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Apatite and loparite are the main sources of rare earth elements (REE) in Russia. Loparite is a complex titanate and
niobate containing up to 30% wt. of REE oxides predominantly of the cerium group. Extraction processing methods are
used at the stages of group separation and separation of REE concentrates. Tributyl phosphate (TBP) is a widely used
extracting agent for these purposes. Extraction technologies have a number of disadvantages, in particular, a large
number of separation stages because of low separation coefficients of individual REE combined with difficulties in
separating liquid phases. The use of TBP-containing sorbents allows to eliminate the latter disadvantage. Both organic polymers and inorganic compounds may be used as sorbent carriers; among inorganic ones, silica is widely used,
and it was selected for this study. The purpose of this work was to study the effect of variations of the proposed methods for synthesis of silica and modified TBP based sorbents on their ability to extract REE from the solutions of loparite
concentrate processing. The article briefly describes a procedure for sorbent samples synthesis. Tetraethoxysilane,
tributyl phosphate, stannic chloride and nanotubes have been used as starting reagents for the synthesis. A number of
physicochemical properties have been determined for the synthesized samples (pore volume and their average diameter, surface area and morphology, acid-base properties of the surface), and thermogravimetric analysis has been
performed. The sorption properties of the samples have been tested by the example of REE extraction from process
solutions of loparite working up. The separation coefficients of Sm/La pairs up to 3.7, Pr/Nd up to 1.8 were obtained;
therefore, the studied samples may be potentially used for samarium isolation from the REE combination, as well as for
Pr – Nd pair separation.
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Introduction

R

are earth elements (REE) are a group of elements
of the periodic table that have unique physical properties, which makes the applications of
REE-based compounds very extensive. The proximity of
chemical properties and presence of accompanying actinides in natural raw materials keep the issues of their purification and separation topical for many years. The most
well–known and widely used method of REE isolation
and separation is an extraction using tributyl phosphate,
di(2-ethylhexyl) phosphoric acid, salts of quaternary ammonium bases or mixtures of extracting agents.
In Russia, the main sources of REE are apatite and
loparite. Loparite is a complex oxide of titanium and niobium containing up to 30% wt. of REE oxides, mainly of
the cerium group [1]. Processing of the Lovozero deposit
loparite ores (Murmansk, Russia) is carried out at the
Solikamsk Magnesium Plant [2]. According to the industrially mastered chlorine technology, niobium, titanium
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and tantalum compounds are first isolated, and then a
collective carbonate concentrate of REE is isolated as
well [3]. The advantage of loparite is the relatively low
content of actinides in it: the total activity of the commercial REE concentrate does not exceed 1000 Bq/kg
[4]. Afterpurification, group separation, isolation of individual oxides by extraction methods have been developed
at different times at the Irtysh Chemical-Metallurgical
Plant (Kazakhstan) [1, 5], the Sillamae Plant (Estonia)
[5–6], Chemical and Metallurgical Experimental Workshop (Verkhnyaya Pyshma, Russia) [2], at the moment —
Skygrad Group of Companies (Russia) [2, 7].
Extraction technologies have a number of significant
limitations, in particular, a large number of separation
steps along with the difficulty in separating liquid phases
[8], which is of particular importance for REE separation
processes, where the use of undiluted TBP with high viscosity and density close to the density of the aqueous
phase is often required. This imposes some restrictions on
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the extraction conditions and complicates the hardware
design of the process.
It is possible to get over the limitations by using TBPbased sorbents [9–10], and solid extractants (TVEX) in
which TBP is non-covalently bound to a solid carrier
[8, 11–12]. Both organic polymers and inorganic compounds (for example, widely applied silica) can be used as
a matrix or carrier [13–14].
It is known that the extraction properties of neutral
oxygen–containing compounds grow significantly with
an increase in oxygen basicity (for TBP — a phosphoryl
oxygen atom), leading to a rise in the oxygen reactivity
[15]. This can be achieved by replacing the substituents
or the reaction center itself in TBP (for example, with
AsO or SbO [15]). Therefore, it is proposed to use
tetraethoxysilane and stannic chloride for realkylation of
TBP during the synthesis. Stannic chloride can also be a
polymerization catalyst, and under certain conditions, it
can be implanted into the polysiloxane skeleton [16].
Another disadvantage of TBP, which limits its application in REE separation into individual components, is
low separation coefficients of the neighboring element
pairs. This force to use the displasing extraction schemes
[17–18], when part of the output concentrates returns to
the stage of washing or saturation of the extractant: the
lower is the separation coefficient, the relatively larger
amount of concentrate have to be returned to the process, and, accordingly, less amount is removed from the
scheme as concentrate. Tin chloride forms extraction
compounds with TBP (SnCl4·nTBP and H2SnCl6 ·nTBP,
where n = 2 or 3 [19]), so when it is added to the system,
one can expect that extraction may follow a displacement mechanism without applying pure REE concentrates: more extractable compounds will displace tin into
solution, and less extractable ones will remain in the raffinate.
Tin chloride in aqueous solutions is exposed to hydrolysis with formation of a thin film of stannic oxide on the
surface of the particles, and the resulting film can serve as
a TBP fixing agent on the sorbent matrix surface and a
diffusion barrier [20]; the latter may contribute to an
increase in REE separation coefficients. Silica modified
with tin chloride can acquire the properties of cation
exchangers [20].
It was proposed to introduce nanotubes into the
composition of synthesized samples as a reinforcement
additive in order to improve their physico-mechanical
properties [21].
Thus, the purpose of this work was to study the effect
of variations of the proposed methods for synthesis of
silica and modified TBP based sorbents on their ability to
extract REE from the solutions of loparite concentrate
processing.
The use of the obtained sorbents in the hydrometallurgical industry can reduce the number of stages of
sequential purification and of column devices, increase
the productivity of individual devices, reduce the specific
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consumption of elution solutions, salting-out agents and
production waste, which finally will lead to a reduction of
production costs.
Materials and methods
Materials. Tetraethylorthosilicate – TEOS (reagent
grade), tributyl phosphate – TBP (pure for extraction),
stannic chloride – TTC (analytical), multi-wall carbon
nanotubes (Baytubes C 150 P, Bayer), and distilled water
were used for the synthesis of samples.
The working solution for investigating REE extraction
was prepared by dissolving the total concentrate of REE
carbonates isolated from loparite (the content of REE
oxides is 44.8% wt; Solikamsk Magnesium Plant), dried
to a constant mass at 110 oC, in concentrated nitric acid
(OSCh 27-4, GOST 11125). The pH value of the solution was brought to 1.0 with nitric acid solutions (1 M and
0.1 M) to simulate highly acidic process solutions.
Indicator solutions with a concentration of 1.5×
×10–4 mol/dm3 were used for indicator analysis (in
parentheses there are indicated in order: the acidity index
value; the wavelength of maximum absorption, nm; the
indicator solution volume added during the analysis, cm3):
o-nitroaniline (–0.29; 400; 2.0), crystal violet (0.8; 590;
0.2), brilliant green (1.3; 590; 0.5), m-nitroanaline (2.5;
364; 1.0), methyl-orange (3.5; 440; 1.0), bromphenol blue
(4.1; 590; 0.5), methyl red (5.0; 315; 1.0), chrysoidin (5.5;
440; 1.0), bromocresol purple (6.4; 590; 1.0), p-nitrophenol (7.1; 440; 1.0), bromothymol blue (7.3; 440; 1.0),
thymol blue (8.8; 315; 0.5), pyrocatechol (9.45; 590; 2.0),
Nile blue (10.5; 590; 0.5), indigocarmine (12.8; 400; 1.0).
Methods. When mixing starting reagents in liquid form
and heating the mixtures, an IKA C-MAG HS 7 magnetic stirrer was used. To introduce nanotubes into agueous media, a UZTA-0.4/22-OM apparatus was used
under the following conditions: 30 minutes, output power
90%, and frequency of ultrasonic vibrations 22±1.65 kHz.
Drying of the obtained samples was carried out in a
TL-VO/20 vacuum drying oven.
Analysis of REE-containing solutions was carried out
using an iCAP-6200 Duo atomic emission spectrometer;
the pH level was monitored using a pH-410 device.
The following physicochemical properties of the synthesized samples were determined: specific surface area –
using BET multipoint measurement method by low–temperature nitrogen adsorption, volume and pore size on the
surface – by the Barrett–Joyner–Halenda model at relative pressure of p/p
/ 0 = 0.99 using a TriStar 3020 analyzer;
topographic analysis of the surface – using a secondary
electron detector; microanalysis was implemented using a
Sapphire X
X-ray detector of a Quanta 200 3D microscope.
The acid-base properties of the sample surface were studied by indicator analysis with the use of a KFK-2 photocolorimeter in 1 cm long cuvettes in the spectral range of
315–590 nm in the range of acid-base strength pKа from
(–0.29) to 12.8.
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The indicator analysis was carried out in the following
order: weighted specimens of 0.02 g were placed into measuring tubes with a capacity of 5 cm3, a certain volume of
the indicator solution was poured, then it was brought to
the mark with distilled water and kept for 2 hours until the
adsorption equilibrium was established; at the same time,
a blank experiment was carried out. The concentration of
active centers of this force, equivalent to the adsorbed dye
amount, was calculated by the following formula:
q(pKa
(
) = Ci · Vi · [|(D
D0 – D1)/a1 ± (D
D0 – D2)/a2 |]/D
D0, (1)

3) heating the mixture to 70 oC for 3 hours with constant stirring;
4) addition of water (10 cm3);
5) polycondesation with the formation of an inorganic
polymer mesh of type type  Si – O – Si  during the sol
maturation till the material hardening (up to 168 hours);
6) filtration of synthesis products on a water-jet pump
and vacuum drying of the material for 48 hours at 90 oC.
The yield was 7.95 g for sample II, 19.15 g for sample II,
I
and 7.45 g for sample III.
I Because of high viscosity of
sample II,
I the specific surface area, volume and pore size
on the surface have not been determined for it, and the
kinetic hydration curve was not obtained as well.
Studies on REE extraction by sorbent samples were
carried out under static conditions for 140 hours at 25 oC
with periodic stirring. Weighted specimens of 1.00 ± 0.05 g
were taken; they were placed into conical retorts and 100 cm3
of the process solution were added. With the process completed, filtration was implemented, and the composition
of the filtrates was analyzed. The analysis results were
processed according to the following formulas:

where q(pKa
(
) is the concentration of active centers of a
given force, mol/ g; Ci and Vi are the concentration and
volume of the indicator with a certain acidity pKa, mol/dm3
and cm3, respectively; D0, D1, D2 are the optical density of
the indicator solution before sorption, after sorption, in
the blank experiment; a1 and a2 are the weighted specimens in the working and blank experiments, g.
In formula (1), the sign “–” corresponds to a unidirectional change of D1 and D2 relative to D0, and “+”
corresponds to multidirectional one.
a = 100 · (C
C0 – C
C) / C0,
(2)
To construct kinetic hydration curves of the samples in
“pH – time t” coordinates, 100 cm3 of bidistilled water
CEC = V · (C0 – C
C) / (1000 · m),
(3)
was first injected into the potentiometric cell, and after
k = V · (C0 – C
C) / (С · m),
(4)
stabilization of the pH meter readings (pH-150MI with a
glass electrode EMF), a weighted specimen (1 g) was
bA/B = kA / kB,
(5)
added with continuous suspension stirring on a magnetic
stirrer.
where a is the element extraction degree (%); С0 and С
The kinetic curve for sample II failed to be obtained.
are the element concentration in the starting solution and
Thermogravimetric analysis was performed on a STA equilibrium concentration (mg/dm3); CEC is cation
409 PC Luxx synchronous thermal analyzer at heating exchange capacity (mg/g); V is the solution volume
rate of 5 o/min to 1000 oC, weight of the sample (15 ± 1) mg (cm3); m is the mass of the starting weighted specimen (g);
(26 mg for sample II),
I medium – air (40 cm3/min), cru- k is the element distribution coefficient (cm3/g); bA/B is
cible material – Al2O3.
the pair separation coefficient for A/B
B elements.
Synthesis of sorbent samples. Volume ratios of the starThe starting solution composition, mg/dm3: REE –
ting reagents for samples I and IIII – TEOS : TBP: TTC: 494; La – 138; Ce – 233; Pr – 24.5; Nd – 85.5; Sm – 6.7;
H2O = 14 : 20 : 2 : 10, for sample III – 13.3 : 20 : 7.8 : 5. Eu – 0.7; Dy – 1.1; Y – 0.6; Fe – 4.2; Al – 11.6; Th – 4.1.
The sequence of TBP and TTC addition has been varied.
The order of synthesis is as follows:
Results and discussion
1) introduction of carbon nanotubes into one of the
reagents using ultrasonic exposure for their uniform disThe results of measuring the specific surface area (S
SBET)
tribution. Sample I was synthesized without addition of and porous structure of synthesized samples are shown
carbon nanotubes; for synthesizing of sample II and in Table 1; Fig. 1 represents the pore size distribution.
sample III,
I 10 mg of nanotubes were introduced into TBP
Sample I has a larger specific surface area and a smaland 7 mg of nanotubes into TEOS, respectively;
ler average pore size, sample IIII has a larger total pore
2) mixing of reagents in a certain order; the
mixture was stirred for 10 minutes after adding
Table 1
each reagent. Mixing order for sample II: TEOS was
Parameters of the specific surface and the porous structure
added to TTC, TBP was introduced into the resultof the samples
ing mixture. Mixing procedure for sample II:
I TTC
Parameter
Sample
was added to TBP with nanotubes, then a sepa1
S
,
Average
pore
Total pore
BET rectification
number
BET
rately prepared aqueous solution of TEOS (72.7
size, nm
volume, cm3/g
interval (p/p0)
m2/g
vol. %); went to point 5 of the synthesis order, skipI
432
2.83
0.306
0.05–0.30
ping points 3-4. Mixing order for sample III:
I TBP
III
384
3.50
0.337
and TTC were in tandem introduced into TEOS
1
Relative error ±10 %.
with nanotubes;
Non-ferrous Metals. 2022. No. 1. рр. 19–26
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volume. Both samples can be attributed to mesoporous: the average pore size was 2.83 nm for sample I
and 3.50 nm for sample III.
I
Images of the surface of synthesized samples are
shown in Fig. 2.
The surface of sample I (Fig. 2, a) is represented by
not fully formed agglomerates of rounded particles up to
dV/dD, cm 3 /(g·nm)
Sample I

0.2

Sample III

0.1

0
1

10

100
1000
Pore diameter, nm

Fig. 1. Pore size distribution for samples I and III

а

I

10 μm in size; the pores are not visually determined. The
surface of sample III is shaped to a lesser extent (Fig. 2, b)
b —
it is visually represented by a continuous layer without
visible pores; the shape, size of individual particles, the
presence of carbon nanotubes are not determined. The
surface of sample III (Fig. 2, c)
c is represented by
agglomerates of unevenly distributed carbon nanotubes
and rounded particles up to 5 μm in size, which form
sufficiently large macropores (up to 3–5 μm).
When comparing the energy dispersion spectra of the
samples (Fig. 3), it can be seen that the spectrum taken from
the surface of sample III differs significantly from the others:
the content of chlorine, tin, carbon and phosphorus is higher, and that of silicon is lower. The increased content of the
first two elements is explained by the use of larger amount
of TTC during the synthesis of this sample with the resulting
covering of the matrix particles with a layer of extractant.
For samples I and III,
I the contents of the main elements on the surface have similar values, though the
phosphorus content on the surface is slightly less for
sample II.
I The results of a semi-quantitative analysis of
the sample surface composition with 100% normalization
are summarized in Table 2.
Based on the obtained results, it is possible to write the
molecular formula of the sample surface compositions:
– sample II: C90P14Si30Sn7O45;
– sample II:
I C132P4Si4Sn6O40;
– sample III:
I C85P11Si33Sn9O44.
Fig. 4 shows the kinetic hydration curves of samples I
and III.
I Fig. 4, b represents the distribution spectra of
adsorption centers on the sample surfaces based on the
results of indicator analysis.

20 m

b

II

20 m

Table 2
The results of energy dispersion analysis of the sample
surface composition
Content, % wt.

Sample
number

C

O

Si

P

Cl

Sn

I

24.4

16.2

19.1

10.1

10.4

19.8

II

41.6

14.2

5.0

6.5

11.4

21.3

III

21.8

15.1

20.3

7.4

12.6

22.8

Intensity, rel.un.
Si

c

III
P

Cl
Sn

С O

I

II

III
10 m

Fig. 2. Surface topography of samples
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Fig. 3. Energy dispersion spectra from the surface of samples I-III
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pH

а
6

4
I

0

5

10

15

20
Time, min

q (pKa), nmol/g
10

b
I

0
10
II

0
10

0

III

2

5

8

11 pKa

Fig. 4. The kinetic curves of pH changes in aqueous suspension of
samples (a) and distribution spectra of adsorption centers on their
surface (b)

The kinetic curve of pH change in the aqueous suspension of sample I gradually decreases to pH = 3.11
(Fig. 4, a)
a , which evidences the predominance of
Lewis and Broensted acid sites on the surface. The
kinetic curve of the pH change of the aqueous suspension
of sample III decreases to a pH value of up to 2.3 with
a monotonous change in the first seconds of measurements.
When comparing the adsorption spectra (Fig. 4b), it is
seen that in the pKa range from 0 to 5, corresponding to
the Broensted basic (E---OH0 type, where E is an element) and acid (E---O---H+ type) sites, a low-intensity
band is present on the spectrum of sample II. For sample I,
I
two more intense bands in the рКа spectrum range of
4.0–6.5 and 6.5–9.5 correspond to the Broensted acid
(E---O---H+ type) and basic (E---OH0 type) sites. For
sample III,
I in the pKa spectrum range from 5.0 to 9.5
there is allocated a wide band corresponding to the basic
(E---OH0 type) and Broensted acid (E---O---H+ type)
sites; the band at pKa of 10.5 complies with the Broensted
basic sites of E---OH– type. There are no pronounced
bands on the spectrum in the pKa region from 0 to 12 for
sample II;
I the distribution of adsorption centers is relatively even. This suggests a predominantly donor-acceptor
sorption mechanism with a pevalence of electron-donor
atoms on the surface of the sorbent for samples I and III.
I
For samples I and II,
I an increase in q(pKa) value is
observed in the area of Lewis acid sites (at pKa from 13),
Non-ferrous Metals. 2022. No. 1. рр. 19–26

and in the presence of superacid sites, a coordination
mechanism of sorption is possible.
Fig. 5 gives he results of TG/DTG/DSC analysis of the
synthesized samples. When the samples are heated to
125–130 оC, a slight mass loss is observed and endoeffects
are present on the DSC curves, most pronounced for
sample III.
I The adsorption water and residual amount of
probable synthesis products – ethanol, hydrochloric
acid – are mainly removed in this area.
In the range of 125–375 оC there are two extremes on
the DTG and DSC curves for all samples; the effects overlap each other. The total mass loss in the temperature
range 125-375 оC was 34–35% for samples I and III and
45% for sample II.
I
The maxima on the DTG curves correspond to temperatures of 188 and 253 оC for samples I and III;; to 211
and 238 оC for sample II.
I The maximum at 188 оC corresponds to the pure TBP decomposition (Fig. 5); this
indicates that part of TBP in samples I and IIII is immobilized without forming a chemical bond [22–25]; the
maximum at 253 оC corresponds to the oxidation of synthesis products. According to the results of X
X-ray fluorescence analysis of samples after calcination at 600–900 оC,
the phosphorus content in them varies from 3.8 to 4.6% wt.,
which points to a partial modification of TBP during
synthesis.
The main differences in the synthesis of sample II lied
in the fact that TBP and TTC were mixed directly with an
excess of the latter, which could lead to the formation of
complex compounds of SnCl4·nTBP type and the binding
of all TBP into this compound, and the two maxima on
the DTG curve — to the decomposition of these complexes.
TG

DTG

DSC
exo

TBP

I

m = 100%

m = 39%

II

m = 49%
III
m = 41%

0

250

500

750

оС

Fig. 5. TG/DTG/DSC curves of synthesized samples
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At temperatures above 600 оC, several minima are
present on the DTG curves for samples II and III,
I which
correlate with a slight increase in the mass of weighted
specimens (at 671 оC for sample II;
I at 628 and 904 оC for
sample III).
I There are no similar sections on the DTG
curve for sample II. Since carbon nanotubes were not used
in the synthesis of sample II, the increase in the mass of the
weighted specimens for samples III and IIII is apparently
connected with their presence. It is known that when carbon nanotubes decompose in air at temperatures above
600 oC, their oxidation with mass loss should occur [26];
besides, the observed mass changes are not comparable
with the relative mass of the introduced nanotubes.
Therefore, it can be assumed that the mass increase is due
to the fact that the surface of nanotubes is covered with
several layers of reagents with which carbon or CO
released during its combustion reacts with the participation of purge gas (air) components. These are primarily
reagents used for even distribution of nanotubes (TBP for
sample III and TEOS for sample III),
I and layers formed
during slow heating of synthesis products.
Tables 3–5 present the results of testing samples in
solutions of leaching of REE-containing loparite processing product.
The degree of REE extraction in the studied conditions did not exceed 72.3%, that for thorium — 58.7%

(Tables 3–5). In the REE series, the maximum recovery
rates are observed for samarium (52.5–72.3%) and the
minimum ones for dysprosium (8.6–28.0%) and erbium
(23.4–27.2%). The extraction degrees for aluminum and
iron have rather high values; the highest extraction degrees
were observed for iron: 88.8–92.4%.
At the same time, the value of CEC for iron (6.8–7.0
μmol/g) has lower values than for light REE (La–Nd,
8.7–84.5 μmol/g); for aluminum it is in the range of
20.4–25.3 μmol/g. Individual REE (Sm, Eu, Dy) have
low values of CEC (0.1–3.2 μmol/g), which can be
explained by sorption from sufficiently acidic solutions
with pH = 1. It can be supposed that sorption from such
solutions will achieve greater selectivity between individual REE [8].
The distribution coefficients of all elements are significantly greater than one; the largest distribution coefficients among REE were obtained for praseodymium
(91.5–128.5 cm3/g) and samarium (123.9–261.7 cm3/g).
The REE distribution coefficients for sample III are lower
than those for samples I and III:
I for example, the distribution coefficient of cerium was 67.5 cm3/g for sample II
and 103.4 cm3/g for sample III.
I Sample I is characterized
by a lower thorium distribution coefficient (42.0 cm3/g)
compared to 159.4 and 115.2 cm3/g for samples III and III,
I
respectively.

Indicators of element extraction using sample I
Indicator

Element
Al

Fe

Y

La

Ce

Pr

Nd

Sm

Eu

Dy

Er

Th

47.2

89.0

38.0

39.3

46.6

56.1

41.2

70.0

35.7

28.0

23.4

29.5

CEC, μmol/g

20.4

6.8

0.3

39.2

77.8

9.8

24.6

3.1

0.2

0.2

4.5

0.5

3

k, cm /g

89.9

811.4

61.7

65.1

87.7

128.5

70.5

234.5

55.8

39.1

30.6

42.0

bE/La

1.4

12.5

0.9

1.0

1.3

2.1

1.1

3.6

0.9

0.6

0.5

0.6

a, %

Indicators of element extraction using sample II
Indicator

Element
Al

Fe

Y

La

Ce

Pr

Nd

Sm

Eu

Dy

Er

Th

a, %

52.5

88.8

43.5

33.2

37.6

44.9

35.8

52.5

26.5

8.6

27.2

58.7

CEC, μmol/g

25.3

7.6

0.4

37.0

70.0

8.7

23.9

2.6

0.1

0.1

6.5

1.2

123.8

892.9

86.4

55.8

67.5

91.5

62.6

123.9

40.5

10.5

41.9

159.4

2.2

16.0

1.5

1.0

1.2

1.6

1.1

2.2

0.7

0.2

0.8

2.9

3

k, cm /g
bE/La

Indicators of element extraction using sample III
Indicator

Element
Al

Fe

Y

La

Ce

Pr

Nd

Sm

Eu

Dy

Er

Th

48.9

92.4

49.2

41.5

50.8

56.2

45.1

72.3

46.8

18.1

24.7

53.5

21.1

7.0

0.4

41.4

84.5

9.8

26.9

3.2

0.2

0.1

5.2

1.0

k, cm /g

95.8

1222.5

97.2

71.2

103.4

128.5

82.5

261.7

88.3

22.1

32.8

115.2

bE/La

1.3

17.2

1.4

1.0

1.5

1.8

1.2

3.7

1.2

0.3

0.5

1.6

a, %
CEC, μmol/g
3

24

RARE METALS, SEMICONDUCTORS

bREE/La
4
I
II

3

III

2

1

0
Y

La

Ce

Pr

Nd

Sm

Eu

Dy

Fig. 6. REE separation coefficients relative to lanthanum depending on
the atomic number

The separation coefficients of elements relative to lanthanum in ascending order of atomic number are illustrated in Fig. 6.
The separation coefficients obtained for sample II
have the highest values for Fe/La pair (16.0), more than
two – for part of Th/REE and REE pairs (Sm/La, Sm/
Nd, Sm/Eu, REE/Dy, REE/Eu). A distinctive feature of
sample I is the potential possibility of its application for
REE isolation from thorium, but judging by the distribution coefficients of Th/REE pairs, there will also be a loss
of a part of REE (Y, Pr, Sm).
The dependence of REE/La separation coefficients
(Fig. 6) on the atomic number has the form of a doublehumped curve. For all three samples, its general character
is repeated, which points to the same basic sorption
mechanism. Taking into account the data shown in
Fig. 4b, it can be assumed that REE sorption on these
samples is primarily associated with the presence of the
..
Broensted acid and basic sites on their surface in the
region of pKa = 5.5–9.0, and the main mechanism of
interaction is donor-acceptor one.
As with the extraction of TBP [27], one of the maxima on this curve corresponds to Sm/La pair, but at the
same time a new maximum appears for REE pair of the
light group – Pr/La. With this in mind, the separation
efficiency of Pr/Nd pair increases; their separation coefficient reaches a maximum value of 1.8 for sample I.
I

to the results of indicator analysis for samples I and III,
I
the most intense bands in the adsorption spectra were
obtained in pKa spectrum range of 4.0–9.5, which corresponds to the Broensted acid (E---O---H+ type) and
basic (E---OH0 type) sites; no pronounced bands were
detected in the spectrum of sample II.
I For samples I–
I II
there is observed an increase in q(pKa) value at pKa
a from 13.
This suggests a predominantly donor-acceptor sorption
mechanism with a prevalence of electron-donor atoms on
the sorbent surface for samples I and IIII as well as a possible coordination mechanism for sample II.
I
2. From the standpoint of improving the physical and
mechanical characteristics, it is recommended to start
the synthesis of sorbents with mixing TEOS and TBP,
and then introduce TTC. The sorbents I and IIII synthesized under such conditions have shown great efficiency
in REE extracting from process solutions of loparite
working up. For example, the distribution coefficients
of cerium were 87.4 and 103.4 cm3/g for samples I
and III,
I and 67.5 cm3/g for sample II.
I It is also proposed
to use nanotubes for reinforcements of granules (in
accordance with the synthesis method for sample III).
I
3. Interesting is the possibility of preferential Sm and
Pr isolation (with its separation from Nd) using sample I:
I
the separation coefficients of Sm/La and Pr/La pairs
were 3.6 and 2.1, respectively, and 1.8 for Pr/Nd. The
separation coefficient of Sm/La pair also has a high value
for sample III (3.7), but sample I is more attractive in case
of REE separation from thorium ( Th/La = 0.6), although
with the loss of a part of REE. In the future, it is planned
to carry out some additional studies to discover the sorption mechanism.
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