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As opposed to polymer sorbents, inorganic materials are stable against ionizing radiation. This gives a
possibility to use them for the removal of radionuclides from water. As a rule, highly selective inorganic sorbents are
obtained in a form of finely dispersive powder. This makes it difficult to use them in practice. Here the composites
based on hydrated titanium dioxide containing K;Co[Fe(CN)s] have been developed. The modifier was inserted into
partially (hydrogel) and fully (xerogel) formed oxide matrices. Modifying of hydrogel followed its transformation to
xerogel provides the formation of potassium-cobalt hexacyanoferrate(Il) nanoparticles (up to 10 nm), which are not
washed out in aqueous media due to encapsulation in hydrated oxide. A number of the methods for sample
characterization were used in this work: transmission electronic microscopy for vizualization of embedded
nanoparticles, optical microscopy to measure granule size, FT-IR spectroscopy, X-ray fluorescence spectroscopy for
chemical analysis of the samples, potentiometric titration to estimate ion exchange properties, and
spectrophotometric analysis of the solution to determine U(VI) concentration. The features of U(VI) sorption from
nitrate and sulfate solutions are considered: the effect of the sorbent dosage and solution composition was in a focus
of attention. The influence of the modifier is the most pronounced at pH >4, when U(VI) is in a form of one-charged
cations (UO>OH"): the removal degree of U(VI) is close to 100 %. This positive effect of the selective constituent is
expressed in a presence of an excess of NOs~, SO/~ and Na* ions. The model of chemical reaction of pseudo second
order has been applied to sorption. Both pristine sorbent and composite are most completely regenerated with a
0.1 M KOH solution — the regeneration degree is 92 and 96 % respectively. In this case, the half-exchange time is
minimal and equal to ~23 min (initial hydrated titanium dioxide) and 47 min (composite). Desorption obeys the
model of particle diffusion: the diffusion coefficients for ions being exchanged are (1.7—7.6)x10713 m’s~.
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INTRODUCTION weakening anion exchange capability. On the
contrary, they possess mainly anion exchange
properties in acidic solutions. This is very
important in the case of the compounds of
f~-metals: their speciation strongly depends on the
solution composition.

In order to minimize the sensitivity of oxides
of multivalent metals to the solution pH, the
composites containing these materials are
prepared. Inorganic ion-exchangers can be
inserted to ion exchange resins: the improvement
of their selectivity and acceleration of sorption
can be reached by this manner [19-22]. The
composites are used not only in traditional ion
exchange [19-22], but also in combining
processes of electrodialysis-ion exchange [23].
Functionalization of the surface of oxide
materials enhances their sorption

Oxide materials are widely used as sorbents
for removal of inorganic toxic impurities from
water [1-3]. Both amorphous hydrous oxides
[4—7] and crystalline [8-10] forms are involved
to water purification and recovery of valuable
components from aqueous solutions, since the
materials possess considerable sorption capacity
and selectivity. Oxides are also applied to
modifying both inorganic [11-14] and polymer
[15-18] membranes for electrodialytic [11-15]
and  baromembrane [16-18]  separation.
Inorganic  modifiers enhance  separation
capability of the membranes and provide their
stability against fouling of organic substances.
However, oxide sorbents are very sensitive to
pH: decrease of the solution acidity causes
enhancement of cation exchange properties and
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properties  [24-28], conjoining  magnetic
particles with other sorbents allows us to
facilitate separation of liquid and solid

[29-33]. Other way is the development of
inorganic composites based on oxide materials:
they are attractive for radionuclide sorption due
to stability against ionizing radiation in
comparison with the composites including
organic constituents. They are also stable against
fouling with organic substances — this facilitates
regeneration of the sorbents and provides their
multiple usage. For instance, oxide-based
composites containing oxidized graphene have
been proposed for the removal of U(VI)
compounds [34, 35], arsenate [36], phosphate
[37], sulfide [38], Pb**, Hg*" and Cu** [39] ions
from water, Na*, K, Ca** and Mg’" ions from
milky whey [40], as well as for photocatalytic
degradation of dyes [41]. In these -cases,
incorporated graphene particles perform a
function of additional sorption centers. The
oxide matrices play a role of both sorbent and
binder. The composites are more attractive
comparing with graphene, since this carbon
nanomaterial is obtained only in finely dispersive
form and cannot be used in ion exchange
columns.

A number of highly selective sorbents, such
as lithium-containing spinel or hexacyanoferrates
are finely dispersive powders: the development
of the oxide-based composites allows us to
overcome these difficulties. Three ways, which
allow us to create inorganic composites, are
possible: (i) simultaneous formation of selective
component and binder, (ii) synthesis of the
selective constituent in the preliminary formed
oxide matrix, (iii) framing of the particles of
selective  sorbent with  binder.  Earlier
Li-selective sorbents were synthesized using (i)
[8] and (iii) methods [7]. The (ii) direction was
taken into consideration to prepare composite
inorganic membranes [11-14]; the (iii) way was

applied to synthesize graphene-containing
composites [34, 35].
Among  selective  sorbents, insoluble

hexacyanoferrates(Il) occupy special position
due to high selectivity towards Cs" ions [41-46]
— this property is very important for radionuclide
sorption. For instance, in the case of insoluble
Prussian Blue FesFe(CN)s]s containing Fe(Il)
and Fe(Ill) atoms, they alternate in the sites of a
face-centered cubic lattice, and are bonded
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through cyan groups [47,48]. As known, the
selectivity of Prussian Blue is due to regular
lattice voids, which are surrounded by
CN-bridged Fe atoms. The voids are traps for
Cs" ions; their uptake is caused by simple
physical adsorption. Positive charge of cations is
compensated by anions adsorbed on crystallites.
Other way is sorption via protons (Cs —H"
exchange), which exist in lattice defects
containing —OH groups and coordination water.
In order to increase a number of vacancies,
analogues of Prussian Blue containing other
metals are used [42—46], Formation of additional
Cs-containing phases during sorption has been
suggested [46].

Cyanoferrates are also promising as sorbents
for Rb" [45-49] and TI" [42, 50]. Sorption of
U(VI) compounds on the sorbent, the compo-
SitiOl’l Of WhiCh iS Zn4A12(OH)12[Fe(CN)6]o_5'8H20,
has been reported [51]. Prussian Blue is also
capable to sorb U(VI) ions, however, its capacity
is 2 times smaller than that for Cs* ions [52].
Earlier we have obtained, characterized and
tested oxide-based composite containing
K,Co[Fe(CN)g] nanoparticles [53]: the modifier
has been found to improve sufficiently U(VI)
sorption on oxide matrix. The aim of this
investigation is to elucidate the regularities of
U(VI) uptake: the effect of the sorbent dosage
and the solution composition on sorption and
desorption has been considered.

Cyanoferrates are the constituents of a
number of composites for radionuclide sorption:
they are based on clay minerals [54-56], silica
[57-59], plant cellulose [60-62], activated
carbon [63—66] efc. For the composite
preparation, we used hydrated titanium oxide as
a matrix since the materials of this type possess
considerable sorption capacity towards both
cations and anions. Depending on the solution
composition, U(VI) compounds are -cationic,
anionic or neutral.

EXPERIMENTAL

The method of synthesis of hydrated titanium
dioxide and its composites  containing
K,Co[Fe(CN)s] was described in detail in [53].
Briefly: sol was synthesized electrochemically by
electrodialysis of a chloride solution containing Ti
(1 mol dm™) and also Zr (0.05 mol dm™) for
stabilization [53, 66]. When CI ions were partially
removed, the colloidal solution of insoluble
hydroxocomplexes was formed. The granules of
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oxide hydrogel were formed in a medium of non-
polar solvent just after deposition with a
1 M NH4OH solution. Hydrogel was washed with
deionized water, a part of it was dried at 20-25 °C.
Xerogel of hydrated zirconium dioxide (further
HTD) was obtained in this manner.

First of all, the (ii) direction (see above) was
applied to the synthesis of composite, i.e. the
selective constituent was deposited in the
preliminary formed matrix. However, the oxide
matrix was formed only partially. Potassium-cobalt
hexacyanoferrate(Il) was obtained by mixing a
0.5 M K4[Fe(CN)s] and a 3 M Co(NOs); solutions,
when the ratio of their volumes was 1:2.4 (these
conditions are suggested in [49]). The deposition
was carried out in a presence of hydrogel, the ratio
of volumes of hydrogel and reaction mixture was
1:100. As found, namely this ratio allows us to
obtain large granules [53]. The composite was
washed with deionized water and dried under
ambient conditions. The sample was marked as
HTD-KCoFCN-1.

The same procedure was applied to obtain
the HTD-KCoFCN-2 sample. In this case, the
oxide matrix was fully formed. In other words,
HTD xerogel was inserted into the reaction
mixture instead of hydrogel.

The methods of sample characterization and
investigation results are described in detail
earlier [53]. Such equipment was used: a JEOL
JEM 1230 transmission microscope (JEOL,
Japan) for TEM observation, a Crystal-45 optical
microscope (Konus, USA) to measure granule
size, a Spectrum BX FT-IR spectrometer (Perkin
Elmer, USA) to obtain FTIR spectra, a
Quantachrome Autosorb 6B device
(Quantachrome Instruments, USA) to determine
some parameters of porous structure. Chemical
analysis of the samples was performed with an
X-Supreme8000 XRF (X-ray fluorescence)
spectrometer (Oxford Instruments).

Potentiometric titration was carried out as
follows. A series of weighted samples were in
contact with 0.1 M NaCl solutions containing
different amounts of HCI or NaOH. The pH was
measured before and after sorption with an
[-160MI pH meter (Analitpribor, RF).

Before the research, the samples were sieved;
a fraction of 0.25-0.5 mm was taken. A 0.1 M
solution of U(VI)-compounds was prepared using
an UO,(CH3COO),-2H,O salt. During the
solution preparation, it was acidified with nitric or
sulfuric acid down to pH 2. Then the solution pH
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was alkalized to the required level (3, 5 etc.) with
a NaOH solution. The solutions with lower U(VI)
content were prepared in a similar manner.

The uptake of U(VI) compounds was
determined by means of spectrophotometric
analysis of the solution using a Shimadzu
UV-minil240 device (Shimadzu, Japan).
Arsenazo III was used for bonding U(VI) in a
complex [67]. The solution being analyzed was
preliminarily acidified; the measurements were
performed at 670 nm. The removal degree (S) of
U(VI) species and sorption capacity (4) of the
samples were calculated using the formulas:

_G-CG x100%

b

S (M

i

4 VG=C)

m

)

where V is the volume of the solution, C; and C,
are the initial and equilibrium concentrations
respectively, m is the mass of the sample.

When sorption experiments were performed,
the maximal time of the contact between the
solid and liquid was 48 h. As found, this period
is enough to reach sorption equilibrium.

First series of the experiments provided the
clarification of the dosage effect on U(VI)
sorption. The initial solution pH was 2, the
U(VI) concentration was 0.1 mmol dm™, the
dosage was varied from 0.5 to 4. In other cases,
the sorbent dosage was 2 g dm ™.

When the sorption rate was investigated, the
initial concentration of U(VI) compounds was
0.1 mmol dm, the pH was varied from 2 to 10.
Probes (1 cm®) of the solution, which was
shacked intensively with a Water Bath Shaker
Type 357 system (Elpan, Poland), were taken
regularly for further analysis.

The effect of the initial solution
concentration (0.02 and 0.04 mmol dm™) was
researched in similar manner. In this case, the
initial solution pH was 5.

For desorption, 0.1 M K,CO3;, KHCO; and
KOH solutions were used. Preliminarily the
sorbents were loaded with U(VI) up to the
capacity of 0.5 mmol g'.

RESULTS AND DISCUSSION

Characterization of the sorbents is described
in detail in [53]. Here main results are given
briefly. When the modifier was obtained in the
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absence of HTD, its composition was found by
X-ray analysis (see [53]). Regarding the
composites, the molar ratios of K:Co and Co:Fe
are ~2:1 and 1:1 respectively (Table 1)
indicating the modifier composition as
K,Co[Fe(CN)¢]. Moreover, characteristic stripe,
which is attributed to cyan groups, is observed in

Table 1. Characteristics of HTD-based samples

FTIR spectra (see further and also [53]).
Comparing with the HTD-KCoFCN-1 sample,
lower K:Ti and Co:Ti ratios have been found for
the HTD-KCoFCN-2 sorbent. It means lower
modifier content in the sample obtained by
xerogel modifying.

Sample Molar ratio Pore volume, cm’g™ Specific surface
K:Co  Co:Fe K:Ti Co:Ti __ micropores  mesopores area, m’g”’
HTD 0.04 0.28 161
HTD- ' ' . .
KCoFCN-1 2.03:1  1.05:1  0.39:1 0.19:1 0.06 0.34 198
HTD- _ _ . .
KCoFCN-2 1.95:1  1.02:1  0.21:1 0.10:1 0.05 0.29 175

The granule size depends on the form of
oxide matrix, to which the modifier was inserted.
As seen in Fig. 1, its insertion to the HTD
hydrogel causes the formation of slightly smaller
granules (HTD-KCoFCN-1) in comparison with
HTD. The nanoparicles of the modifier, which
are more contrast comparing with titanium
oxide, are seen in Fig. 2. The nanoparticles are
spherical; their size is up to 10 nm. Comparing
with HTD, no sufficient change of granule size
was found for the HTD-KCoFCN-2 sample,
which was obtained by modifying HTD xerogel
(see Fig. 1). No modifier nanoparticles were
found for the HTD-KCoFCN-2 sorbent. It means
their aggregation in xerogel macropores, or the
formation of large particles in these voids. The
aggregate formation is confirmed by an increase
of micro-, mesoporosity and specific surface area
of HTD-KCoFCN-2 comparing with HTD. The
largest volume of micro- and mesopores, and the
most developed surface have been found for the
HTD-KCoFCN-1 sample. Both the composition
of materials and their morphological features
determine their sorption properties.

The behavior of HTD in NaCl solutions is
typical for oxide materials as shown from the
difference between the initial and equilibrium pH
(pH; and pH. respectively), ApH (Fig. 3). HTD
predictably shows cation exchange properties in
alkaline media (positive ApH values) and anion
exchange capability (negative ApH). The point
of zero charge (PZC) is observed about pH 6.
The modifier does not affect the PZC position
sufficiently, since it contains no H™ or OH™ ions,
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which could be substituted by Na* cations or CI-
anions.

The ApH — pH; curves show a minimum at
pH 4. This is a result of competition of several
reasons. First of all, anion exchange occurs:

=Ti—-OH+H +ClI'->=Ti-OH, CI". 3)

This results in bonding of H" ions (an
increase of pH). On the other hand, NH4
cations, which were sorbed during HTD
deposition, are released:

=Ti—O NH;+2H"+2Cl - =Ti—~OH,'CI+NH,+CI.
“4)

Desorption of ammonium ions also causes
the increase of pH. Simultaneously, hydrolysis
leads to acidification:

NH4++H20—) NH4OH+H+. (5)

40

30 ¢

20

Fraction, %

0 200 400 600
d, um

Fig. 1. Granule size distributions for HTD (J),
HTD-KCoFCN-1 (2), HTD-KCoFCN-2 (3)
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ApH

pH;

Fig. 3. The shift of the pH as a function of pHi.
Sorbents: HTD (), HTD-KCoFCN-1 (2),
HTD-KCoFCN-2 (3)

A presence of ammonium in sorbents is
confirmed by FTIR spectroscopy (see further).
Within the interval of pH 2-4, the ApH value
decreases in the order: HTD-KCoFCN-1 >
HTD > HTD-KCoFCN-2. In other words, the
HTD-KCoFCN-2 sample binds H' ions most
weakly. At pH 6, the order is as follows:
HTD-KCoFCN-2 > HTD-KCoFCN-1 > HTD,
however, the difference in pH shifts is not too

sufficient. At pH>6, cation exchange
dominates:
=Ti—-O'H'+Na" — =Ti-O Na'+H"; 6)

=Ti-O NHs+Na" - =Ti-O Na™+NH,".  (7)

These two ways provide a shift of the pH to
acidic region due to H' release on the one hand
and hydrolysis of NH4" ions on the other hand.
No change of the pH occurs due to modifier. The
HTD-KCoFCN-2 sample evidently contains
larger amount of ammonium due to higher
content of =Ti—OH groups. This is caused by
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smaller content of the modifier in comparison
with the HTD-KCoFCN-1 sorbent. As a result,
the largest shift of the pH to alkaline region is
observed. The smallest shift in the case of HTD
is probably due to less developed surface: less
amount of groups are available to ion exchange.

Acidic-basic properties of the sorbents
provide their behaviour over U(VI) sorption in a
wide range of pH.

Other important factor is the speciation of
U(V]D) ions. The forms of uranyl ions are
determined by the solution composition
(Table 2) [68, 69]. Depending on the solution
pH, one or another type of ions dominates, i.e. its
content exceeds 40-50%. UO,*" cations
dominate in both nitrate and sulfate solutions
within the pH interval of 2-5 (nitrate) and 2—4
(sulfate). Regarding nitrate media, the content of
cationic [UO,OH]" forms is considerable at
pH 5-8. Under these conditions, the content of
[UO,OH]" cations is lower in sulfate solutions.
In both media, neutral insoluble UO,(OH), exists
in colloidal form at pH 5 and higher. At the same
time, neutral soluble UO,SO4 form dominates in
sulfate solution at pH 2—4 together with UO,*"
cations, the content of anionic forms is
inconsiderable =~ under  these  conditions.
Speciation of ionic forms is one of the reasons
that provide wave-like dependences of sorption
on the solution pH [34, 35, 53].

Speciation of U(VI) as well as acidic-basic
properties of sorbents determine the features of
sorption under different pH. For the sample
testing, the effect of the pH of sulfate solutions
on U(VI) sorption was examined (Fig.4). As
opposed to Na" and CI” sorption, the curves are
characterized by the rapid increase within the
pH; interval of 4—6 (the equilibrium pH is about
6). Namely, under these conditions the content of
charged forms is maximal.

Both composites show higher sorption
capacity in comparison with HTD. This can be
explained by the modifier effect. K™ ions were
found in equilibrium solutions, it means ion
exchange:

KoCo[Fe(CN)e]+UO»2" — UO,Co[Fe(CN)e]+2K".
(3)

If we compare two composites, the HTD-
KCoFCN-2 sample shows higher capacity then
the HTD-KCoFCN-1 sorbent at pH<4 due to
stronger alkalization of the solution. For
instance, when pH; was 3, the equilibrium value
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reached 5 (HTD-KCoFCN-2) and 6 (HTD-
KCoFCN-1). UO,** ions dominate at pH S5,
[UO,OH]" species prevail at pH 6. As a rule,
doubly charged ions are better sorbed than singly
charged species. In neutral media, the largest

capacity has been found for the HTD-KCoFCN-1
sample. In this case, no change of initial pH has
been found. So, an increase of U(VI) uptake can
be explained by the effect of KoCo[Fe(CN)s] (see

eq. 8).

Table 2. Speciation of U(VI) compounds (based on the analysis of [68, 69] data)

Nitrate solutions, fraction of

Sulfate solutions, fraction of species, %

pH species, %
U0 [UO*OH]* UO2(OH): UO**  [U0:SO04]  [UO2(SO4)2]>*  [UOxASO49s]* [UO0H]*  UO2(OH):
2 100 0 0 47 45 7 1
3 95 5 0 47 45 7 1
4 85 15 0 45 43 6 1 5
5 45 45 10 32 30 4 1 31 2
6 15 70 15 7 3 1 1 54 34
7 3 37 60 1 1 12 86
8 0 15 85 2 98
9 0 2 98 1 99
10 0 0 100 100
0.06
Maximal possible capacity
- 0.04 -
=
:
< 002}
0.00

Fig. 4. Effect of pH on U(VI) sorption on HTD (/), HTD-KCoFCN-1 (2), HTD-KCoFCN-2 (3)

Thus, the effect of the UO,*" — [UO,OH]"
transformation plays a key role at low initial pH.
This transformation is due to the solution
alkalization that is caused by anion exchange on
oxide matrix and ammonium hydrolysis. In
neutral media, the modifier effect is manifested.

It should be noted that the modifier particles,
which had been inserted into xerogel, were
removed from the granules of HTD-KCoFCN-2.
After sorption, the molar ratio of Co:Ti was 0.04,
it means a loss of the modifier particles. They are
evidently located in microcracks on the granule
surface, from which they are washing out easy.
Further this sample was not examined. At the
same time, the HTD-KCoFCN-1 sample
demonstrates stability of the modifier, since its
nanoparticles are encapsulated inside granule.
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Normally the removal degree of the solution
component is determined by the sorbent dosage:
the higher this parameter, the deeper the
purification. Fig.5 illustrates the influence of
dosage on U(VI) sorption. In the case of nitrate
solution (pH; 2), the removal degree expectedly
increases with dosage reaching a plateau.
Equilibrium pH was within the interval of
2.1-2.4: UO,*" cations exist in the solution under
these conditions. However, cation exchange
capability of oxide matrix is depressed. As a
result, the removal degree of U(VI) is up to
20-40 %.

The dependence of the S value on dosage,
which was obtained for sulfate solution at pH; 6,
also shows a growth followed by a plateau
(HTD-KCoCF-1). For unmodified HTD, the
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curve demonstrates a maximum at 2g dm’
(pHe 6.5). When the dosage exceeds this value,
the pH. is about 7 — neutral U(VI) species
dominate under these conditions, cation
exchange capability of oxide matrix is
insufficient. Regarding the composite, sorption is
enhanced by the modifier.

100

80 | A\
2
60 | — 1
X
2l 4
40 |
\
20 3
0 L
0 1 2 3 4 5

dosage, g dm’

Fig. 5. Effect of the sorbent dosage on the removal
degree of U(VI) ions from sulfate solution at
pH; 6 (I, 2) and nitrate solution at pH; 2 (3, 4).
Sorbents: HTD (1, 3), HTD-KCoCF-1 (2, 4)

80

Acidity of the solution also affects the rate of
sorption of U(VI) compounds on hydrous oxides
and their composites [34]. Here the effect of the
pH on sorption from nitrate solutions is studied,
since charged forms of species prevail in a wide
interval of pH (Fig. 6). The degree of U(VI)
removal vs time (f) is given in Fig. 6 a for
several pHi. The curves are typical: they show
rapid increase followed by a plateau.

As shown from Fig. 6b, the model of
chemical reaction of pseudo-second order is the
most suitable for describing the data (Fig. 6 b)
[70]:

1
AZ

2470

+

= 1. )

L 1
A A,

Here A, is the sorption capacity, when

t —>oo, K5 is the rate constants. The ¢/ A curves
can be successfully linearized; the correlation
coefficient is 0.98-0.99. The application of the
“pseudo-order” model means much higher
amount of sorption centers than U(VI) species in
a solution.

(=)}

B

[

YAx10™, s g mol”

4000 6000

t,s

b

0 2000 8000

Fig. 6.

160

-1

5

Aoox107, mol g

Effect of pHi on the sorption rate of U(VI) compounds: removal degree of U(VI) ions as a function of time

(a), application of the model of pseudo-second order (b), A= (lc, 2¢) and K> (3¢, 4c) constants as functions
of pH. Sorbents: HTD (1a,b-3a,b; 1¢, 3¢), HTD-KCoFCN-1 (4a,b -6a,b; 2¢, 4c), pHi 2 (a, b — 1, 4), 4 (a, b
-2,5),6(a,b-3,6). The data of Fig. 6 a, b are given only up to 2 h for clarity
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The A. constants, which are in a good
agreement with  experimental data, are
represented in Fig. 6 ¢. In the case of HTD, the
A«—pH curve shows a rapid increase at pH; 3-5,
where charged forms dominate. Further slight
increase of sorption capacity is due to the
enhancement of cation exchange capability of
hydrous oxide. In alkaline media, sorption of Na"
ions is accompanied by acidification (see Fig. 3).
As a result, neural U(VI) species are transformed
into cations.

Regarding the composite, much higher 4.
values have been found evidently due to
exchange (8). The maximum of the A.—pH;
curve is due to competition of two factors:
enhancement of cation exchange ability of HTD
on the one hand and an increase of the
concentration of neutral UO,(OH), form on the
other hand. At pH 4-5, sorption capacity is close
to the maximal possible value (0.5 mmol dm™

100

12000

AOOXIOS, mol g‘1

. i

0.02

0.04
C,, mmol dm?

0.10

c

Fig. 7.

taking into consideration the amount of U(VI) in
the solution, and sorbent mass).

The constant rate for the composite is lower
than that for HTD (pH; 2-5) probably due to
slower exchange of UO,*" — K* comparing with
[UO,OH]" — K". Under higher pH, sorption on
the composite becomes slightly faster. A
minimum of the K>—pH; curve is due to the
competition of two factors: an increase of the
content of [UO,OH]" form instead of UO,*"
(acceleration of sorption) and a growth of
dissociation degree of =Ti—-OH groups
(enhancement of cation exchange properties that
causes retardation of sorption).

Similarly, the model of pseudo-second order
can be applied to the kinetic curves, which were
obtained under different U(VI) concentration. In
all cases, the modifier increases sorption
capacity and accelerates sorption.

051

t/Ax10”,'s g mmol”'

40

30

S

-1 -1

20 -

0 = . . . I

0.02 0.04 0.10
C,, mmol dm’
d

5. g mol

K,.

Effect of the initial concentration of U(VI) compounds on their sorption rate: removal degree of U(VI) as a

function of time (a), application of the model of pseudo-second order (), the A~ (c) and K> (d) parameters
for different initial concentrations of U(VI) in nitrate solution (pH 6). Sorbents: HTD (1 a, b-3 a, b), dark
bars (¢, d), HTD- KCoFCN-1 (4 a, b—6 a, b), light bars (c, d)
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Chemical interactions of ions with functional
groups of HTD are confirmed by the data of
FTIR spectroscopy (Fig. 8). In this figure, the
spectra both for the pristine samples and sorbents
containing U(VI) (0.5 mmol g) are given. The
stripes at > 3000 cm ™' are attributed to stretching
vibrations of water and N-H groups [71]. This
peak becomes narrower for the sample
KCoFCN-1 indicating a replacement of a part of
HTD by the modifier. Its presence is confirmed
by a band at 2083 cm™' (CN groups). The peak at
1615 cm™' is attributed to bending vibrations of
water; the band about 1420 cm ™' is related to

ammonium. This band overlaps the peaks of
Ti—-OH vibrations. At last, the band lower
1000 cm™  correspond to UO,, Ti-O and
Ti—O-Ti vibrations. A shift of the peak at
475-479 cm™!, which is related to Ti-O
vibrations, to 467 cm ! indicates the inclusion of
oxygen of these groups to coordination sphere of
uranium. Decrease in the intensity of the peak at
1420 cm™ relatively to the band of Ti—O groups
(compare the spectra for pristine and loaded
samples) indicates the release of NH4 ions
during sorption (see egs. (4) and (7)).

Intensity

35y

/

4000 3000

v,

2000
-1

1000

Fig. 8. FTIR spectra of pristine (/, 2) and loaded with U(VI) (3, 4) samples of HTD (/, 3) and HTD- KCoFCN-1
(2, 4). The sample contained 0.5 mmol g! of U(VI) (3, 4)

At last, let us consider U(VI) desorption
affected by different reagents. Fig. 9 illustrates a
change of sorption capacity over time. Taking
into consideration high concentration of
regenerating solutions, the model of particle
diffusion was applied [72]. As found
preliminarily, after the interruption of the contact
between the sorbent and solution after 1 h
followed by its resumption after 24 h, the rate of
sorption increased. This indicated particle
diffusion as a rate-determining stage. Thus, the
effective diffusion coefficient, D, that is related

352

to the exchange of different ions, is estimated
via:

rZ
D=0.03—,

ZLl/2

(10)

where 7 is the granule radius, #1» is the time of
half-exchange. The data are given in Table 3: the
diffusion coefficient was calculated as averaged.
As seen, the effect reagents on desorption is
weakened in the order KOH > K>CO; > KHCO:s.
In other words, the regeneration degree strongly
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depends on pH. The same sequence has been
found for the diffusion coefficient in HTD. At

0.6

A, mmol g

the same time, the composite is regenerated most
quickly in a K>,COs solution.

Fig. 9. Sorption capacity of HTD (/-3) and HTD- KCoFCN-1 (4-6) as a function of regeneration time (a), application
of the model of particle diffusion (). Reagents: solutions of K,COs (1, 3), KHCO; (2, 4), KOH (3, 6)

Table 3. Desorption of U(VI) from HTD and its composite

Sample Reagent Regeneration degree, % t2, S Dx108, m%s!

K>CO; 90 3873 2.72

HTD KHCO; 58 6242 1.69

KOH 96 1380 7.64

K,CO;s 88 1578 6.68

HTD- KCoFCN-1 KHCO; 50 2880 3.66
KOH 92 2810 3.75

CONCLUSIONS solutions. The modifier sufficiently increases

Here we tested the way of obtaining
inorganic composites, namely synthesis of the
selective constituent in the preliminary formed
oxide matrix. Two methods have been proposed:
the deposition of modifier in partially (hydrogel)
and fully (xerogel) formed matrix. As found, a
suitable way is the formation of K;Co[Fe(CN)g]
in hydrogel: in this case, the modifier
nanoparticles are encapsulated in oxide matrix:
they are not removed during contact with liquid.

As a rule, hexacyanoferrates(Il) are used for
sorption of large cations of alkaline metals. The
composite  containing  K;Co[Fe(CN)s] is
promising for untraditional application -
removal of U(VI) compounds from aqueous

ISSN 2079-1704. CPTS 2021. V. 12. N 4

sorption capacity of hydrated oxide and
accelerates sorption, when U(VI) is in a form of
one-charged cations. The positive effect of the
modifier is expressed in a presence of an excess
of NO;~, SO4* and Na' ions. The composite is
most completely regenerated with a 0.1 M KOH
solution. Thus, the possibility of its multiple
usages is assumed.

Comparing with one-component hexacyano-
ferrates(Il), the advantage of the composite is
coarseness — it can be used in sorption columns.
Taking into consideration the selectivity of the
modifier towards large cations of alkaline
metals, the composite is assumed to be
prospective for the removal of '*’Cs from water.
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OcodimBocti copouii U(VI) Ha koMmno3uTax, o MicTATH riApaTOBaHNH TI0KCH TUTAHY Ta
KaJii-ko0aabT rekcanianopeppar(ll)

O.B. Ilepaoga, 10.C. [I3sa3bK0, O.0. MajinoBcbka, O.B. [laabunk

Ooecvruil HayionanbHull yHisepcumem imeni 1.1 Meunuxosa
eyn. sopsanceka, 2, 65082, Odeca, Yrpaina, olga perlova@onu.edu.ua
Incmumym 3azanonoi ma neopeaniunoi ximii im. B.1. Beprnadcvkozo Hayionanwroi akademii nayk Yrpainu
np. Axademika Ilannaoina, 32/34, Kuis, 03142, Vxpaina, dzyazko@gmail.com

Ha 6iominy 6i0 nonimepuux copbenmis, HeopeauiyHi mamepianiu CMiuki 00 IOHI3YI04020 SUNPOMIHIOBAHHS, WO
0a€e MOHCIUBICMb BUKOPUCNOBYBAMU IX 01 OYUUeHHSA 800U 8i0 padionyknidie. Ax npasuino, 8UCOKOCeIeKmueHi
HeopeaHiuHi copbeHmu odepocyroms y 6ueniadi OpiOHOOUCNEPCHO20 HOPOWIKY, WO YVCKIAOHIOE iX Npakmuuue
suUKopucmanus. Y pobomi po3pobieHo KOMRO3umu Ha OCHO8I 2i0pamo8ano2o OioKcuoy mumaty, aKi Micmams Kauii-
kobarem eexcayianopeppam(ll). Moougikamop eeoduru y wacmkogo (2iopozcens) abo nosnicmio (kcepozeiv)
cpopmosani  oxcuoni mampuyi. Moougikayis 2idpocenio 3 HACMYNHUM NEPEMBOPEHHAM 1020 HA KCepozenb
3abe3neuye ymeopents HaHo4acmunox cexcayianopeppamy(ll) xaniio kobanemy (00 10 um), siKi He BUMUBAIOMBCSL Y
600HOMY cepedosuwyi wepes IHKAncyuayilo 6 OKCUOHIU mampuyi. B pobomi euxopucmosysanucy maxi memoou
Xapakmepucmuku copOeHmis i pe3yibmamie 00CAIONCEHHs: MPAHCMICIIHA CneKmpocKkonis oas odepoaicannsi TEM,
ONMUYHA MIKPOCKONisL OJisl GUSHAYEHHSI po3MIpy epanyi copbenmies, 14-Dyp’e cnekmpockonisi Onsi 00CHIONCEHHS
3paskie nicisi copoyii ypamy, peHmeeHOQpIYOpecyeHmHa CHeKmMpPOCKOnisi OJid XIMIYHO20 AHANI3Y 3PA3KIs,
nomenyiomMempuuHe — MumpyeamHs — Oaa  6cmauosnenns — pH  i3o0enrekmpuynoco  cmawy — 3paskie,
CHeKmpoghomomempudHuLl anaiiz po3uurie nicis copoyii (decopoyii) ona susnauenns U(VI) y suenadi komniekca 3
apcenaso III. Jocriosceno ocobausocmi copoyii U(VI) 3 Himpamuux i cyrvgpamuux po3uunie: y yewmpi ysacu
3HAXO00UMbCST 6NIUE 003V8AHHA copbenmie ma ckiad poszuuny. Hatibinow cymmego enaus moougixamopa
susignsiemocs npu pH >4, koau U(VI) 3naxodumvcs y posuunax y euenndi oonosapaonux kamionie UO,OH":
cmyninb  eunyyennss U(VI) nabnuocenuii oo 100 %, weuokicmo copbyii maxcumanvna. Ilosumusnuii 6nius
cenexmueno20 Komnonenma mac micye y npucymuocmi naouwky tionie NOs~, SO~ ma Na*. Bemanoeneno, wo
KiHemuKka copoyii ypamy nionopsaokogyemvcsi MoOei Nncegdoopy2o2o nopsaoky. Ak euxionuti copbewm, max i
KomMno3um Haubinews noguo pezenepytomovca 0.1 M pozuunom KOH — cmyninb Oecopbyii ckraoae 92 u 96 %,
8I0N06IOHO. B ybomy eunaoky maxodc cnocmepiearomocs HQUMeHuli 3HavenHs: yacy nanisoominy: 1380 ¢ (suxionuil
copoenm) i 2810 ¢ (xomnosum). [ecopbyis ypawy 3 hasu KOMRO3UMIE NIMIMYEMbCSA OUPY3ZIEI0 HACMUHOK.
Pospaxosano koegiyicumu oughysii tionis, wo o6Mminio10mucsl, axi nexcamo y mevicax (1.7-7.6) 1075 y’c.

Knrouosi cnosa: cnonyxu ypauy(VI), ciopamosanuii diokcud mumany, xanit-kobanem zexayianogeppam(Il),
copoyist, HAHOYACMUHKU
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