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Some technologies of uranium recovery from minerals involve hydrochloric acid where cationic forms
of uranyl ions dominate. The work is devoted to development and testing of sorbents for removal of
uranium(VI) from liquid wastes containing also an excess of Fe(lll) ions. Organic-inorganic ion-
exchangers based on gel-like strongly acidic resin containing zirconium hydrophosphate have been
proposed for this purpose. The theoretical approach, which allows us to control a size of incorporated
particles, has been applied to modification of the resin with the inorganic constituent. The results of TEM
show that the samples contain mainly aggregates of nanoparticles (300 nm) or simultaneously aggregates
(200 nm) and agglomerates (several microns). The synthesized organic-inorganic ion-exchangers contain
from 10 to 50 mass. % of zirconium hydrophosphate. Composition and structure of the ion-exchangers
affect their sorption properties. Sorption of U(VI) from modeling solutions containing also HCI and
Fe(lll) ions was researched under batch conditions. The initial pH of the solution was within the interval
of 2—4, the sorbent dosage was 2—10 g/dm’. Simultaneous sorption of U(VI) and Fe(IIl) species was shown
to occur, the removal of Fe(lll) species is faster and more complete. Increasing of the sorbent dosage and
the solution pH results in improvement of the efficiency of uranium (VI) removal and increase of the
exchange rate. Sorption degree of uranyl cations reaches about 90 % after 3 h at pH 2 and the sorbent
dosage of 10 g/dm’. When the sorbent dosage is 5 g/dm’ and the solution pH is 4 the sorption degree
reaches 100 % for the composite containing 10 % of the inorganic constituent. The sorption degree is
lower for the materials containing higher amount of zirconium hydrophosphate. The rate of sorption has
been found to obey mainly particle diffusion model. The models of chemical reaction of pseudo-first or
pseudo-second order can be also applied. The composites show mainly higher sorption capacity towards
U(VI) at pH 2, the pristine resin demonstrates higher capacity towards Fe(lll) under these conditions. The
organic-inorganic ion-exchangers can be recommended for polishing of liquid wastes which are formed
during monazite processing.

Keywords: gel-like strongly acidic vesin, zirconium hydrophosphate, sorption, uranium(VI)
compounds

INTRODUCTION coal). Uranium can be recovered from these
minerals as a minor by-product.

Monazites are considered as an additional
resource base of uranium [3], which is recovered
simultaneously with basic components, such as
rare earth elements and thorium [4, 5]. Up to
10 kg of uranium can be obtained from 1 ton of
monazite. One stage of monazite concentrate
processing involves formation of acidic
multicomponent diluted solutions containing not
only uranyl cations, but also an excess of Fe(IIl)

The problem of uranium recovery not only
from ore [1], but also from unconventional raw-
stuff [2] is of current interest. According to the
Red Book of the IAEA, the alternative sources of
uranium are phosphates (including phosphorites
as well as monazites containing rare-earth
elements (50-60 %), thorium (4-12 %) and
uranium (up to 1 %)), non-ferrous metal ores,
carbonatites, black shales and lignite (brown
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[6-8]. It is similar also for phosphorites. The
valuable and toxic components, such as uranium
compounds, must be removed from the liquid
wastes. It is necessary in order to use these
compounds further on the one hand and to solve
ecological problems on the other hand. Among
effective and ecologically pure methods,
adsorption and ion exchange are considered as
attractive techniques [9-16].

A number of sorbents has been proposed for
selective removal of uranium compounds from
multicomponent solutions: clays, which are
modified by hydrated oxides of titanium and
aluminium [10], unicellular algae [11] or
complexing agent [12], anion-exchange resins
[13, 14], particularly benzimidazole-type
materials [13], complex composites including
double hydroxides [15,16] modified by
graphene [15] or polysulfide [16]. An
overwhelming majority of materials are suitable
only for sorption of U(VI) anions. Nevertheless,
monazite processing involves hydrochloric acid
[6-8]. As a result, uranyl cations are formed in
the effluent [6, 17]. This approach allows one to
separate uranium from thorium, which is one of
the main components of monazite. Extraction
[18] and ion exchange are used for separation
[19]. In the last case, separation of uranium from
thorium is carried out by means of control of the
acid concentration. Unmodified clays can sorb
U(VI) cations [20] due to amphoteric properties
of these natural materials (as a rule, modification
enhances sorption of anions). However, the
sorption process is rather slow, the sorbents tend
to destruction in acidic media during
regeneration. Strongly acidic cation exchange
resins can be considered as the most attractive
sorbents of uranyl cations due to their high ion
exchange capacity, regeneration  without
destruction, capability to sorb cationic species in
a wide pH interval [21]. In order to provide
selectivity of the resins towards toxic ions, such
as Pb(I) [22], Ni(Il) [23,24], Cd(I) [23, 25],
they were  modified with  zirconium
hydrophosphate (ZHP). Earlier we have
proposed this type of composite, which contains
a low amount of the inorganic constituent, as a
sorbent for uranyl cations [26]. Sorption of these
species was researched mainly for one-
component solutions. As expected, the ZHP
amount in the polymer and a type of the
incorporated particles will affect sorption. The
aim of the work was to elucidate the interrelation
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between these factors and removal of uranyl
cations from combined solutions.

EXPERIMENTAL

Following reagents of CP grade were used:
UO,(CH3COO0),2H,0 (Chemapol, Czech
Republic), ZrOCl,-8H,0, FeCl;-7H,0, HCI
(1.19 g/lem’), HiPO, (1.87 g/cm’). The reagents
were produced by Cherkassy State Plant of
Chemical Reagents, Ukraine).

Gel-like strongly acidic cation-exchanger
(Dowex HCR-S resin produced by Dow
Chemical, USA) was used for investigations.
Porous structure of this polymer matrix [23, 25],
particularly its transformation in non-aqueous
solvent [26], has been researched in details
earlier [23,25]. Before the modification, the
resin was treated with acetone, this sample is
called as “pristine resin” and marked as CR. ZHP
was inserted into the polymer matrix by means
of immersion in a 1 M ZrOCl, solution followed
by washing with a 0.01 M HCI solution and ZHP
deposition with H;PO,4 similarly to [26]. This
procedure was repeated 1 (CR-1) and 7 (CR-3)
times. The procedure of CR-2 obtaining was
similar to that for CR-1 (one-time modification),
however, the stage of washing with hydrochloric
acid was excluded.

A size of air-dry grains (300 particles for
each sample) was determined using a Crystal-45
optical microscope (Konus, USA). The content
of ZHP (after removal of the precipitate from
outer surface of grains) was estimated as a
growth of mass. TEM images were obtained
using a JEOL JEM 1230 transmission electron
microscope  (Jeol, Japan). Before the
investigations, the samples were pretreated as
described in [23-25]. The content of phosphorus
and zirconium in the samples was analyzed with
an X-Supreme8000 XRF (X-ray fluorescence)
spectrometer (Oxford Instruments, UK).

Multicomponent modeling solution of
following composition (mol/dm®) were prepared:
U(VI) (2.1x10™), Fe(IIl) (4.5x107), HCI (0.02).
Initial value of the pH was 2. Uranium(VI) is
mainly in the form of UO,*" [17] under these
conditions, Fe’™ (85 %) and [FeOH]*" (15 %)
species [27] coexist in the solution. The solutions
of pH 3 and 4 were also applied to the research.
The pH was corrected by adding of a 0.1 M
KOH solution and controlled with an [-160 MI
pH-meter (Izmeritelnaya technika LTD, REF).
Increasing in the pH from 2 to 4 causes no
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significant change of wuranyl cations [17].
Simultaneously the content of Fe’" decreases
down to 30% (pH 3) and O (pH 4) [27]. The
amount of [FeOH]*" grows up to 50 % (pH 3)
and falls down to 15 % further (pH 4). At the
same time, the content of [Fe(OH),]" increases
up to 20 % (pH 3) and 85 % (pH 4).

Sorption was investigated under static
conditions at 2042 °C. The sorbent mass was
0.1-0.5 g, the solution volume was 50 cm’.
Preliminarily weighted samples of air-dry
sorbent swelled in deionized water. Agitation
was performed using a Water bath shaker type
357 (Elpan, Poland) at 150rpm. After
predetermined time, the solid phase was
separated from the liquid, which was analyzed
later. U(VI) and Fe(Ill) were determined with a
photometric method as a complex with Arsenazo
II1 [28] and sulfosalicylic acid [29] respectively.

Sorption degree of metal ions (S) was
estimated as:

c,-C

Co

S = <100 ,% (1)

where Cypand C are the concentration of U(VI)
or Fe(Ill) in the solution before and after
sorption, respectively. Sorption capacity (A4 )
was calculated according to the expression:

_ C{) - Cp % K (2)
C, m

b

A

where V' is the solution volume, m is the weight
of the sorbent.

RESULTS AND DISCUSSION

A size of the particles incorporated into the
polymer depends on modification procedure. As
shown earlier, the particles, a radius (») of
which is lower than [26]:

- Mo NE

SP,CatAn
(A+[Car ], )Vl)
V.

HAn

CCatAn,oc [CHAn

are dissolved and re-precipitated, when an
insoluble compound like ZHP (Catdn salt) is
deposited in ion exchange polymer. Here C,,

‘atAn 0
is the concentration of oversaturated solution of
insoluble salt (extremely small value), S is the
shape factor of particles, ¥, is the molar volume
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of insoluble salt, o is the surface tension of
solvent, R is the gas constant, T is the

temperature, Kgp is the solubility product, C,,,,
is the precipitant (H;PO,) concentration, A4 is the
ion exchange capacity of the polymer, /Cat" ],

is the concentration of additionally sorbed
electrolyte (if the polymer impregnated with a
ZrOCl, solution is not washed, this value
corresponds to equilibrium concentration of this
solution), V; and Vpyy, are the volumes of ion-
exchanger and precipitant respectively.
According to formula (3), a decrease of ion
exchange capacity of the polymer or
concentration of additionally sorbed electrolyte
causes a reduction of the

KSP,CatAn

(A+[Cat" ], )V,
CCatAn,oc (CHAn - % .
HAn

Thus, formation of larger particles is favorable
thermodynamically in the case of CR-I and
CR-3, which were free from additionally sorbed
ZrOCl, before ZHP precipitation. Indeed, this is
true for the polymer phase: a size of particles
(aggregates of nanoparticles) is up to 300 nm in
the case of CR-3 (Fig. 1).

Smaller aggregates (up to 200 nm) were
found for CR-2. The particles are stabilized by
pore walls, which prevent agglomeration. These
pores, where location of these particles is
possible due to steric factor, are free from
functional groups and contain hydrophobic parts
of hydrocarbonaceous chains [23—26]. However,
the CR-2 sample contains not only aggregates,
but also dendritic agglomerates of micron size,
which are formed in structure defects of the
resin. These large particles are deposited from
the additionally sorbed electrolyte. The
agglomerates provide the largest grains of this
ion-exchanger as well as the highest ZHP content
(Table 1).

Primary nanoparticles are mainly elliptical,
they are larger for the CR-I and CR-3 ion-
exchangers: a length of major axis is up to 100
[26, 30] and about 50 nm respectively. Indeed,
further modification of the CR-I composite
involves the matrix with smaller exchange
capacity (lower A4 value). This is due to partial
substitution of the polymer by ZHP on one hand
and ion exchange inertness of the inorganic
constituent in strongly acidic media on other
hand.

magnitude.
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The CR-2 sample shows smaller primary of additionally sorbed electrolyte in large
nanoparticles (up to 20 nm) due to a presence pores of the polymer before ZHP precipitation.
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Fig. 1. TEM images of CR-2 (a, b) and CR-3 (c, d) composites

Table 1. Characteristics of sorbents

Modification features ZHP morphology : ZHP Molar Grain
ZrOCl, before . . Size of . .
Sample Dominant particles amount, ratio of diameter,
Cycles ZHP . nanopar- o K
el (size, nm) . mass % Zr:P mm
precipitation ticles, nm
CR _ _ _ 0 _ 0.53
CR-1 1 Removed ~ Ageregates (upto200- 4, 10 1030 0.63
300 along minor axis)
Aggregates (up to 200)
CR-2 1 Not removed and agglomerates =20 50 1:0.43 0.88
(several microns)
CR-3 7 Removed Aggregates (up to 300) ~80 15 1:0.25 0.64
The aggregates are characterized by minimal of intraporous electric double layers are overlapped
content of phosphorus (CR-I and CR-3). Indeed, preventing movement of co-ions. Moreover, the
H,PO, and HPO,” species of the precipitant are aggregates are an additional barrier against them.
co-ions, their penetration into the polymer phase is Thus, the lowest phosphorus content has been
difficult, since the resin contains micropores, where found for CR-3. Agglomerates in structure defects
—SOsH groups are located [23-26]. Diffusion parts evidently provide higher amount of phosphorus
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(CR-2), since structure defects are opened for co-
ions.

Composition and structure of the ion-
exchangers affect their functional properties. Fig. 2
illustrates kinetic curves of U(VI) and Fe(Ill)
sorption for the time (¢) interval of 0-30h. In
some cases, the longer period was necessary for
equilibrium, these regions of kinetic curves are not
shown. As seen, the removal of Fe(Ill) species is
faster and more complete.

In general, U(VI) cations are heavier, larger
and less hydrated than Fe(Ill), lower limiting

molar conductivity (/1?) is attributed to them
(Table 2). The diffusion coefficient (Dio) can be

0
calculated as R, [31]. Here F is the Faraday

|z F?
constant, z; is the charge number. As seen from
Table 2, uranyl cations are less mobile. The
results are in an agreement with literature data,
which consider the effect of hydration energy of
ions on their sorption [32].

S, %

c

Fig. 2. Sorption degree of U(VI) (¢, ¢) and Fe(III) () cations from multicomponent solutions as a function of time.
Different sorbents were used (a, b): CR (1), CR-1 (2), CR-2 (3), CR-3 (4), the solution pH was 2, the
sorbent dosage was 5 g/dm®. The CR-1 sample was used (c), its dosage was varied: 2 (5), 5 (6. 7), 7.5 (8), 10
(9) g/dm’, the initial pH was 2 (5, 6, 8, 9) or 4 (7)

Moreover, both uranyl and Fe(Ill) cations
form complexes with SO,* and H,PO, ligands
in a solution. Formation of the complexes is also
possible in ion-exchangers contain the same
groups. This slows down a movement of species
inside the ion-exchanger grains but improves
sorption  capacity. Confirmation of this
assumption requires additional investigations.

The rate of ion exchange for different ions
and sorbents can be compared using such
parameter as half-exchange time (¢,,). This

parameter is given in Fig. 3 as a function of ZHP

34

content in the polymer for different sorbent
dosage. As seen, the ion exchange rate increases
with an increasing in sorbent dosage.

According to trivial approach, the rate of ion
exchange is expressed as dn/dt, where n is the
amount of sorbed ions. The flux of species is
determined as (1/S) x(dn/dt). Here § is the area
of the sphere, which corresponds to front of ions
inside particles (particle diffusion) or to bound of
hydrodynamically immobile layer of the solution
at the particle surface (film diffusion). On the
other hand, the flux obeys Fick's law as
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DS grad C . 1t means dn/dt=DS grad C. In other growth of the S value, i.e. with an increasing in
words, the rate of sorption increases with a sorbent dosage.

3 :
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Fig. 3. Half-time of U(VI) (/-3) and Fe(Ill) (4-6) exchange as a function of ZHP content in the polymer (a, b),
sorption degree of U(VI) after 3 h as a function of sorbent dosage (c¢) and initial pH of the solution (d) .
Sorbent dosage was 5 (a: 1, 4; b: 1, 4; d), 7.5 (a: 2, 5) and 10 (a: 3, 6) g/dm’, the initial pH of the solution
was2 (a b:1,4,¢),3(b:2,5),4(b:3,06)

Table 2. Physiconchemical characteristics of ions in aqueous solutions

Parameter [0 Fe* References
Ton radius, nm 0.186; 0.325* 0.067 [33, 34]
A%, Sxm?/mol 0.0032 0.0068 [33]
D’ x10'°, m%/s 4.26 6.03 -
Standard entropy of hydration, J/(molxK) -33.5 -621.7 [35]
Standard enthalpy of hydration, kJ/ mol —-1161.5 -5744.2 [35]
Change of the solvent entropy, J/(molxK) -106.3 -385.8 [35]
Complexes with SO, pK,=3.0 pK,=3.5 [36]
pK,,=54
pKi25=7.3
Complexes with H,PO4~ pK,=2.7 pK,=4.2 [36]
pK,,=4.2 pK,,=7.2

* radii of minimum and maximum van der Waals projections of an uranyl ion onto the plane
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In general, incorporated ZHP particles slow
down exchange of both Fe(Ill) and U(VI)
species evidently due to transformation of porous
structure of the polymer constituent [23-26, 30],
increase in grain size and interaction of ions with
functional groups of ZHP. However, the CR-1

sample shows the same ¢,,, values as the pristine

resin, when the sorbent dosage is maximal. This
parameter is practically the same for the CR-2
and CR-3 ion-exchangers in the case of U(VI)
sorption under these conditions. This indicates
either slower diffusion in grains of CR-3
(particle kinetics) or lower grad C magnitude

(particle or film kinetics). Sorption rate of Fe(IlI)
is slightly dependent on dosage of these samples.

Increasing in the solution pH causes
acceleration of sorption process, moreover, the
t,,, values for Fe(III) and U(VI) become close to

each other. The CR-/ sample shows practically
similar rate of Fe(Ill) and U(VI) species at pH 4.
If the rate-determining stage is particle diffusion,
the acceleration can be a result of higher
concentration gradient inside sorbent grains.
Indeed, the highest sorption degree of uranyl
cations is reached at pH4 (see Fig. 2c).
Regarding Fe(Ill), the increase of sorption rate
can be a result of a reduction of charge number
of the species due to their hydrolysis in the
solution.

A:a::U"(A:c:FE-
0.05 ¢
3
D\D/-c 0
0,04 1
0.03 2
0=02 1 1 1 1 1 1
0 10 20 30 40 30

ZHP content, mass %

a

Fig. 4. The ratio of A4, / A,

e

Sorption degree of uranyl cations reaches
about 90 % after 3 h, when the sorbent dosage is
10 g/dm® (CR, CR-1). This value is lower for the
materials containing ZHP with small phosphorus
content (CR-3) and large agglomerates (CR-2).
The CR and CR-I samples remove U(VI) from
the combining solution more completely than
CR-3 and CR-2 after 3 h at pH 4.

A very important task is to improve the
uptake of uranyl cations under an excess of
iron(IIl) ions. Sorption from multicomponent
solution is due to not only UO,”—H" and
Fe’*—H" exchange, but also due to substitution
of Fe’", FeOH*" and Fe(OH)," species by UO,*".
A ratio of A4, /A, (where A, is the

equilibrium capacity at +—o0) is given in Fig. 4 a
as a function of ZHP content in the polymer. In
general, an increasing in sorbent dosage provides
preferable U(VI) sorption. It is especially typical
for the pristine resin and the sample with 10 % of
the inorganic constituent. At the same time, the
separation capability of the CR and CR-I ion-
exchangers is practically similar: no influence of
ZHP on selectivity is observed (Fig.4 b). The
A, A, ratio increases with a growth of the

pH. This is probably due to sorption of
hydrolyzed Fe(OH),” and FeOH>" species, they
can be exchanged for UO,>" easier than Fe’",

Ax=U"'fA:c=Fe
005 -

0.04

0,03

[ )
[#8]

as a function of ZHP content in the composites (¢) and pH of the solution (5).

Sorbent dosage was: a — 5 (1), 7.5 (2), 10 (3) g/ldm’, b — 5 g/dm’. The initial pH of the solution was 2 (a).
Sorbents: b — CR (1), CR-1 (2), CR-2 (3), CR-3 (4)
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Alternately, larger amount of ZHP (CR-2 and
CR-3) promotes preferable sorption of uranyl at
pH 2, where exchange capability of the inorganic
constituent is insignificant [25]. This can be
caused by a formation of selective sorption sites
in the polymer constituent due to squeezing of
pores containing functional groups [23]. From
this point of view, the aggregates of ZHP
nanoparticles influence this formation stronger
than large agglomerates. These sites could be
attractive for sorption of doubly charged FeOH**
species at pH 3 providing a decrease of the
A, /4 ratio. Further increase of uranyl

uptake can be caused by a growth of the content
of Fe(OH)," ions in the solutions at pH 4 and
their easier interchange with UO,>". Moreover,
the contribution of ZHP to sorption capacity of
the composite becomes more significant [25].

Regarding selectivity, an advantage of the
CR-2 and CR-3 samples is realized at pH 2.
This advantage over the pristine resin
disappears at higher pH.

Let us make some quantitative estimates.
The experimental data in Fig. 2 were calculated
using models of diffusion [32] and chemical
reactions [37]. The rate of film diffusion was
simulated [32] as:

o, Fe

In(1-F )=-K,t, @)

where F, is the degree of the process completion

s

(F,.=S/S,, here S and S, are the sorption

degree under predetermined time and ¢ — ),
K, is the constant of film diffusion, which is

related to diffusion coefficient in the solution as
[32]:

3D,

K,=—"—, 5
75K, ®)

where 7y is the radius of sorbent grain; J is the
thickness of hydrodynamically immobile layer of
the solution at the grain surface, K, is the
distribution coefficient.

Particle diffusion was simulated according to
Boyd-Adamson-Myers equation [32]:

ln(]—a)zzniz—Kpt, (6)
T
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where K 1is the constant of particle diffusion.

This value is related to diffusion coefficient in
particles as:

K =—_". (7)

Equation (6) is valid at F, >0.7. The K
and K, constants were determined from slopes

of the In(1—F,) —t curves. Since both film and

particle diffusion are described by a kinetic
equation of the first order, it is valid:

In2
%, 27 ' ®)
Thus, D, _0.2340 Ky (iim diffusion)
‘ Lis
2
and D, =m (particle diffusion).

1/2

Since hydrodynamical parameters are not
defined under static conditions, the order of the
o value can be approximately estimated using
literature data from the mass transport coefficient
(k=D/o6). When a solution is passed fast
through the packed bed of Dowex HCR-S resin,
the order of this coefficient is 10™ m/s for Ni(II)
ions  (D,=6.49x10"m’s)  [38].  This

approximately corresponds to conditions of
continuous shaking. Thus, the order of the
solution film thickness is assumed to be ~10 um.

The results for certain experiments are given
in Fig.5a and Table 3. The sorption rate is
determined by particle diffusion, since
K, << K, (the dosage is 5 g/dm’). In the case

of higher dosage (10 g/dm’), the constants are
comparable (CR-2 and CR-3) and the order of

Df values is realistic. At the same time, the

order of particle diffusion coefficient is
10" m%s. According to literature data for ion-
exchange resins of the same cross-linkage
(=8-10%), D, = 1.65x10"* m*/s (sorption of

sulfate complexes on Amberlite IRA 400 anion-
exchanger) [39], 1.76x10"” m?%s (sulfate
complexes and Dowex-1 anion-exchangers [40]).
Thus, the data obey particle diffusion (CR, CR-1)
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or both particle and film diffusion (CR-2 and
CR-3).

In order to ascertain a contribution of
chemical reaction to ion exchange, the models
[37] of pseudo-first:

In (4, -A)=In4, -K,; xt )

and pseudo-second order:

11
= ~+—xt,
K, A 4

0 0

(10)

|~

were applied. Here K, and K, are the rate

constants.

0.5 z--__
' <
— 3
= <’ _
=0 ¢ 1
15
20
15 -
E 3
500t
X 4
=
=
=
U 1 1 1
0 10 20 30

c

t,h

Fig. 5. Application of diffusion models (a), models of pseudo-first () and pseudo-second (c¢) order to U(VI)
sorption on CR-2 (1), CR-3 (2), CR (3), CR-1 (4). The sorbent dosage is 5 g/dm’, the initial pH of the
solution is 2. Regions (a): I — film diffusion; II — particle diffusion.

Table 3. Application of diffusion models to U(VI) sorption on the pristine and composite materials

r, x10°,

Film diffusion

Particle diffusion

Sample K, x10° D, x10", ® K, x10°, D, x10%, ®
s m’/s ¢ s m’/s ¢
Sorbent dosage of 5 g/dm’

CR 2.66 30.80 ~1.72 0.969 2.35 1.70 0.999
CR-1 3.19 18.33 ~1.18 0.930 3.33 3.43 0.931
CR-2 4.42 1.56 ~0.12 0.942 0.88 1.75 0.952
CR-3 3.18 3.33 ~0.22 0.968 0.90 0.93 0.990

Sorbent dosage of 10 g/dm’

CR 2.66 - - - 7.00 5.05 0.909
CR-1 3.19 - - - 2.00 2.07 0.907
CR-2 4.42 4.66 ~0.80 0.982 4.45 8.83 0.999
CR -3 3.18 9.50 ~1.94 0.997 3.00 3.10 0.999
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According to Table 4 and Figs. 5 b, ¢, sorption
of Fe(I1l) and also U(VI) (CR-2, CR-3) is described
by the model of pseudo-first order. In the case of
CR, CR-1, the rate of Fe (IIT) and U(VI) sorption is
simulated by the model of pseudo-second order

(experimental and calculated 4, values are close

to each other, the correlation coefficients, Rf are
high). These models provide different mechanisms
of interaction with functional groups [31]. Thus,
ion exchange is complicated by chemical

interaction of Fe(Ill) and uranyl ions with one
(CR-2, CR-3) or two functional groups (CR, CR-1).
In other words, it is an indirect sign indicating a
presence of one (the sample with content of
zirconium hydrophosphate is 15 and 50 mass. % )
or two (the sample 15% of the inorganic
constituent and the pristine resin) —SOsH or
phosphorus-containing group in the coordination
arrangement of Fe(IIT) or UO,”". A confirmation of
this assumption requires additional investigations.

Table 4. Models of chemical reactions for Fe(III) and U(VI) sorption

Pseudo-first order

Pseudo-second order

A_x10%,
® A x10° A_x10°,
Sample mol/g °° ’ K; % 10, R ® K, R’
(experimental) mol/g s ¢ mol/g dm®/(molxs) ¢
(calculated) (calculated)
Fe (III)
Sorbent dosage of 5 g/dm’, pH 2
CR 88.1 5.8 6.0 0.961 88.3 2.9 0.999
CR-1 88.6 7.5 6.5 0.759 88.7 2.6 0.999
CR -2 714 70.4 1.3 0.978 86.3 0.05 0.985
CR -3 87.4 87.3 52 0.989 91.7 0.07 0.989
Sorbent dosage of 7.5 g/dm’, pH 2
CR-0 59.5 1.7 14.8 0.966 60.0 30.9 0.999
CR-1 59.5 26.3 21.7 0.904 60.0 22 0.999
CR -2 56.5 50.6 4.7 0.929 62.0 0.12 0.996
CR-3 58.4 58.0 7.1 0.944 66.0 0.11 0.992
Sorbent dosage of 10 g/dm°, pH 2
CR 44.5 0.4 5.7 0.980 45.0 55.8 0.999
CR -1 44.6 0.2 5.0 0.996 45.0 105.5 0.999
CR-2 443 42.5 12.3 0.979 56.0 0.02 0.990
CR -3 44.5 45.0 252 0.969 48.0 0.42 0.987
U(vD
Sorbent dosage of 5 g/dm’, pH 2
CR 2.54 0.43 37.0 0.961 2.55 38.0 0.999
CR -1 2.54 0.63 31.7 0.952 2.63 13.8 0.999
CR-2 2.60 2.26 10.2 0.989 2.56 0.82 0.864
CR-3 3.79 3.04 15.2 0.901 438 0.54 0.813
Sorbent dosage of 5 g/dm’, pH 4
CR 4.50 2.59 40.3 0.921 4.75 27.7 0.999
CR-1 4.48 4.88 50.8 0.988 5.06 11.7 0.997
CR-2 2.81 2.23 7.67 0.948 2.94 6.17 0.999
CR-3 4.15 3.06 5.67 0.891 4.40 2.83 0.999
Sorbent dosage of 7.5 g/dm’, pH 2
CR 2.37 1.08 76.7 0.912 2.80 15.3 0.999
CR-1 2.52 1.41 352 0.937 2.33 8.94 0.999
CR-2 1.88 1.73 13.7 0.997 1.93 1.17 0.922
CR-3 2.34 2.44 433 0.996 1.95 1.00 0.997
Sorbent dosage of 10 g/dm’, pH 2
CR 2.10 3.15 70.2 0.909 2.11 65.8 0.999
CR-1 1.98 1.82 86.7 0.827 2.12 3.67 0.999
CR -2 2.00 1.97 46.7 0.983 2.53 0.33 0.959
CR-3 2.01 2.26 90.3 0.992 2.60 43.5 0.987
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CONCLUSIONS

As predicted theoretically, the removal of
additionally sorbed electrolyte (ZrOCl, solution)
before ZHP precipitation causes formation of
small aggregates in the ion exchange polymer.
The aggregates are evidently located in pores
containing hydrophobic parts of
hydrocarbonaceous chains. In this case, ZHP
contains low amount of phosphorus. Further
modification of the composite results in
formation of smaller ZHP particles containing
lower phosphorus amount. Agglomerates are
formed from additionally sorbed electrolyte in
structure defects of the polymer, the inorganic
constituent is characterized by the highest
phosphorus content.

The ion-exchangers were applied to removal
of toxic and valuable component, such as uranyl
ions, from the solutions containing also an
excess of Fe(Illl). Comparing of the results
obtained with data of [26, 30], it is possible to
see that Fe(Ill) species slow down sorption of
U(VI) cations. This is evidently caused by
U(VD)—>Fe(Ill) exchange. A growth in the
solution pH from 2 to 4 improves uranyl

sorption, though ion exchange is complicated by
chemical reactions with functional groups.

The sample containing the minimal amount
of ZHP shows similar sorption behavior as the
pristine resin. The advantage of this composite
over the unmodified ion-exchanger is facilitated
regeneration and, as a result, longer life-time
[26, 30]. Practical application of this sorbent is
recommended, where it is necessary to remove
uranyl ions as completely and faster as possible.

U(VID) sorption on the composites with
higher content of the inorganic constituent is
slower, smaller sorption degree is realized. This
is independent on a type of dominated particles
(aggregates or agglomerates), the content of
phosphorus also plays no significant role. These
ion-exchangers sorb preferably U(VI) at pH 2,
they can be recommended for predominant
recovery of these cations from acid media,
particularly from wastes of monazite processing.
In order to accelerate sorption, the smallest
fraction of the pristine resin should be used for
modification. Large dosage of these composites
is recommended for U(VI) recovery.

BuiydyeHnHs1 kaTioHIiB ypaHijy i3 3a/1i30BMiCHUX PO34YHHIB 3 BUKOPHCTAHHAM KOMIIO3UTHUX
CcOpOeHTIB HA OCHOBI MOJIIMEPHOI MaTpU L

0O.B. Ilepaosa, 10.C. [A3sa3bK0, H.O. IlepaoBa, B.®. Cazonosa, L. 0. I'nayubka

Ooecovruii HayionanvHull ynisepcumem imeni 1.1. Meynukosa
eyn. /leopaucweka, 2, Ooeca, 65082, Vkpaina, olga perlova@onu.edu.ua
Tnemumym 3azanvnoi ma neopeaniynoi ximii im. B.1. Bepnaocvrkoeo Hayionanvhoi akademii nayk Yrpainu
npocn. Axademika [lanadina, 32/34, Kuis, 03680, Ykpaina, dzyazko@gmail.com

Pobomy npuceaueno uguenuo 3aKOHOMIpHOCHEN COpOYii KamMIioHI8 YPAHITY HA OP2AHO-HEOP2AHIUHUX
ionimax, sKI ompumysamu MOOUPDIKYSAHHIM 2IOpoPochamom YUpKoHilo 2enesoi  CUTbHOKUCTIOMHOL
ioHO0OMIHHOT cmonu. [ MOOUQIKYSaHHS SUKOPUCHOBYSATU MEOPEemMUYHUL NiOXi0, Wo 0ano 3Mocy
peaynrogamu  po3mip  iHKopnoposanux uacmunox. Copbenmu micmunu, 6 OCHOBHOMY, azpezamu
nHanouacmurnok (300 um) abo oonouacno azpecamu (200 nm) ma aznomepamu (Oexintoka mikpown). Copoyiio
UV i3 modenvuux posuunis, wo micmunu maxoxc HCIl i naonuwox Fe(Ill), docniodceno y cmamuynux
ymoeax 6 inmepeani pH 2—4 i npu 0osyeanni copbenmie 2—10 2/om’. Bcmanosieno, wo wsuokicms copoyii
ONUCYEMBCSL NEPEBAINCHO MOOEII0 BHYMPIWHLOIL Ou@y3ii ma mooenimu XiMiuHoi peakyii nces0onepuiozo
(emicm ciopoghocpamy yupkoniio y spaskax — 15 ma 50 mac. %) ma nceedodpyzo2o nopsioxy (3paszox i3
emicmom Heopeaniynoi ckaadoeoi 10 mac. % ma euxiona cmona). 3pasku i3 GuUM  EMICHOM
mooughixamopa copoyroms nepesascro U(VI) npu pH 2, a 3 Husicuum — npu pH 4.

Knrouosi cnosa: cenesuii cunbHoxuciomuull kamionim, 2iopoghocham yupkowito, copoyis, cnoayku
ypany(V)

40 ISSN 2079-1704. CPTS 2017. V. 8. N 1



Removal of uranyl cations from iron-containing solutions using composite sorbents based on polymer matrix

HN3Bj1eveHne KATHOHOB YpaHu/1a U3 kKeJae30CoAcpKaluX pacTBOPOB € HCIIOJIb30BAHUEM
KOMITO3UTHBIX COpﬁeHTOB Ha OCHOB¢ HOJIHMepHOﬁ MaTpulbl

O.B. Ilepaosa, 10.C. [I3a3bK0, H.A. I[lepioBa, B.®. Ca3zonoBa, N.10. IN'ayukas

Oodeccxuil Hayuonanvhvll yHueepcumem umenu M. 1. Meunuxosa
yi. Heopsanckas, 2, Odecca, 65082, Ykpauna, olga_perlova@onu.edu.ua
Hucmumym obweti u neopeanuueckou xumuu um. B.U. Bepnaockoco HAH Yxpaunwi
npocn. Axademuxa Ilannaouna, 32/34, Kues, 03680, Yrpauna, dzyazko@gmail.com

Paboma noceawena ycmanosnenuio 3aKOHOMEpHOCHel copOyuY KAmMuoOHO8 YPAHUIA HA OpP2aHO-
HeOpeaHU4yecKux UOHUMAX, NOAVYEHHbIX MOoOouuyupoganuem 2uopopochamom YUPKOHUS 2enesoll
CUNBHOKUCIOMHOU UOHOOOMEHHOU CMObL. [{151 MOOUDUYUPOBAHUSL UCHONB308ATYU MEOPEeMUYecKutl n00xXo0,
YUMo 0ai0 BO3MONCHOCHb Pe2yIUpo8ams pamep uHKopnopuposanuvix wacmuy. Copbenmul cooepicanu, 8
ocHosHOM, acpecamul Hanouwacmuy (300 um) unu oonogpemenno azpecamol (200 HM) u acromepamoi
(neckonvko muxpor). Copoyuio U(VI) uz modenvuvix pacmeopos, codeparcawux maxxce HCl u usdvimox
Fe(lll), uccneoosanu 6 cmamuueckux ycnosusx 6 uumepsaie pH 2—4 u npu Odozuposke copbenmos
2-10 2/om’.  Vemanoeneno, umo  ckopocmb  copOyuu  ONUCHLIBACMCS  NPEUMYUECIEEHHO MOOETbIO
sHympenHel Oupysuu u Mooensimu ncegdonepeoo (cooepaicanue euopogochama YyuproHus 6 0Opasyax
15 u 50 macc. %) u ncegdosmopozo nopsioka (0bpasey ¢ cooepiucanuem HeopeaHuieckol cocmasisiouel
10 macc. % u ucxoonas cmona). Obpasywvl ¢ 6onee BbICOKUM COOEPIHCAHUEM MOOUPUKAMOpa copoUpyom
npeumywecmaenno U(VI) npu pH 2, a ¢ bonee nuzkum — npu pH 4.

Kniouesvie cnoea: cenesulii CunbHOKUCIOMHbIL KAMUOHUM, 2uopogocgam yupkorus, copoyus,
coedunenus ypana(VI)
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