dependence of the adsorption of strontium ions on the
duration of interaction, the so-called kinetics of
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adsorption, was investigated. Thus, the duration of the
interaction was determined, in which adsorption
equilibrium was established in the reaction mixture. In
addition, a possible mechanism for the course of
adsorption processes was determined using the four most
common kinetic models of adsorption.

Adsorption isotherms were measured at a certain time
of equilibrium. For this purpose, the initial concentration
of strontium ions in the solution was increased. The initial
and residual (equilibrium) concentration of strontium ions
was determined by direct complexonometric titration with
the indicator Eriochrom Black T.

In studies of anion adsorption, the equilibrium
concentration of adsorbate was defined by Mohr’s
method, which uses the titration by the standard solution
of silver nitrate with potassium chromate as an indicator.
The value of adsorption was calculated according to the
formula (1):

— [(Co_ce)'V]
m

qe 1)

For the analytical description of the equilibrium
adsorption of the cations Sr (I1) by the TiO, samples, the
Langmuir (2) and Freundlich (3) equations were used [13,
16]:

_ AwoKCe
1+ K1.Ce

O]

e

Where, ge — the amount of adsorbate uptake at
equilibrium, mgg?; 4., — maximal adsorption value,
which corresponds to filling the whole adsorption centers,
mggt; KL — Langmuir equation’s constant, (L mg™) is the

value inverse to the concentration of C., at which
adsorption is 2 A.; C. — adsorbate equilibrium

concentration, mgL..

Qe = K C2 ®)
Where, K; — Freundlich constant, (%);

L
n — intensity parameter of adsorption.

The number of acid adsorption centers N, on the
surface of the adsorbent area of 10 nm?, was calculated
according to equation (4):

N = Qmax'N:l7
SBET 10

(4)

Here g max — experimentally defined maximal
adsorption of Sr (1) cations, (mole g1); Sger- the specific

surface the (m?- g,

Na — Avogadro constant (6.022 10%).

Studies of the effect of the acidity of the solution on
the adsorption values were performed by adding to the
reaction mixture 5 ml of HNOj3 solution or ammonium
buffer solution to achieve the required pH value.
Accordingly, the L:S ratio increased to 200. The acidity of
the solution was controlled using a pH meter with a
chlorine-silver electrode.

area of adsorbent,
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I1. Results and discussion

2.1. The phase composition of the investigated
samples

The phase composition of the bare a-TiO, and
modified samples 0.5B- TiO2, 1.0B- TiO», and 1.5B- TiO;
the lattice parameters and the dimensions of the primary
crystallites of these phases are given in Table 1.

The bare a-TiO, contains a single phase — anatase
(spatial group ls1(amd)). The presence of Boron atoms in
the sample of 0.5B-TiO; leads to the formation of a single-
phase material — rutile (spatial group Ps (mnm) [17].
However, increasing the content of Boron atoms leads to
the formation of two-phase samples 1.0B-TiO, and 1.5B-
TiO,. These Boron-containing samples consist of anatase
and rutile modifications of TiO in quantities of 30 wt., %
and 70 wt.,, % (57 wt., % and 43 wt., %) masses,
respectively.

The textural characteristics of the bare a-TiO, and
Boron-containing samples calculated by the method of
low-temperature adsorption-desorption of N, molecules
(Fig.1) are given in Table 2. They show that according to
the specific surface of Sger and the volume of pores V,,
the rutile sample 0.5B-TiO; is inferior to the base anatase
sample a-TiO; and anatase-rutile samples 1.0B-TiO, and
1.5B-TiO,. Thus, Sger and the volume of pores V,
anatase-rutile sample 1.0B-TiO, is more than twice as
high as these characteristics for 0.5B-TiO; rutile.
However, the comparison of the rutile sample 0.5B-TiO>
with the Boron-containing samples of TiO described in
the literature [18-20] indicates that the surface area of the
sample 0.5B-TiO, remains higher than that described for
Boron-containing world-wide analogs.

Sol-gel synthesis of investigated samples is special in
the aspect of obtaining TiO, materials with very small
mesopores with a radius of 1.0-3.0 nm and micropores
with a radius up to 1.0 nm. (Fig. 1 (b)).

The micropores and mesopores in the samples are the
gaps between the primordial particles and their associate
or aggregates. The radii of the mesopore of the 0.5B-TiO;
rutile sample are in the range of 1.0-2.0 nm values. They
are smaller in size compared to the radii of other
adsorbents. This is because the particles of this sample
have the form of villi (Fig. 2 (a)).

Their diameter is 0.8-1.2 nm, and the length is 16-
24 nm. The main features are that the villi are folded into
"sheaves" in the associates, and this causes the formation
of especially small mesoporous. The appearance of such
particles is shown in Fig. 2.

2.2. Amphoteric properties of TiO2
Titanium dioxide belongs to amphoteric oxides of metals,
which have both acidic and basic properties. The
amphoteric properties of titanium dioxide are manifested
in the fact that its surface titanium groups change their
chemical state, depending on the pH of the medium:

=TiOH," <> =TiOH* + H* (5)

=TiOH® «> =TiO" + H* (6)
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Fig.1. Isotherms of low-temperature N, adsorption/desorption of bare a-TiO, and Boron-containing TiO, samples
(2); (b) the pores size distribution in the investigated samples studied by the magnitude of their effective radii.

Table 1.
Textural characteristics of investigated samples and parameters of the lattice of anatase and rutile

Anatase Rutile

Con- Tio | Tico | PAUC | oo Tico | Ti-o | Pa-

Sample . le a, c, . ticle
tent, | a, A c, A | (axial | (plane), size tent, am | nm (axial | (plan size

% VA | A N VA | e A '

nm nm

aTio, | 100 | 3.784 | 9513 1'378 1.9337 2'9;” - _ _

) 461 | 2.05 | 1.992 | 1.946

0.5B/Ti0, | - _ _ _ - ~ 200 [ 2HE Y . 5.1
1.0B/TiO, | 704 | 3.796 | 9.496 1'275 19395 | 35 | 3043 4'$3 2'24 2'%04 1'%48 6.1
1.5B/Ti0, | 57+2 | 3.787 | 9.499 1'9875 10351 | 39 | 4342 4'50 2'35 1'%88 1'%46 5.7

Fig. 2. TEM-image of nanoparticles of the rutile sample 0.5B-TI0, (a) and anatase-rutile sample 1.0 B-Tioz (b).

Table 2.

Textural characteristics (specific surface area, pore volume).
SBET Shicro Smeso, Vp, Vmicro Vmeso
Sample
(mg™) (mfg™) | (m’g?) (cm’g) (cm’g) (cm’g?)
a-TiOz 239.4 100.5 138.9 0.1519 0.054 0.098
0.5B-TiO2 151.6 81.73 69.87 0.1158 0.04175 0.07405
1.0B-TiO2 316.1 14.25 301.85 0.2918 0.00661 0.28519
1.5B-TiO2 254.1 - 254.1 0.3442 - 0.3442
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Titanium surface groups attach the proton H* in an
acidic environment (scheme 5), and in the alkaline
medium, they give it away (Scheme 6). The surface of
TiO2 must contain a proton acceptor, which ensures the
transition of the proton from the acid to the base, to reach
ionic equilibrium in solution. Therefore, on the surface of
the TiO- particles, there are both: the base =TiOH® and
acid =TiOH®" grouping. The establishing of the protolithic
equilibrium of the TiO, surface can be written in the form
of a scheme (7):

=TiOH," + =TiOH* « =TiO + H* )

The constant of protolithic equilibrium K, of the

surface of TiO; is calculated according to the equation;

__ [=Tio®*][=Tio"]

Kn = [= TioH][=Ti0%"]

®)

The values of the constants of acid groups Kq; and the
base groups K, can be determined accordingly, from the
following equations:

K = [H*] ooy ©
=TiOH%—
Ko = (]S (10)

The negative decimal logarithm of the value Ky (-Ig
Ka1 = pKai) characterizes the ion strength of Brénsted's
acid centers =TiOH®", and the negative decimal logarithm
value Ko (-1g Koz = pKq2) that of base centers of Brénsted
=TiOH?.

The acid-base model of the solid surface was
proposed by S. Morrison [21]. According to his model for
assessing acidity, pK, is selected — a scale that is limited
by the limit values of the dissociation constants of water
molecules:

-1,76 < pKy < 15,76 (11)

The area of the Brénsted centers includes OH- groups
of different acidic strengths, as well as water molecules
with different stages of protonation, coordinating with the
main and acid centers of Lewis following the pK value of
water-acid (-1.76) and the pK of the water-base (15.76).
The acid centers of Brgnsted are to the left of the neutrality
point (pK, = 7.0). Their acidity increases from right to left
with a decrease in the donor capacity of the orbitals of the
metal atom and the displacement of electron density from
the atom H to the orbital of the atom O. The bases of
Brénsted are situated to the right of the point of neutrality
(pK, = 7.0). Their basicity increases with a decrease in the
donor capacity of the metal atom. There is a shift in
electron density from the metal atom to the orbital of the
Oxygen atom, which enhances the connection of O-H in
the hydroxyl group and increases the basicity of the
Brénsted center (pKo > 7.0).

The ion strength of the acid and basic titanium groups,
respectively, pKy and pKy of the TiO, surface, we
calculated by hydrogen indicator — the pH of point of zero
charges (pHpz) of the oxide material and the pH of its
suspension. pHyz is a pH value in which a solid immersed

118

in an electrolyte has a zero electrical charge on the surface.

According to [21] the average value of the ionic
strength of the adsorption centers of the surface pKg mean IS
calculated by the equation (12):

1
PKamen =3 (Ka1 + Kez) (12)

Moreover, the value pK, mean identicals the value of

PHpzc:
pKamean = pszc (13)

Taking into account the Henderson—Hasselbalch

equation [13, 14, 21] (14):

[=Ti0™]
[= TionZ]

= 10(PH ~ PHpzc) (14)

it is easy to conclude that the ionic force pK,: of acid

centers can be calculated by the equation (15):
pKo = pH + |(pH — pHpzc)| (15)

In the last two equations, pH is a hydrogen index of
1% suspension of oxide material.

The hydrogen indicator of electrolyte in which the
surface of the adsorbent acquires a zero electrical charge
(pHpzc) is an important parameter since it indicates the
areas of pH values within which the adsorbent behaves
like cationic or anionic.

The data given in Table 3 show that the pHp,c of the
sample 0.5B-TiO; is 6.0 and exceeds the values pHp;c of
other samples. At the same time, as the number of Boron
atoms increases in TiOy, the point of zero charges on the
pH scale shifts towards an acidic environment.

Table 3.
Properties of bare a-TiO, and surface modified TiO-
samples.
Analytical data
Sample Name
PHsusp PHpzc PKai pKa2
a-TiO2 4.4 5.35 3.4 10.6
0.5B-TiO2 3.2 6.0 0.4 12.3
1.0B-TiO2 3.1 3.2 3.0 9.4
1.5B-TiO2 3.1 2.2 4.0 8.4

For samples 0.5B-TiO,, the ionic strength pKy,; of the
acid centers =TiOH?®" is 0.4 and significantly exceeds the
ionic strength of these centers in the basic sample a-TiO;
(3.4) and modified samples 1.0B-TiO, (3.0) and 1.5B-
TiO; (4.0). At the same time, the ionic strength of the base
centers pK,, of the 0.5B-TiO,- sample is equal to 12.3 and
also exceeds the ionic strength of the base centers of other
samples.

The analytical data given in Table 3 may indicate the
expected high adsorption capability of the 0.5B-TiO;
sample for the adsorption of the metal cations in an
environment with a pH > 6.0. The same sample can
effectively adsorb Cl-, Br-, I- anions in an acidic
environment with a pH of < 6.0.
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Fig. 4. Dependence of the value of adsorption of strontium ions on the duration of interaction (a); (b) application of
the Lagergren model based on the pseudo-second-order equation.

Table 4.
Analytical equations of kinetic models.
Kinetic model Linear equation
Diffussion gi = Kit"2 + K,
Elovich qi= % Int + % In (a-B)
Pseudo-first-order Lag(gp-qy=Ingqp- 213% t
t 1 t
Pseudo-second-order — = —+ =
@ K3q° gy
* —a—0.58-TiO, — mggh  Ki  (mg/lg  min®), Ko,  ky(min™),
:; —e—1.0B-TiO, PRI ks (gmg? min?), o (mg/g min) — rate coefficients of
—a—1.5B-TiO, N pseudo - first order, pseudo-second order, intra-particle
2 a-Tio, pPHp = 6.0 diffusion, and in Elovich Kkinetic models equations,
:-'-f & respectively; B (mg/g)- desorption constant in Elovich
c 7 PHpzc= 5.35 /' equation [16].
£ —" The correspondence of the equation of the kinetic
T 51 PHpc=32 / > /' model of adsorption with experimental results was
Q. N R estimated by the correlation coefficient R? [16]. The
3 et “ results of the approximation of experimental dependences
2 b pHp,c= 2.2 to the theoretical calculations are given in Table 5. They
14 show that the most adequate kinetics of cation adsorption
0 ; : ; . ; ! by Boron-doped TiO; is described by the Lagergren
0 1 2 3 4 5 6 7 8 9 10 1" 12

pH (initial)
Fig. 3. "Drift" hydrogen suspension indicator during the
determination of the pHy, of investigated TiO, samples.

2.3. Adsorption studies. Kinetics of Sr (Il) ions
adsorption

Kinetic dependences of Sr(ll) adsorption from
0.005M solution of SrCl; by the investigated TiO, samples
are shown in Fig. 4. They show that 75% of cations are
adsorbed within 30 minutes of contact of the electrolyte
with the adsorbent, but the equilibrium state in this process
occurs only after 2-2.5 hours.

Four well-known kinetic models: a model of Weber-
Morice, Elovich's, and Lagergren's model of pseudo-first
and pseudo-second-order [13-16] (Table 4) were used to
describe the adsorption of Sr (11) by investigating TiO,.

In this equations: g, and q: - adsorption capacity at
equilibrium  and at time t, respectively,
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pseudo-second-order equation. The R? for equations is
high and equal to 0.9997-0.9994.

2.4. Equilibrium adsorption of strontium ions by
TiO2 samples

Figure 5 (a-d) shows the isotherms of adsorption of
cations Sr(ll) by TiO, samples. They show that the
adsorption capacity of modified adsorbents 0.5B-TiO;
1.0B-TiO, and 1.5B-TiO, are higher than the
corresponding value for unmodified adsorbent a-TiO».

The single-phase rutile adsorbent 0.5B-TiO, shows
the most effectivity among all Boron-doped samples.

The equations of the Sr (11) adsorption isotherms most
reliably describe the adsorption process in the
approximation of Langmuir's theory. This is indicated by
the high values of the correlation coefficient R? (0.9953-
0.9905) and the low values of the parameter %> (1.899-
12.02). The results are in good agreement with the
calculations of kinetic models, according to which, the
highest coefficients of linear approximation are obtained
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for the pseudo-second-order equation (Table 5).

This significantly increases the reliability of
calculations of the number of acid and base adsorption
centers on the TiO surface area of 10 nm2. The number of
acids and base adsorption centers on the TiO; surface area
of the 10 nm? was calculated by the adsorption values of
the Sr(I1) cations in a neutral medium (with a pH = 7.0).

At the medium pH equal pHy of the corresponding
adsorbent, when surface charge equals zero, the number of
acid centers is equal to the number of base ones. As the
pH of the environment increases concerning the pHp,c, the
number of the base centers =TiOH?®" is sharply decreasing,
and the number of acid centers =TiOH®" remains
unchanged. Conversely, with a decreasing the pH of the

Table 5.
Values of parameters and coefficients in equations of kinetic models applied to describe the adsorption of Sr (I1)
cations.
Equation 0.5B-TiO2 1.0B-TiO2 1.5B-TiOz a-TiO2
parameter
Pseudo-first-order
K> -0.0111 -0.0108 -0.0086 0.0042
R? 0.8603 0.7006 0.4664 0.9312
Pseudo-second-order
Ks 0.0329 0.0381 0.0414 0.0098
R2 0.9994 0.9997 0.9994 0.9968
Elovich
o 205.2 155.2 60.1 0.271
B 0.376 0.4217 0.414 0.104
R2 0.8446 0.7759 0.7123 0.6442
Intra particle diffusion model
K1 stepl 2.29 2.27 2.63 0.5588
Ko 16.21 13.24 10.02 8.01
R2 0.8041 0.8005 0.8338 0.9725
k1 step?2 0.394 0.218 0.0937 -
Ko 255 23.51 22.67 -
R? 0.9642 0.8581 0.4301 -
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Fig.5. (a) Adsorption isotherms of Sr(l1) by investigated samples of TiO. Nonlinear approximation of
experimental equilibrium results by Langmuir and Freundlich adsorption theories for (b) 0.5B-TiOg; (c) 1.0B-TiOx;
(d) 1.5B-TiOs.
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Table 6.

Parameters of Langmuir and Freundlich equations for adsorption of Sr(l1) ions by Boron-doped TiO;.

Adsorption theory | Parameters of Adsorbent
equation 0.5B-TiO2 1.0B-TiOz 1.5B-TiOz a-TiO2
KL 0.001549 0.00169 0.00169 0.00012
Amax 111.92 90.77 76.68 151.66
Langmuir Q max calc 102.3 83.58 70.6 68.84
Q max EXP 98 80 70 70.8
R? 0.9905 0.9953 0.9944 0.9428
e 12.02 1.899 2.408 42.38
Ks 6.42 5.34 4.52 0.358
n 0.32 0.319 0.319 0.5946
Q max calc 108.9 89.66 75.99 67.58
Freundlich Q max EXP 98 80 70 70.8
R? 0.9730 0.9724 0.9770 0.9574
v 14.11 14.32 9.74 21.26
Table 7.
The number of acid and base adsorption centers on the TiO; surface area of 10 nm?,
Percentage of
Adsorbent The number of adsorption centers on the surface =TiOH®*",
area of 10 nm? %
=0,BOH =TiOH®" =TiOH%*
a-TiO: - 19.8 - 15.2
0.5B-TiO: 1.6 49.8 46.9 38.3
1.0B-TiO2 - 17.3 4.4 13.3
1.5B-TiO2 - 18.9 2.3 14.5
OH OH
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Fig. 6. Boron-containing grouping on the surface of particles of the rutile sample 0.5B-TiO, (Model 1), and
the surface of anatase-rutile particles 1.0B-TiO, (Model 2).

environment concerning pHpzc the number of acid centers
=TiOH®" decreases sharply, and the number of the base
centers =TiOH® - does not change. The data, which are
given in Table 7, show, that the number of acid centers
=TiOH?®" on the surface area of 10 nm? of the rutile sample
0.5B-TiO; is 49.8 units and it is the largest compared to
other samples.

The number of base centers =TiOH? in this sample is
equal to 46.9 units. It is smaller compared to the number
of =TiOH®%". This is due to a greater hydrogen index of the
medium compared to the pHp of this sample. The number
of acid centers of anatase-rutile samples 1.0B-TiO, and
1.5B-TiO; respectively are equal to 17.3 and 18.9 units on
the surface area of 10 nm2. The specified number of acid
centers is close to the number of these centers in the bare
a-TiO, sample.
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Therefore, the higher adsorption capacity of the rutile
sample 0.5B-TiO; toward Sr(ll) cations than bare a-TiO;
is due to its crystalline structure and the presence of
incorporated Boron atoms in this structure.

Boron atoms in the rutile sample 0.5B-TiO, form a
grouping =0,BOH, which are impregnated in the surface
layer of titanium dioxide particles. In these groups, atom
B is surrounded by three oxygen atoms, two of which are
involved in a chemical bond with Ti atoms. Since the
electronegativity of atoms B is 2.0 and exceeds the
electronegativity of Ti atoms (1.5), therefore, inductive
redistribution of the electron density causes the formation
of additional acid centers =TiOH®" in the vicinity of the
impregnated Boron-containing group (see Model 1).

In the IR spectrum of sample 0.5B-TiO, (Fig. 7,
spectrum 2), fluctuations in groups of BO3 are weak in
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intensity in bands of 1400; 1110, and 974 cm™. The first
two bands belong to the degenerate asymmetric
oscillations of BO3™ groupings, and the third band we
attribute to the asymmetric deformation oscillation of B-
OH [22, 23].
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Fig. 7. IR spectra of the basic sample a-TiO, (1) and 0.5B-
TiO2(2), 1.0B-TiO2 (3), 1.5B-TiO, (4).

Titan borate monodentate molecules are creating Ti

(OH)30B(0OH)22H,0 during the synthesis of the sample
0.5B-TiO; in the reaction mixture of titanium aqua

complex precursor [Ti (OHy)s]**8CIl- and borate acid

B(OH)s. These molecules in the polycondensation process
act as a promoter for the formation of rutile, since the
length of the Ti-O bond in them, is commensurate with the
average length of Ti-O in the octahedra of TiOs rutile.
Molecules with a bidentate mononuclear structure Ti

(OH)202BOH -2H;0 occur, causing the formation of the
anatase phase, due to the high chemical potential of the
reaction mixture, in the process of synthesis of the samples
1.0B-TiO; and 1.5B-TiO,. The distance of Ti-O in this
molecule is commensurate with the average length of the
Ti-O bond in the octahedra of the anatase phase. In
addition to anatase, these samples contain respectively 30
and 43% percent of rutile. B atoms are in tetrahedral
coordination related to Oxygen atoms in anatase TiO,. The
IR spectra of the anatase phase of the anion BO4 belong
to bands 1150 and 965 cm™ (Fig. 8, spectrums 3 and 4)
[22-25].

Anions BO4s mainly localized in the volume of the
anatase phase (model 2). Tetrahedral coordination of
Boron atoms relate to Oxygen atoms reduces the induction
effect of Boron atoms on the redistribution of electron
density in B-O-Ti bridges and does not lead to the
formation of additional acid adsorption centers on the
surface of the oxide material.

The number of acid centers =TiOH®" on a surface area
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of 10 nm? in samples 1.0B-TiO; and 1.5B-TiO; is 17.3 and
18.9 units, respectively (Table 7). This number of acid
centers roughly corresponds to the number of centers of
unmodified a-TiO,. These data indicate the absence of
Boron atoms in the structure of rutile of two-phase
samples.

It should be noted, that the increase in the number of
acid centers =TiOH%" in the rutile sample 0.5B-TiO; is
more than two times due to the impregnation of only 1.6
units of groups =0,BOH on a surface area of 10 nm?. An
increase in the number of acid centers on the surface of the
investigated adsorbent can be ensured by preventing the
formation of titanium-borate molecules with a bidentate
structure during synthesis.

2.5. Mechanism of Sr (1) cations bonding
For adsorption of one Sr(ll) cation, one or two

adsorption centers may be involved in electrolyte
environments with pH > pHpzc (16):

2=TiO + Sr?* « (=TiO’), Sr?* (16)
=TiO" + H0 + Sr?* « =TiO" (SrOH)* + H* (%))

Adsorption of cations according to the scheme (16) is
observed in an acidic and slightly acidic electrolyte
medium (pH = 2 + 6). The connection of cations is carried
out according to the scheme (17) in a neutral electrolyte
medium (pH ~ 7) [6-8, 13, 21].

The presence of OH- anions ensures the high
efficiency of binding of Sr(ll) cations in an alkaline
environment (pH ~ 8-12):

=TiO" + Sr* + OH" < =TiO" (SrOH)* (18)

Graphical dependences of adsorption of cations Sr(ll)
from the pH of the medium by investigated samples of
TiO, are shown in Fig. 8. Fig.8 shows, that there is a
tendency of differences in Sr (11) adsorption. In an alkaline
environment with a pH of ~ 10-11 adsorption of cations Sr
(1) increases, compared with adsorption in a slightly
acidic environment, by 1.5-2.0 times.

Adsorption of cations should not be carried out in an
environment with pH < pHp,c. However, the adsorption

value of the Sr(Il) cations is 85 mg g? by the 0.5B-TiOx,
and is equal to the value of adsorption in an environment
with a pH of ~ 6.0 is close to corresponding values which
are obtained at a pH of ~ 2.0.

This anomaly can be explained by the fact that the
adsorption of anions recharges the surface of the
adsorbent. The negative charge of anions is not
compensated by a completely positive charge of
adsorption centers. Therefore, favorable conditions are
created for the adsorption of Sr(l1) cations. The binding of
Sr(I1) cations in an acidic environment from SrCl, solution
occurs according to the scheme (19):

2=TiOHy + 2CI + Sr?* < 2=Ti* 2CI' Sr** + H,0  (19)
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Fig. 8. Adsorption of Sr (II) cations by TiO, samples in
the medium with different pH.

2.6. Regeneration of the adsorbents

The possibility of the adsorbent regeneration was
performed according to the scheme of adsorption-
desorption of Sr (II) cations- drying the adsorbent and
repeated adsorption. Adsorption of cations was performed
from a 0.01M solution of strontium chloride at pH = 8.
Removal of adsorbed strontium cations was performed
using 0.01M HNOs as eluent. Regenerated adsorbents
were washed with distilled water, dried, weighed, and
again used for adsorption of Sr(Il) cations under the same
conditions. The value of adsorption of Sr (I) cations
remained unchanged, during the seven adsorption-
desorption cycles.

In addition, the adsorption value after regeneration

was 39.8+7.2 mgg?! for adsorbent 0.5B-TiO, at a

confidence level of 95%. The test results indicate the
suitability of Boron-dopped titanium dioxide in the acid
medium and its ability for regeneration [26].

Conclusions

Synthesis of Boron-containing TiO; by liquid-phase
sol-gel method wusing aqua complex precursor
[Ti(OH2)6]** 8CI- and borate acid H3BOs, as a modifying

reagent, according to the corresponding ratio of
components, leads to the formation of a single-phase rutile

titanium dioxide or a two-phase anatase-rutile oxide
material.

In the rutile sample 0.5B-TiO,, Boron atoms are
combined with Oxygen atoms into the triangular structural
cell of BO3 and are localized in the surface layer of the
nanoparticle material as a grouping =0,BOH.

The impregnation of Boron atoms into the structure of
the rutile adsorbent causes an increase in its adsorption
capacity toward Sr(ll) cations. The maximal adsorption of

Sr(I1) cations by the rutile adsorbent reaches 102.3 mg g,

compared to the bare a-TiO, — 68.8 mgg™ in a neutral

electrolyte environment.

In particular, the number of acid adsorption centers
=TiOH?" on the surface of the rutile adsorbent 0.5B-TiO;
is ~ 50 units on a surface area of 10 nm?, which is twice
higher than the number of centers on the surface of the
base anatase adsorbent a-TiOs..

The ionic strength of the acid centers of the
=TiOH®" pK, and the main centers of the =TiOH® - pKy»
of the rutile sample is the highest in comparison with the
centers of other investigated adsorbents and, accordingly,
is equal to 0.6 and 12.3.

Two-phase adsorbents 1.0B-TiO, and 1.5B-TiO;
contain, respectively, 70 and 57% of the anatase phase.
They are significantly inferior in adsorption ability toward
cations Sr(Il) compared with the rutile adsorbent 0.5B-
TiO,. This is because Boron atoms are localized mainly in
the anatase phase and form tetrahedral groups of BO4 with
oxygen atoms.

Tetrahedral coordination of Boron atoms concerning
Oxygen atoms in the structure of anatase reduces the
induction effect of B atoms on the redistribution of
electron density in B-O-Ti bridges and does not lead to the
formation of additional acid adsorption centers on the
surface of the anatase.
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Adsorption of Sr(ll) cations onto titanium dioxide, dopped by Boron atoms

Isan Mupomnrok®, I'anna Bacunwesa?, Ipuna ITpokinayk!, Irop Mukntun!

AncopOuist kationiB Sr(II) miokcuaom TuTany, 1onoBaHuM atomamu bopy

1Kaqbeopa ximii, [puxapnamcokuiti nayionanvnuil ynigepcumem im. B.Cmeganuxa, leano-@Ppanxiscovk, Yxpaina,
myrif555@gmail.com
zKa(j)ec)pa meopemuunoi Qizuku, Biodinenns gizuxu 10pa i enemeHmapHux YaCmuHoK, YoceopoocbKkuti HayiOHATbHUL
yuigepcumem, Yaceopoo, Yrpaina, h.v.vasylyeva@hotmail.com

JHocnimkyBanack agcop6uist karioniB Sr(II) 6opemicHumu 3paskamu TiOz2, ofep:kaHUMU piaKO(a3HHM 3071b-
rejib METOJIOM 3 BUKOPHCTAHHSIM aKBaKOMILIEKCHOTO mipekypcopa [Ti(OH2)s]%* 8Cl- i Mmoaudikyrouoro pearenta

6opatHoi kuciaotn HsBOs. 3’dcoBaHo, M0 3a BiAMOBIAHUX CHiBBIJHOLIEHb KOMIIOHEHTIB YTBOPIOETHCS
onHo(a3HUH pyTHIBHUI A1IOKCH TUTaHY a0 ABOX(a3HHI aHATa3-pyTUIbHUI OKCUIHUI MaTepial. B pyTuisHOMY
nociinaomy 3pasky 0.5B-TiOz aromu Bopy noenuyrorses 3 aromamu OKCUTeHY B TPHKYTHI CTPYKTYpHI MOTHBHU
BOs i JokamizyroThCsi y IOBEpXHEBOMY Iapi HaHOYACTHMHKOBOTO Marepiany sk rpymyBanHs = O2BOH.
[aKopnopauist atomiB Bopy y CTpyKTypy pYTHIBHOTO aJCOPOEHTY CIIPUYMHIOE 3pOCTaHHs HOro ancopOIiiHOi
CIPOMOXKHOCTI Ioz0 3B’si3yBaHHS KatioHiB Sr(Il) y BogHOMy enekTpoiiTHOMY cepemoBuini. MakcuMalbHa
ancop6buis katioHiB Sr(Il) B HEHTpambHOMY ENEKTPOJITHOMY CEPEIOBHILI PYTHIBEHOTO aacopOeHTta csrae 102.3
mr-T™ 1, y Toif 9ac, sk ;s HeMOIHM(iKOBAHOTO aHaTa3HOro ajcopbenta a-TiO2 BoHa piBHa 68.8 M-t

YncenbHicTh KUCIOTHUX afcopbuiiuux nentpis =TiOH®" Ha nosepxHi pyTuiabHOro aacopbenta 0.5B-TiO:2
CTaHOBUTH ~ 50 OJIMHHUIb HA MiNSHII MOBEPXHi Miomero 10 HMZ, IO B Ba pa3u MEPEBHIIYE YMCETBHICTh LICHTPIB
Ha MOBEpXHi 6a30BOro aHaTasHoro aacopGenta a-TiO2. Momma cuma xucnoTamx nentpis =TiOH® pKai ta
ocHoBHEX TeHTpiB =TiOH> pKy pyTwibHOTO 3paska € HaiOGiNBIIO B TOPIBHSAHHI 3 LEHTPAMHM IHIIHX
JOCIIPKyBaHUX afCcOpOCHTIB i, BiAmoBinHO, piBHa 0.6 Ta 12.3.

Amnara3-pytuisHi agcopbertu 1.0B-TiOz ta 1.5B-TiO2 micTsts Bignosigao 70 Ta 57 Mac.% anaTta3Hoi ¢a3u.
BoHH CyTTEBO MOCTYMarOThCs 3a ancOpOLIHHOI CIPOMOXHICTIO 3B’s3yBatH KaTioHm Sr(Il) pyTtuneHOMY
ancopoenty 0.5B-TiO2. Ile 3ymMoBieHO THM, 1110 aTOMH Bopy B OCHOBHOMY JIOKAJTi3yIOThCS B aHATa3Hil (asi i 3
atomamu OKCHreHy yTBOPIOIOTH TeTpaeapuyHi rpymyBanHs BOs . Terpaenpuyna koopauHanis atomiB bopy no
BiZIHOIIEHHIO 710 aroMiB OKCHIeHy B CTPYKTypi aHaTady 3HWXKYeE IHOyKIiHHMH BIMB aTtoMmiB bopy Ha
Nepepo3NOAiT eIEKTPOHHOI TycTHHH B MicTKax B-O-Ti i He NpUBOANUTH 10 YTBOPEHHS JOJATKOBHX KHCIOTHHUX
ancopOUifHUX IEHTPIB HAa MOBEPXHI aHATa3y.

Kiwouosi caoBa: liokcun tutany, bop, Ancop6ist, CTpoHmIii.
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