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ABSTRACT

Organic-inorganic ion exchangers based on strongly acidic gel-like cation exchange resin were obtained
by precipitation of zirconium hydrophosphate from a ZrOCI, solution with phosphoric acid. When
additionally sorbed electrolyte (ZrOCl,) had been removed from the polymer before the deposition,
non-aggregated particles (20-50 nm) and their aggregates (70-300 nm) were formed in voids between
gel regions of the polymer. Particles of micron size were precipitated from additionally sorbed electro-
lyte in structure defects. The inorganic constituent in these pores is characterized by the highest content
of phosphorus. As it was found with a method of standard contact porosimetry, the largest particles
increase swelling pressure: formally they can be considered to be a cross-linking agent. However, they
increase effective diffusion coefficient of UO,**—H" exchange from 0.66 x 102 up to 1.73 x 10> m*s™. As
aresult, this ion-exchanger is the most effective for removal of UO,* species from water containing also
hardness ions. Regarding the samples containing smaller particles, UO,**—H* exchange is complicated
by chemical interaction of sorbed ions with functional groups of the inorganic constituent. Sorption
isotherms are described by the Dubinin—Radushkevich model. Transformation of porous structure of
the polymer due to zirconium hydrophosphate was shown to affect UO,** sorption by the composites.

Keywords: Uranium(VI); Ion exchange; Organic-inorganic ion-exchanger; Zirconium phosphate;
Standard contact porosimetry

1. Introduction

Uranium is a widespread chemical element — its content
is /3 nug g both in lithosphere (mainly in rocks with high
silicon content) [1] and in sea water [2]. Significant uranium
content in water sources is explained by the ingress of mine
water, wastes of nuclear power plants, mining and mineral
processing plants.

*Corresponding author.

Maximum permissible concentration for uranium in a
form of soluble compounds is 0.015 mg dm™, even lower val-
ues are recommended [3] due to radioactivity and toxicity of
this element. Uranium as well as its decay products affects all
cells of living organisms, the poisoning leads to pathology of
different organs and systems (especially kidneys), accumu-
lation of uranium causes radiation sickness. Thus, uranium
removal from water is important practical task.

Well-known technique for uranium removal from water
is chemical [4] or photocatalytic [5] reduction of U(VI) to
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U(V) (transformation of soluble compounds into UO,).
These methods require significant amount of reagents
(hydrogen sulphide, alkyl sulphides etc.); thus, the prob-
lem of secondary wastes arises. Biological methods of ura-
nium reduction are developed now [6]. However, in order
to decrease a content of U(VI) compounds in water down
to the maximum permissible concentration, tertiary treat-
ment is necessary. Adsorption and ion exchange are effec-
tive methods for the solution of this problem [7-18]. The
sorbent has to be regenerated easy and completely, the ura-
nium-containing effluent can be used further in technolog-
ical operations of uranium ore processing. In owing to this,
ion-exchange resins [7,9,10,13-16] or inorganic ion exchang-
ers like amorphous zirconium hydrophosphate (ZHP) have
been proposed [17,18].

Nevertheless, the efficiency of ion exchange processes
is limited by low selectivity of strongly acidic or strongly
basic ion exchange resins, which demonstrate high sorption
rate and sorb U(VI) compounds from solutions of wide pH
diapason [9,15]. In order to overcome these difficulties, the
resins are modified with inorganic sorbents [13] or lignocel-
lulose [16]. A method of molecular imprinting is also used
[14]. Chelate resins [10] and inorganic phosphate-containing
ion-exchangers [17,18] possess significant selectivity towards
U(VI) ions. However, a rate of sorption is rather slow mainly
due to complex formation of species with functional groups
of the inorganic sorbents, resins or their modifiers.

As known, small ZHP particles incorporated into ion
exchange resins provide fast sorption of Cd* [19-21] and
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Ni** [21-23] ions as well as considerable capacity of the
composites towards these species during their removal
from solutions containing also hardness ions and organ-
ics [19-22]. The materials have been recommended for ion
exchange [19,21,22] and electrodeionization [20,22]. Inor-
ganic particles transform porous structure of the polymer
constituent and affect functional properties of the com-
posites [19-24]. The purpose of this work is to establish
the interrelation between structure of the ZHP-containing
composites and sorption of U(VI) ions. Another tasks are
to ascertain a possibility to remove U(VI) compounds from
water and to use the ion-exchangers many times.

2. Experimental
2.1. Ion-exchangers

Such strongly acidic cation-exchanger as Dowex HCR-S
(Dow Chemical) containing 8% DVB was used for mod-
ification. Its ion exchange ability is provided by -SO,H
groups. In opposite to [25-27], the resin is related to gel-like
materials. Preliminarily the resin was washed with NaOH,
HClI solutions and deionized water as described elsewhere.

As seen from Fig. 1, the modification procedure
involved following stages: (i) washing of weighted
amount of the resin with acetone (to remove unpolymer-
ized organics) and drying at room temperature; (ii) swell-
ing in deionized water; (iii) impregnation with a 1 M
ZrOCl, solution for 24 h followed by separation of solid

Initial Resin

+ acetone

+ Separation
S_welling CR ™ ZrOCIs- CR o?solid
inH,0 24h  [impregnated and ligiud
with ZrocCl,
+ 0.01 M HCI

!

CR

without
additionally
sorbed

zrocl,

CR
containing
ZHP

+ 1M H,PO,
323K

¥

Drying
at 290 K

Washing
with H,O

l

Itrasoni
treatment,
30 kHz

Drying
over CacCl,

CR-ZHP-1

Fig. 1. Synthesis of the CR-ZHP-1 sample.
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and liquid; (iv) washing with a 0.01 M HCI solution for
removal of additionally sorbed electrolyte; (v) treatment
with a 1 M H,PO, solution at 323 K, separation of the solid
and liquid, washing of the resin with deionized water up
to pH 7 of the effluent; (vi) drying at room temperature
followed by a treatment with ultrasound at 30 kHz using
a Bandelin ultrasonic bath (Bandelin, Hungary); (vii) dry-
ing in a desiccator over CaCl, at 293 K down to constant
mass. The differences of this technique from [19,20,22-24]
is ZHP precipitation under elevated temperature and use
of zirconium-containing solution instead of sol [21] for the
resin impregnation.

The (ii)—(vii) stages were repeated one or seven times,
the samples were marked as CR-ZHP-1 and CR-ZHP-3,
respectively. The pristine resin washed with acetone was
also investigated for a comparison (CR). The CR-ZHP-2
sample was obtained by similar manner as CR-ZHP-1, but
the (iv) stage was excluded. Individual inorganic exchanger
(marked as ZHP) was also synthesized by means of a mix-
ing of ZrOCl, and H,PO, solutions followed by immediate
dispersion of the precipitate in the column filled with a
nonpolar liquid as described in [28]. The ion-exchanger was
sieved; a fraction of 0.5-1 mm was taken.

A size of air-dry grains was determined using a
Crystal-45 optical microscope (Konus, USA). 300 particles
for each sample were analyzed. The particle size distribu-
tions were plotted as dependencies of particle fraction (W)
on grain radius (Fg). The W value was calculated according
to the expression:

W. = qi (1)

where g is the amount of particles of one or the other size, i

is the integer [Zq‘. = 300].
i=1

2.2. Visualization of ZHP and porosity measurements

TEM images were obtained by means of a JEOL JEM
1230 transmission electron microscope (Jeol, Japan). Pre-
liminarily the ion-exchangers were milled and treated with
ultrasound.

A method of standard contact porosimetry (SCP) [29-31],
which has been recognized by the IUPAC [32], was applied
to the unmodified resin and composites as described, for
instance, in [20]. Preliminarily the samples were heated at
353 K under vacuum and impregnated with deionized water.
An equilibrium curve of relative moisture content at 293 K
was determined for the sample, the pore size distributions
and isotherms of water desorption were plotted.

2.3. Chemical composition

The content of phosphorus and zirconium in the sam-
ples was analyzed with a X-Supreme8000 XRF (X-ray fluo-
rescence) spectrometer (Oxford Instruments, UK). NMR *'P
spectra were obtained with an AVANCE 400 spectrometer
(Bruker, Germany) using single-pulse technique under the
accumulation mode at 162 MHz, chemical shift was deter-
mined relatively to 85% H,PO,.

2.4. Uranium sorption under batch conditions

The experiments were carried out at 296 K. A
UO,Ac,2H,0 salt (Chemapol, Czech Republic) was used
for preparation of solutions, which contained also HCl
(0.02 M, pH 2.5). This acid is used for treatment of uranium-
containing minerals, such as monazite [33].

When a rate of ion exchange was investigated, the
initial concentration of U(VI) was 2 x 10* M. For each
ion-exchanger, a series of weighted samples (0.1 g) was
prepared, inserted to flasks, where aliquots of the solu-
tion were added (50 cm?®). As found preliminarily, this is a
minimal dosage of the ion-exchangers, which provides the
most complete U(VI) removal. The process was carried out
under intensive stirring by means of a Water Bath Shaker
Type 357 (Elpan, Poland). After predetermined time, the
solid and liquid from one flask were separated, after the
next period the solution was removed from the second
flask and so on. U(VI) ions were transformed into a com-
plex with Arsenazo III, the solution was analyzed using
a Shimadzu UV-minil240 spectrophotometer (Shimadzu,
Japan) at 670 nm [34]. Sorption capacity (A) was deter-
mined as:

_V(-C)
m

A (2)
where C, and C, are the initial concentration and concentra-
tion after certain time, respectively, V_is the solution vol-
ume, m is the sorbent mass.

Solutions of various U(VI) concentration (from 1 x 10°M
to 2 x 10 M) containing also HCI were used for obtaining of
sorption isotherms. Other conditions were similar to those
described above. The pH value under equilibrium state
was controlled with a I-160-MI pH-meter (Izmeritelnaya
Technika, Ltd, RF).

2.5. Uranium sorption under dynamic conditions

The solution containing U(VI) (2 x 10* M) and HCI
(0.02 M) was prepared using tap water, where Ca?* (1.7 x
10 M) and Mg* (1 x 10~ M) ions were present. A diameter
of the column was 0.7 cm, a height of the ion-exchanger
bed was 5 cm, the solution velocity was 5 cm® min™. The
effluent at the column outlet was analyzed as mentioned
above.

2.6. Regeneration of ion-exchanger and its multiple usage

The ion-exchanger that was loaded in the column (as
described in Section 2.5) was regenerated under dynamic
conditions by passing of a 0.1 M H,SO, solution with a
velocity of 1 cm® min™. Regeneration degree (R,) towards
U(VI) was calculated from the formula:

= ViCa x 100% 3)
Am

R,
where C, and V, are the concentration and volume of the
effluent, respectively.

A weighted sample (0.1 g) of ion-exchanger, which had
been loaded preliminarily with a 2 x 10 M U(VI)-contain-
ing solution (50 cm®), was regenerated with a 1 M H,SO,
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solution (50 cm®) under batch conditions. The regeneration
degree was calculated as:

x100% )

R, = C
¢ -C,
where C, is the equilibrium concentration of the solution
after sorption.
After regeneration, the ion-exchanger was washed with
deionized water, dried and used again. The procedure of
sorption-regeneration was repeated several times.

3. Results

3.1. Morphology and chemical composition of the inorganic
constituent

Incorporated particles cause an increase of size of resin
grains (Fig. 2). The most significant change has been found
for the CR-ZHP-2 sample, which contains the highest mass
fraction (m) of ZHP. In this case, the inorganic constituent
was deposited from the additionally sorbed ZrOCl, solu-
tion. An average particle radius (7, ) is given in Table 1

As seen for the CR-ZHP-1 and CR-ZHP-3 samples, both
non-aggregated ZHP particles (20-50 nm) and their aggre-
gates (70-300 nm) are formed in the resin during modifica-
tion (Fig. 3). The CR-ZHP-2 ion-exchanger contains not only
aggregates, but also large dendritic agglomerates.

Smaller non-aggregated ZHP nanoparticles (4-20 nm)
have been found for the composites obtained under room
[19,22,24] and lower [20] temperature. Under elevated

0,6
NR
CR-ZHP-1
04t CR-ZHP-2 |
CR-ZHP-3
3
0,2
———
0’0 L L v
0,0 0,6 0,8

Fig. 2. Grain size distributions.

Table 1
Characteristics of ion-exchangers

temperature (T), the smallest ZHP particles are dissolved
during precipitation, larger particles are re-deposited in
accordance with Ostwald-Freundlich equation [35]:

1n Car _Pv,oc080 5)
Clims RTr,
where C,  and C are the concentration of dissolved

ZHP ZHPs
ZHP and its saturated solution, respectively (these values

are extremely low), B is the shape factor of particles, ¢, is the
molar volume of ZHP, ¢ is the surface tension of the solvent,
¢ is the wetting angle (=1 for hydrophylic ZHP), R is the gas
constant, r_ is the radius of incorporated particles.

Typicaf NMR *P spectra includes two signals (Fig. 4). As
known for crystalline ZHP, the signal of (-O),PO,H groups
(o-modification) is displaced upfield relatively to that
for -OPO,H, groups (y-ZHP) [36]. The CR-ZHP-1 sample
shows the highest molar ratio of -OPO,H, and (-O),PO,H
groups, the lowest ratio has been found for the CR-ZHP-3
ion-exchanger.

3.2. Isotherms of water adsorption

Earlier the SCP technique data were applied to inves-
tigation of porous structure of rigid (ceramics [37], car-
bon [38]) and polymer [19-21,23,24,39,40] materials. The
method allows us to analyze only the polymer constituent,
since the thermal pretreatment cannot provide complete
water removal from ZHP.

A slow growth of water adsorption (A;,) in a wide
interval of P/P_(here P is the pressure of water vapor, P,
is the pressure of saturated vapor) is related to micropores
and partially to mesopores (Fig. 5). The vertical region at
P/P,— 1is attributed to meso and macropores.

A change of the swelling pressure, which is defined in
the framework of Gregor’s model [41], can be estimated
quahtatlvely by a comparison of the P/P, ratios at similar

Ay, values (see Table 1). The aggregates ‘of ZHP particles
reduce the swelling pressure in the polymer (CR-ZHP-1,
CR-ZHP-3). At the same time, the agglomerates increase the
swelling pressure (CR-ZHP-2).

3.3. Porous structure of the pristine resin

Porous structure of polymer gel-like ion exchange mate-
rials is formed only during swelling. The structure involves
several types of pores, which contain functional groups
(channels, clusters, they are so called transport pores) and
free from them (voids between gel regions, structure defects)

Sample 7, % (m) m Molar ratio P/P (A, Aio for transport

Zr:P _OPOH;(-0)POH 075 cem ) pores (cm’g™)
CR 265001 0 - - 0.55 073 8.4
CR-ZHP-1  315+001 0.0 1:0.3 11.50 043 076 98
CR-ZHP2  440+002 0.50 1:043 11.20 043 0.63 146
CR-ZHP-3 3204001 015 1:0.25 1:0.85 0.82 0.80 109
ZHP 3.75 1 1144 1:0.95 - - -
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0.2 ym

8, ppm

Fig. 4. Typical NMR *P spectra for ZHP-containing composite
(CR-ZHP-1).

Note: Signals at ~~17 and ~-37 ppm are attributed to -OPO,H, and
(-O),PO,H groups, respectively.

[39,42]. Integral pore size distribution for the pristine resin
is plotted in Fig. 6(a) as a dependence of pore volume (V)
on a logarithm of pore radius (7). The volume of microporo-
ses (channels) corresponds to intersection of integral curves
with the ordinate axes.

Fig. 6(b) illustrates differential distribution, one
or another types of pores were recognized accord-
ing to review [42] and also experimental papers [19-
21,23,24,39,40]. Regarding the pristine ion-exchanger,
peaks at log r = 0.46 (nm) and 0.63 (nm) are attributed
to clusters and voids between gel regions, respectively. A
volume of pores that correspond to plateau of the integral
distribution (log r = 0.6-2 (nm)) is 0.06 cm® g™'. It means
that the voids between gel regions are available for ZHP
particles during modification; clusters are free from the
inorganic constituent. A small peak at log r = 3.5 (nm)
is related to structure defects. Further increase of water
content is due to both large structure defects and voids
between ion-exchanger grains.

b

100 nm

20 e CR _
.......... CR-ZHP-1 .
----- CR-ZHP-2

15+ =cemmee CR-ZHP-3 i

A (cm3 g'l)

0.0 0.5 1.0
P/Ps

Fig. 5. Isotherms of water adsorption.
Note: Vertical dashed lines correspond to pores of certain size,
horizontal line indicates water adsorption of 0.75 cm® g™'.

We can calculate a number of water molecules (1) in a
hydration shell of counter-ions (H*) of -SO,H groups (see
Table 1) as:

A

n=—10 (6)
AVio

where A is the exchange capacity of the polymer

(4.8 mg-eau g"). The A, , value is the content of water in
clusters and channels, V,, , is the molar volume of water.
As a rule, hydration shells are incomplete due to a small
distance between functional groups [41].

3.4. Composites: porous structure of the polymer constituent

Small aggregates of ZHP nanoparticles, which can
be located in voids between gel regions (CR-ZHP-1 and
CR-ZHP-3), cause a shift of the peaks to the region of lower
log r values for clusters and void between gel regions,
respectively (see Fig. 6). Regarding the CR-ZHP-1 sample,
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2.0

—— CR-ZHP-1
—O— CR-ZHP-2
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Fig. 6. Integral (a) and differential (b) pore size distributions obtained with a SCP method.

a volume of pore is 0.05 cm® g™ within the diapason of log
r = 0.5-2 (nm). It means a possibility of ZHP deposition
in these pores after one-time modification of the polymer.
In the case of CR-ZHP-2, the peaks for clusters and voids
between gel regions occupy the same positions.

The aggregates, which are evidently located in voids
between gel regions, are a barrier against co-ions. During
further modification of the CR-ZHP-1 sample, they prevent
penetration of phosphate anions inside the grains. As a
result, the CR-ZHP-3 ion-exchanger is characterized by the
lowest content of phosphorus (see Table 1).

According to a size of the agglomerates (CR-ZHP-2),
they are located in structure defects and increase their vol-
ume. These pores are evidently more available for count-
er-ions during ZHP precipitation. Thus, the highest content
of phosphorus has been found for this composite.

The n values were calculated via the formula:

AHZO

n=— 19 )

AV o(1-m)

A growth of ZHP content causes an increase of this
parameter evidently due to increase of the distance between
functional groups and, as a result, completion of hydration
shells of counter-ions.

The o and y parameters (Fig. 7) have been proposed
earlier [19-21,40] in order to estimate transformation of the
polymer pores. The o parameter is a volume ratio of trans-
port and non-transport pores. The y value is a volume ratio
of pores containing bounded water (r < 1.5 nm [42]) and
pores filled also with free water (r > 1.5 nm).

Regarding the pristine resin, Gregor’s swelling pressure
is caused by fixed and counter-ions of -SO,H groups in clus-
ters and channels. This value is too high (=1.5 x 107 Pa for
materials of this type [41]). In the case of composites, osmot-
ically active species are located also in pores, which are free
from functional groups. Channels and clusters play a role
of a semi-permeable separator. ZHP particles squeeze these
pores due to swelling pressure from the side of larger pores
(decrease of the o parameter and increase of the y value,
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Fig. 7. The o and y parameters as functions of ZHP mass fraction.

compare CR, CR-ZHP-1 and CR-ZHP-3). A size of clusters
and channels decreases, a part of them is unavailable for
water. The CR-ZHP-1 and CR-ZHP-3 samples show lower
swelling pressure than the pristine resin.

The agglomerates of micron size (CR-ZHP-2) squeeze
both the transport pores and voids between gel regions
(increase of the a and y parameters). They reinforce total
swelling pressure due to osmotically active species in struc-
ture defects. Squeezing causes stretching of the polymer
chains (unwinding of macromolecule coil), the distance
between -SO,H groups increases, the hydrate shells of H*
ions become more complete.

3.5. Rate of ion exchange

UQO,* species dominate in a medium of hydrochloric
acid at pH 2.5 [43]. Fractional attainment of equilibrium (F)
on time (f) is plotted in Fig. 8 (F = A,/A_, where A, and A
are the capacity after certain time and under equilibrium
conditions, respectively).
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If the limiting stage of sorption is particle diffusion, it
is valid [41]:

F:[l_e)(p(nz(ﬁ(q)T'*‘fz(a)tz +f3(a)r3)):|0'5 .

for exchange of ions with different mobility. Here,
o=Da~ /Dg:, D is the self-diffusion coefficient (for iso-
tope exchange), UO,** and H* are designated as A** and B,

Dat

-2
s

. It means:

T

In(1-F*) =m*(fy(a)t+ f,()7" + fy(a)T’) ©)

The In(1 - F?) — t plot is fitted with a cubic polynomial
(Fig. 9(a), Table 2). High correlation coefficients (R?) point
particle diffusion as, at least, one rate-determining stage.

0 <& ZHP
1 B
b N Q
0 2
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= 2 1
g
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4l v CRZHP2 |
A CR-ZHP-3
-5 L
0 6000 12000
t(s)
2.0
S
g
on
Z 12
=
12 :é 0.8
= d
0.4
- 0 2 4
g tx10°(s)
on
20 ]
S
>
< CR
s CR-ZHP-1
CR-ZHP-2
CR-ZHP-3
4 )
0 6000 12000

t(s)

Fig. 9. Modeling of UO,**—H" exchange on polymer and organic-inorganic resins.
Note: Insertions: it is the same for ZHP. Following models were used: particle diffusion (a), film diffusion or chemical reaction (b), reactions

of pseudo-first (c) and pseudo-second-order (d).
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Table 2
Modeling of U(VI) sorption rate
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Sample A, Cubic polynomial (particle diffusion) Linear polynomial, R*
(mmol g7) R? t (s) EA}_ 5 % 10" Film diffusion = Reaction of Reaction of pseudo-
(m2s™) or reaction pseudo-first-order  second-order
CR 0.098 097 3,180  0.66 093 0.88 0.81
CR-ZHP-1  0.099 099 2940  1.01 097 0.98 093
CR-ZHP-2  0.093 0.99 3360 173 097 0.94 0.94
CR-ZHP-3  0.100 0.99 3120 098 099 0.95 091
ZHP 0.034 0.99 145,000  0.03 0.96 0.96 098
: . ; i -1 : . ;
0.10 f a 1 ® CR
2 O  CR-ZHP-1 |
A CR-ZHP-2
oo sl A CR-ZHP-3 |
=
2 E
z 0.05 4L )
® CR
O  CR-ZHP-1 sl |
A CR-ZHP-2
A CR-ZHP-3
0.00 : * * -6 - - :
0 0.5 1.0 1.5 2.0 6 9 12 15

CCXIOS (mol kg'l)

[RTIn(1+1/C,)]*x10% (J mol™)

Fig. 10. Isotherms of UO,*" sorption (a) and their linearization according to the D-R model (b).

Effective diffusion coefficient (D .. ;. ), which is related to
A**— B* exchange, is determined from the expression [41]:

_ 72
Da+ g =0.03—=—
1/2

(10)

where ¢, 1

The D,.. ,. value depends on self-diffusion coefficients
of both A* and B* ions and their content in the ion-
exchanger. Under low content of A** species, the effective
diffusion coefficient is close to D,... The highest effective
diffusion coefficient has been found for the CR-ZHP-2 sam-
ple, the inorganic ion-exchanger is characterized by the
lowest value.

In the case of film diffusion, the In(1 — F) value is pro-
portional to time [44], when ions of equal mobility are
exchanged. Since the experiments were performed in
acidic solution containing low amount of U(VI) cations, it
is assumed no significant change of H* concentration at the
solid-liquid interface. It means no influence of H* ions on
the rate of ion exchange. However, linearity of In(1 — F) — t
plot can indicate also chemical reaction as a rate-deter-
mining stage [44]. As seen from Fig. 9(b) and Table 2, the
In(1 - F) - t plot can be linearized satisfactorily only for the
CR-ZHP-3 sample and ZHP. Owing to lower D,.. ,. values
for these samples in a comparison with other ion-exchang-
ers, the linearity can be related rather to chemical reaction.

is the half-time of exchange.

The model of pseudo-first-order is described by the
Lagergren equation [45]:

In(A, - A)=InA, - Kt (1)

The model of pseudo-second-order proposed by Ho
and McKay is as follows [46]:

b1 1
pu— ) +7.
A KA A,

t (12)

where K, and K, are the rate constants.

The model of pseudo-first-order (Fig. 9(c)) can be
applied only to the CR-ZHP-1 sample (K, =4.7 x 10*s™),
the model of pseudo-second-order (Fig. 9(d)) is valid
only for ZHP (K, = 1.9 x 10* dm?® (mmol s)™). Thus, the
rate of UO,* sorption is complicated by chemical reac-
tion for the CR-ZHP-1, CR-ZHP-3 and ZHP samples.
This can be caused by partial exclusion of -SO,H groups
from ion exchange. The reaction can be deposition of
insoluble U(VI) compounds [18] or complex formation
similarly to 3d metals [47]. Despite the reaction, the
DM,B+ coefficient decreases in the order: CR-ZHP-1 >
CR-ZHP-3 > CR. The diffusion coefficient is determined
as I>/t, where | is the distance between functional
groups, 1 is the relaxation time. Higher sorption rate
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on the composites is evidently due to increase of the
distance between -SO,H groups.

The CR-ZHP-2 ion-exchanger behaves similarly to the
pristine resin: the sorption rate is determined mainly by
the polymer. Despite the inorganic constituent, this ion
exchanger shows the highest D,.. ,. value evidently due to
the largest distance between functional groups (the highest
n magnitude has been found this sample).

3.6. Sorption isotherms

Isotherms of UO,** sorption are given in Fig. 10(a).
The plots for the CR-ZHP-1 and CR-ZHP-3 samples show
the most rapid and the slowest build-up, respectively. The
pH of the equilibrium solution was found to be lower in a
comparison with the initial solution: a shift was from 2.5
down to 2.2 (CR and CR-ZHP-2). In the case of CR-ZHP-1
and CR-ZHP-3, a slight shift towards larger values has
been found.

The Langmuir, BET, Freundlich and Dubinin-Radush-
kevich (D-R) models [48] were applied to the isotherms.
Linearization according to the first 3 models gave either no
straight lines (Langmuir, BET) or unreasonable coefficients
(the exponent value of the Freundlich model was higher
than 1). The D-R model:

22
InA=InA,, - Rﬁ%[m(ul /C)] (13)

has been found to give linear approximation within a
certain interval of concentration of equilibrium solution
(Fig. 10(b)). Here A, corresponds to total exchange capac-
ity, E is the adsorption energy. The D-R approach provides
full filling of micropores with adsorbate. Large UO,* ions
occupy whole volume of micropores within the interval
of exchange capacity, where the D-R equation is valid
(Table 3).

Table 3
Parameters for the D-R isotherms
Sample Interval of A x 10?, R? E InAp,
(mol kg™) (kJ] mol™)
CR 3.90-9.71 097 13.37 2.80
CR-ZHP-1  1.00-9.78 098 1591 0.88
CR-ZHP-2  0.89-9.26 097 1091 392
CR-ZHP-3  1.58-9.03 097 10.54 4.05
Table 4

Modification of the resin causes a shift of lower
boundary of this interval towards smaller A values. The
energy magnitudes indicate preferable ion exchange
mechanism (normally this diapason is of 8-16 k] mol™)
[48]. Too high A, values for all samples (except
CR-ZHP-1) are evidently due to heterogeneous distri-
bution of functional groups in pores. Their density per
unit of surface area is obviously higher in micropores,
which are fully occupied with UO,* species, than in
other pores. A size of these micropores is comparable
with that for sorbed ions.

A size of some transport pores becomes compara-
ble with that of UO,* ions providing validity of the D-R
model within a wide interval of sorption capacity. In the
case of the composites, this can be caused also by ZHP. A
growth of the y and A, parameters (CR — CR-ZHP-1 —»
CR-ZHP-3, CR — CR-ZHP-2) indicates formation of these
sorption centers.

3.7. Sorption under dynamic conditions

Despite practically similar sorption capacity for both CR
and composites in a 2 x 10* M UO* solution (see Table 2),
the highest value of breakthrough capacity is reached for
the CR-ZHP-2 sample (Fig. 11, Table 4). This is evidently
due to fast exchange on the one hand and high content of
micropores, which can be considered as centers of selective
sorption. Indeed, this sample shows the highest D ., .. and
In A, values. '

60
_ 40t
Q
®)
20l —e— CR
—O0— CR-ZHP-1
—v— CR-ZHP-2
—A— CR-ZHP-3
0 1 1 1
0 20 40 60
VIV,

Fig. 11. UO,* removal from a combining solution containing
also hardness ions.

UO,* removal from combining solution and regeneration of the sorbents under dynamic conditions

Sample Vs/Vi (corresponds to  Breakthrough capacity towards U(VI) R, (%) at Vs/Vi=10
breakthrough capacity) & g mmol cm=3

CR 29 747 x 10 34 x10* 50

CR-ZHP-1 34 142 x 107 712 x 10~ 58

CR-ZHP-2 11.3 379 x 10 2.36 x 10°® 87

CR-ZHP-3 1.80 6.68 x 10™* 393 x 107 65
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Fig. 12. Regeneration degree of the ion-exchangers (a) and residual content of UO,* in ion-exchangers (b) from cycle to cycle of

sorption-regeneration.

3.8. Regeneration

Composite ion-exchangers demonstrate higher regen-
eration degree under batch conditions than unmodified
resin (Fig. 12(a)). The (A_ ) was calculated as:

i R .
A =N'A 4
* ; "100%

res.

(14)

Here i is a number of cycle of sorption-regeneration.
Contrary to the composites, the residual capacity of the CR
sample grows rapidly from cycle to cycle of regeneration
indicating a possibility to lose ability to sorb UO,** rather
soon (Fig. 12(b)).

Since ZHP is related to weakly acidic ion-exchanger
[17,18,28], increasing of its content in the polymer provides
more significant UO,** desorption (see Table 4).

4. Conclusions

Insertion of ZHP particles into the ion-exchange polymer
changes its porous structure and influences ion exchange
properties of the resin. The particles provide swelling pres-
sure in the polymer pores, which are free from —SO, groups.
In opposite to unmodified resin, isotherms of UO,** sorption
obey the D-R model within a wider interval of solution con-
centration. The composites require less amount of reagents
for regeneration, than the polymer. One-time treatment of
the composites with a 1 M H,SO, solution causes complete
UO,* desorption, then the samples can be used repeatedly.

The inorganic particles of micron size, which occupy
structure defects, are characterized by the largest amount of
phosphorus (CR-ZHP-2). Since the largest particles increase
swelling pressure, they can be formally considered as a
cross-linking agent. However, the effective diffusion coeffi-
cient for UO,**—H"* exchange is approximately three times
higher than that for unmodified resin. This can be explained
by an increase of distance between functional groups of
the polymer constituent, which is affected by ZHP. The
CR-ZHP-2 sample demonstrates the highest breakthrough
capacity towards UO,* species, when they are removed
from water containing also hardness ions.

In the case of CR-ZHP-1 and CR-ZHP-3 samples,
which contain ZHP particles mainly in voids between gel

regions, UO,*—H"* exchange is complicated by chemical
reaction similarly to the inorganic ion-exchanger — sorp-
tion is affected mainly by the inorganic constituent. This is
evidently caused by partial exclusion of ~SO, groups from
ion exchange due to squeezing of clusters and channels.
In order to avoid this, the particles in transport pores are
assumed to be necessary. This can be evidently reached by
temperature control of ZHP deposition.

Further improvement of sorption affinity of the compos-
ites towards UO,* can be achieved not only by regulation of
size and location of ZHP particles but also by increasing of
phosphorus content in the inorganic constituent.
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