Chapter 1 ®)
Anion Exchange Resin Modified s
with Nanoparticles of Hydrated Zirconium
Dioxide for Sorption of Soluble

U(VI) Compounds

Olga Perlova, Yuliya Dzyazko, Iryna Halutska,
Nataliia Perlova, and Alexey Palchik

1.1 Sorption Materials for Removal of Soluble
U(VI) Compounds from Water

Besides military industry, uranium is also applied to civilian needs. Uranium
compounds are employed in geology (to determine age of rocks), as a pigment for
paints, in analytical chemistry, and for other purposes [1]. However, produced
uranium is mainly consumed by nuclear power plants. Therefore, mining and
processing of uranium ores are important practical tasks. Efficient, accessible, and
cheap methods for the removal of U(VI) compounds from liquid wastes could provide
ecological hygiene in uranium extraction from mineral raw materials. Moreover, the
technique has to cover uranium recuperation in order to prevent appearance of toxic ions
in sources of water supply. Adsorption and ion exchange present a possibility to
decrease the content of U(VI) compounds down to maximum allowable concentration
[2]. The following characteristics for materials are required: significant capacity and
selectivity toward uranium-containing ions, high sorption rate, and facile regeneration.
Currently, attention is focused on change of chemical composition of organic
(particularly biopolymers) or inorganic sorbents. This is achieved by treatment of the
materials with solutions of metal chlorides (Li*, Na*, K, Mg2+, Ca®, Fe**, and Zn>")
[3], acids [3—5] or alkali [4-6] (sometimes simultaneously with irradiation [6]). Natural
or synthetic materials are also modified with functional groups, which are able to form
complexes with sorbed ions [7]. For example, silica is functionalized with phosphate
groups [8]; graphene oxide is modified with phenanthroline diamide [9]. The other way
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is the development of composites, particularly organic—inorganic sorbents. Combination
of constituents of different nature allows us to obtain materials that possess improved
functional properties compared to individual components. Different substances are
applied to synthesize the composites. These materials contain, for instance, iron
nanoparticles [10, 11], Fe;0,4 [12-18] (particularly functionalized with organic func-
tional groups [18]), MgO [19], ZrO, [20, 21], layered double oxides of multivalent
metals [22, 23], and functionalized polymers, such as polyacrylonitrile [24] (amidoxime
has been proposed for its functionalization [13, 25-28]). Other composites are consid-
ered in [28-33]. The polymer constituents are poly(vinyl imidazole) [28], polyaniline
[29, 30], tetraphenylmethylenediphospine dioxide [31], and poly(vinyl alcohol)
[32, 33]. The polymers are modified with molybdenum disulfide [28], mesoporous
carbon [29], oxidized graphene [30], carbon nanotubes [32], or silica [33].

Among polymer matrices, ion exchange resins are the most attractive materials
due to their availability, low cost, significant sorption capacity, and high rate of
sorption. In order to improve selectivity toward uranium, the resins are modified
with inorganic ion-exchangers [34-38], organic compounds [39-43], or microor-
ganisms [44]. However, the modified resins show lower sorption rate than pristine
materials. The composites containing non-aggregated nanoparticles show higher rate
of sorption of transition metal ions [38, 45] than the resin modified with large
particles (aggregates and agglomerates) [37, 46]. Approaches based on the Ostwald—
Freundlich equation have been proposed in order to control the size of particles in
inert [47] and cation exchange polymers [38, 48]. In the last case, the equation has
been adopted taking properties of the matrix into consideration.

As known, sodium carbonate and sulfuric acid are applied to uranium ore
processing [1]. Anionic forms of U(VI) dominate in carbonate and sulfate
solutions [49]. It is the same also for groundwater, which normally contains carbon-
ate anionic complexes. The aim of the investigation was to develop an approach for
purposeful control of the size of the particles incorporated into anion exchange
polymer. The tasks of the work were to confirm the approach experimentally and
to study sorption of uranium-containing anions.

1.2 Synthesis of Composite Sorbents. A Study
of Their Morphology

EDE-10P anion exchange resin (Schekinoazot, RF) was used as the polymer matrix
for modification. The pristine resin was marked AR-0. This material contains such
functional groups as —NR3*, =NH, and —NR,. Particles of hydrated zirconium
dioxide (HZD) were precipitated in the matrix. This amphoteric inorganic
ion-exchanger is characterized by anion exchange ability in neutral and acidic
media [50, 51]. Under these conditions, HZD (particularly in combination with
oxide of other multivalent metals [52]) shows considerable capacity and rather fast
rate of sorption of anionic forms of transition metals (HCrO,  [51, 52]) and even
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cations (Cu**, Cd**, Pb** [52]). Due to these remarkable properties, HZD is used for
modification of ceramic [53-56] or polymer membranes [47, 57, 58]. Modified
membranes based on inert polymers show higher rejection of colloidal particles
than the pristine materials [47, 57]. HZD slows down transport of co-ions through
polymer anion exchange membranes [58]. Moreover, the incorporated particles
prevent fouling of the membranes with organics. HZD was also applied to modifi-
cation of both cation [59] and anion [60] exchange resins. Modification improves
selectivity of the ion-exchangers toward transition metal cations [59] and arsenate
anions [60].

The ion-exchanger was impregnated with a 0.1 M ZrOCl, aqueous solution
during 24 h at 25 °C. The ratio of volumes of solid and liquid was 1:20. Then the
ion-exchanger and solution were separated and the grains were washed with a
0.01 M HCI to remove additionally sorbed electrolyte from macropores. The inor-
ganic constituent was precipitated with a 1 M NH,OH solution. The AR-1 sample
was obtained in this manner.

In order to obtain the AR-2 ion-exchanger, similar modification procedure was
applied. However, both impregnation and precipitation were carried out at 100 °C.

Concentration of ZrOCl, and NH,OH solutions was 1 M, when the AR-3 and
AR-4 samples were synthesized. The temperature of impregnating and precipitating
solutions was kept at the level of 25 °C (AR-3) and 100 °C (AR-4).

For synthesis of the AR-5 sample, a mixture of water (20 vol %) and glycerol
(80 vol %) was used for preparation of 0.1 M ZrOCl, and 0.1 M NH,OH solutions.
The water—glycerol mixture was also used for washing of the resin loaded with
ZrOCl,. The synthesis temperature was 25 °C.

After precipitation, the samples were washed with deionized water down to
constant pH of the effluent, washed at room temperature down to constant mass,
and treated with ultrasound at 30 kHz using a Bandelin ultrasonic bath (Bandelin,
Hungary). This treatment was necessary to remove inorganic particles from outer
surface of the grains.

TEM images were obtained with a JEOL JEM 1230 transmission electron
microscope (JEOL, Japan). Preliminarily, the ion-exchangers were milled and
treated with ultrasound.

1.3 Investigation of U(VI) Sorption and Desorption

Salts of uranyl acetate and sodium hydrocarbonate (Chemapol, Czech Republic)
were used for preparation of modeling solutions containing 2 x 10~* M U(VI).
Anionic complexes of uranyl ([UOQ(CO3)]227) dominated in the solution that
contained also 0.02 M NaHCO; (pH 7).

Sorption was investigated under batch conditions at 20 °C. A Water Bath Shaker
type 357 apparatus (Elpan, Poland) was used for shaking of the flasks during
15-180 min. The volume of the solution was 50 cm®. The sorbent dosage is pointed
for each particular case (mass of air-dry sorbent was taken into consideration).
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Preliminarily, the samples were treated with deionized water for swelling. During the
contact of solid and liquid, the pH was controlled with an I-160 MI pH-meter
(Izmeritelnaya technika LTD, RF).

After predetermined time, the liquid was separated from the ion-exchanger,
uranium(VI) in the solution was determined in the form of complex with Arsenazo
I [61] using KFK-2MP photocolorimeter (Zagorsk OMZ, RF). Removal degree of
uranium (RD) was determined as C(’C;C x 100%, where Cy and C are concentrations

of the solution before and after sorption. Sorption capacity (A) was calculated via
W, where V is the solution volume, m is the mass of weighted sample.

The RD and A values that correspond to equilibrium conditions were also
determined. These samples, which were loaded with U(VI) as fully as possible
(the sorbent dosage was 1 g dm >, the solution volume was 50 cm’), were
regenerated. Preliminarily, the resins were dried at room temperature down to
constant mass. Desorption was carried out under batch conditions, the content of
the flasks was stirred intensively as mentioned earlier. Deionized water or 1 M
one-component solutions of NaOH or NaHCO; were used for regeneration, their
volume was 50 cm®. Regeneration with an NaHCOj; solution was performed two
times. Desorption was carried out during 2 h. Then the solid and liquid were
separated, the content of U(VI) in the effluent was determined. Desorption degree
(DD) was calculated as % x 100%, where C; is the content of uranium in the

effluent.

1.4 Precipitation of HZD in Anion Exchange
Polymer: Theory

Let us consider precipitation of hydrated oxide (we will write down its formula as
Cat(OH), for simplicity) inside anion-exchange resin. During precipitation, dissolu-
tion of small particles and their reprecipitation on larger particles occur. Decrease of
the particle surface causes reduction of Gibbs energy. In this case, the Ostwald—
Freundlich equation [62] is valid:

Cca
In Cat(OH). _ ﬂszrCosqS. (1)
Cea(on)., RTr

Here C'Cm(oH)z and Ccy(on),, 0 are the concentrations of dissolved compound in
ion-exchanger and saturated solution, respectively (regarding insoluble compounds,
these values are extremely low), f is the shape factor of particles, V,, is the molar
volume of the compound, ¢ is the surface tension of the solvent, ¢ is the wetting

angle (=1 for hydrophilic compound), and r is the particle radius.
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ThllS, C‘Cal(OH)Z = [@ZJrjl =

sp
[OH]”
librium molar concentration, K, is the solubility product, z is the charge number.
Dissociation degree of NH,OH (a) can be determined according to Ostwald dilution
law [63]:

a= K%Euoa CNH4OH (1.2)

where Knn,on is the dissociation constant of NH4OH, Cnn,on means concentration.
The precipitating solution provides certain equilibrium concentration of OH™ ions.

[OH™] = [NH,] = aCnn,om (1.3)

Taking formula (1.2) into consideration, Eq. (1.3) can be written as

[OH™] = K%IS{40HCNH4OH (1.4)
OH" ions are partially consumed for Cat(OH), deposition:
Cat™™ + zOH™ « Cat(OH), | (1.5)

This consumption is equal to zCc,. In the first approximation, it is possible to
suppose that the volume of additionally sorbed electrolyte (zirconium
hydroxocomplexes in our case) corresponds to the volume of the ion-exchanger
(V;). Resulting concentration of OH™ ions is

ZCC. V,’
[OH™] = KONH4OH CNH4OH v =, (1.6)
NH,OH
where Vnp,on is the volume of the precipitating solution. Thus,
_ K,
Ccaon), = L Z (1.7)
< (KO C ZCCatvi)
NH,0H“NH,0H ~ Vy,0n
Substituting this expression into Eq. (1.1), it is possible to obtain
pVuo
X, (1.8)

~ RTIn

1.5 CaVi
CCal(OH):,~ ( NH4OHCNH4OH VNH, OH

The particles, the size of which is lower than the r value, are dissolved and
reprecipitated as larger particles. In accordance with expression (1.8), increase in
temperature provides formation of smaller particles. Decrease in concentration of
precipitant and additionally sorbed electrolyte as well as reducing of surface tension
of solvent give the same results.
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1.5 Visualization of Incorporated Particles

As seen from the TEM images (Fig. 1.1), the AR-1 sample contains single
nanoparticles, the size of which is about 5 nm and even smaller. Some nanoparticles
are placed close to each other, but they are isolated. HZD nanoparticles are evidently
located in nanosized pores (clusters and channels), similarly to nanoparticles of
zirconium hydrophosphate embedded to cation exchange resin [38, 64]. The
nanoparticles are stabilized by pore walls.

Large particles (=200-300 nm) have been found for the AR-2 sample. Their
shape is close to globular. It is seen that the particles consist of smaller nanoparticles
(=30 nm). These aggregates can be located in hydrophobic pores of the ion
exchange polymer (voids between gel regions). As opposed to Eq. (1.8), increase
in synthesis temperature results in enlargement of the particles. Aggregation is
probably caused by thermal motion of polymer chains. As a result, pore walls cannot
perform stabilization function under these conditions. From the point of view of
thermodynamics, enlargement of HZD particles can be caused by increase of the
Cca(oH)., 0 and Knp,on values.

Increase in concentration of the impregnating solution leads to enlargement of
HZD particles as opposed to Eq. (1.8). However, hydrolysis of zirconium-containing
ions becomes stronger when the impregnating solution is diluted. When ZrOCl,
salt is dissolved in aqueous media, zirconium ions form soluble polymerized
hydroxocomplexes. Among the ligands (OH™ and H,O), water molecules

o2um o2pmiy

Fig. 1.1 TEM images of AR-1 (a), AR-2 (b), AR-3 (c), and AR-5 (d) samples
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dominate [65]. Dilution of the solution enhances hydrolysis. As a result, the amount
of OH™ ligands around zirconium atoms increases; they replace water molecules.
It means reducing of molar volume of HZD and decrease of particle size in
accordance with Eq. (1.8). The data obtained for the AR-4 samples are similar to
those for the AR-2 resin.

According to Eq. (1.8), decrease of surface tension reduces particle size (6 = 59.4
and 72.8 mN m~" at 20 °C for glycerol and water, respectively). However, large
aggregated particles of irregular shape are formed in the glycerol-water mixture
(AR-5). These particles are of micron size and can be located in structure defects.
Molar volume of the precipitant becomes larger when it is deposited from glycerol-
containing solution due to formation of insoluble Zr complexes containing both
glycerol and OH ligands. Indeed, both dark and light spots are visible in TEM image.
Dark spots correspond to regions where water dominates. Lights spots are attributed
to regions where glycerol dominates in HZD.

1.6 Uranium Sorption Under Batch Conditions

Removal degree of U(VI) from modeling solutions is plotted in Fig. 1.2a, b for all
tested samples (sorbent dosage was 1 g dm~>). It has been found for all composites
(except AR-5) that incorporated nanoparticles accelerate sorption. Both the pristine
resin and composites containing particle, the size of which is from several nanome-
ters up to several hundred nanometers, show practically complete removal of
U(V]) from the solutions after 150-250 min. In the case of the AR-5 sample,
RD = 85% after 250 min. The most complete removal is reached only after
1400 min. It is seen from Fig. 1.2c that the sorption rate strongly depends on dosage
of the sorbent. Increase of the sorbent amount in the solution accelerates sorption.
The models of film and particle diffusion [66], chemical reactions of the pseudo-
first [67] and pseudo-second order [68] were applied to experimental data. As found,
the AR-0, AR-2, and AR-4 composites obey the model of the pseudo-first order:

In (A — A)) =InA, — Kt (1.9)
At the same time, the model of the pseudo-second order:

t 1 1
L by 1.10
A KAL  Ax (1.10)

is applied to other samples. Here A, and A, are the capacity after certain time and
under equilibrium conditions, respectively, K; and K, are the constants. The calcu-
lated data are given in Fig. 1.3 and summarized in Tables 1.1 and 1.2. The
experimental and calculated A, values are rather close to each other. This and
also high correlation coefficients show adequacy of the models.
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Fig. 1.2 Removal degree of uranium(VI) from modeling solution over time. Sorbent dosage was
lg dm™ (a, b, all samples) or varied (c. AR-5)
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Fig. 1.3 Application of the model of chemical reaction of pseudo-first (a) and pseudo-second order
(b). The sorbent dosage was 1 g dm 2 (a) or varied as the legend shows (b)

The highest constant for the chemical reaction of the pseudo-first order has been
found for the AR-4 sample. It is 1.3 times higher than that for the pristine resin.
Regarding the K, magnitudes, the AR-3 sample shows the highest constant (among
the data for sorbent dosage of 1 g dm™>). It should be stressed that the sorbents,
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Table 1.1 Uranium(VI) sorption: model of chemical reaction of pseudo-first order

Ag x 10%, mol g
Sample Experimental Calculated K; x 104, 57! R’
AR-0 2.11 2.02 2.92 0.98
AR-2 1.05 1.01 3.64 0.99
AR-4 1.05 1.01 3.73 0.99

Table 1.2 Uranium(VI) sorption: model of chemical reaction of pseudo-second order

Age x 10, mol g™
Sample Dosage, g dm > Experimental Calculated K>, gmol™' 57! R’
AR-1 1.0 2.10 2.66 1.19 0.99
AR-3 1.0 2.10 2.41 2.92 0.99
AR-5 1.0 2.10 2.21 1.19 0.99
1.5 1.24 1.28 3.61 0.99
4.0 0.52 0.53 18.5 0.99

which were obtained using more concentrated ZrOCl, solution, demonstrate the
highest sorption rate. These samples contain mainly aggregated nanoparticles, the
size of which is several hundred nanometers. At the same time, the lowest K, value
has been found for the sample containing particles of micron size (AR-5). Sorption
can be accelerated only by means of increasing the sorbent dosage.

1.7 Regeneration of Sorbents

Certain samples loaded with U(VI) were regenerated with different reagents
(Table 1.3). No sufficient uranium removal from the resins was observed during
their treatment with deionized water. However, treatment with NaOH solution
allows us to reach rather high desorption degrees (41-62%). The lowest desorption
degree has been found for the AR-1 sample, which contains non-aggregated
nanoparticles. The pristine resin demonstrates the highest DD value. The most
complete regeneration is achieved when NaHCOj; solution is used. After double
washing with this solution, the DD magnitude is 100% (AR-1) or close to it (other
composites). In this case, ion exchange is enhanced by complex formation. The DD
values decreases in the following order: AR-1 > AR-3 > AR-5. A size of incorpo-
rated particles reduces as follows: AR-5 > AR-3 > AR-1. It means the most facile
regeneration is characteristic for the ion-exchangers containing non-aggregated
nanoparticles. The lowest desorption degree is reached for the pristine resin.

In order to use the sorbents further, their hydrocarbonate forms have to be
transformed into OH-forms by means of washing with alkali solution. This is
necessary to provide high sorption rate.
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Table 1.3 Regeneration of DD, %

sorbents Reagent ARO |AR1 |AR3 |ARS
H,0 1 2 4 3
NaOH 62 41 61 53
NaHCOs; (1 time) 66 95 83 84
NaHCOj; (2 times) 89 100 98 95

1.8 Conclusions

The Ostwald-Freundlich equation was adapted to HZD precipitation in anion
exchange polymer matrix. Experimental verification shows that the chemical com-
position of incorporated particles has to be taken into consideration. Non-aggregated
nanoparticles can be obtained at room temperature and concentration of impregnat-
ing solution of 0.1 M. Increase of concentration of ZrOClI, solution and elevation of
temperature provide formation of particles, the size of which is several hundred
nanometers. Depending on type of incorporated particles, the rate of sorption of
uranium-containing anions obeys the model of chemical reaction of pseudo-first or
pseudo-second order. Among other tested sorbents, the samples that contain parti-
cles in voids between gel regions show the highest sorption rate.

Insertion of glycerol to the solvent provides precipitation of large particles of
micron size. This sample demonstrates the slowest sorption rate; it is lower in
comparison even with the pristine resin.

As found, the most suitable reagent for regeneration is NaHCOj; solution.
Decrease in size of incorporated particles has been established to facilitate desorp-
tion of uranium-containing anions.
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