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Evaluation of adsorption behavior for U(VI) and Nd(III) ions
onto fumarated polystyrene microspheres

Ahmed R. Elsalamouny’ - Osman A. Desouky’ - Saad A. Mohamed?

Ahmed A. Galhoum' - Eric Guibal®

Abstract Fumarated polystyrene microspheres were pre-
pared using emulsion polymerization technique. Different
instrumental techniques such as elemental analysis, SEM
and FTIR were employed for full characterization of the
synthetic resin. Different parameters such as pH, time and
initial metal ions concentration were examined to evaluate
the optimum conditions for U(VI) and Nd(III) ions sorp-
tion. For both metal ions, the sorption process fitted well
with pseudo-second order kinetic model and Langmuir
isotherm model. The maximum adsorption capacities were
found to be 83.11 mg U g~ ' and 39.68 mg Nd g~'. The
loaded sorbent was regenerated using 0.5 M HNO;.

Keywords Neodymium - Sorption - Polystyrene -
Microspheres - Fumaric acid

Introduction

Uranium is very essential element because of its strategic
importance in the energy field [1]. Also, it is considered as
a long-term potential environmental hazard as a result of its
long half-life [2—4]. It is found in the environment in the
hexavalent form, and it has biologically dynamic activity
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and chemical toxicity, leading to potential long-term harm
to mammalian reproduction systems in the form of reduced
fertility [5]. In addition, the uptake of uranium by human
beings can cause irreparable damage, such as severe liver
damage, kidney damage and eventually death [6]. Because
of its high radiological and biological toxicity, it is nec-
essary reducing its discharge into the environment due to
activities of nuclear industry [7-10].

Rare earth elements (REEs) are widely used in High-
technology and nuclear power industries [11-13]. The
trivalent state is the most thermodynamically stable form of
these elements in aqueous solutions [14]. Their physical
and chemical properties are very close because of their
close electronic configurations. The slight differences
among lanthanide elements are so weak where the sepa-
ration requires numerous steps [15]. Nd(III) was selected as
a representative of trivalent lanthanide family. Because an
ever-increasing demand for REEs in the international
markets and limited resources for their production, the
recovery of these metals from non-conventional resources
is a strategic target.

Many conventional metal ions removal processes such
as precipitation or solvent extraction processes face eco-
nomical or technical limitations for the treatment of metal
ions solutions. Adsorption process using mineral, ion-ex-
change or chelating resins may be more appropriate
[16-22]. The chelating organic material can be copoly-
merized with an inert polymeric support like polystyrene
and employed for the recovery of metal ions from aqueous
solutions [23-26].

In the present work, a new chelating polymeric material
(fumarated polystyrene resin) was prepared for enhanced
sorption of uranyl and neodymium ions from aqueous
solution. Fumaric acid was copolymerized with styrene
monomers using emulsion polymerization technique.
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Elemental analysis, scanning electron microscope (SEM)
and FTIR were used to fully characterize the modified
particles. Kinetic and isotherm studies were investigated to
understand the adsorption behavior of metal ions on the
synthetic resin.

Experimental
Preparation of fumarated polystyrene microspheres

Fumarated polystyrene microspheres were prepared using
emulsion polymerization technique. 250 mL three necked
round flask fitted with condenser, water bath and hot plate
magnetic stirrer (Schott, Germany) was used. 7.8 mmol of
fumaric acid (Sigma) was dissolved in a mixture of 3 mL
styrene (Aldrich) and 0.9 mL divinylbenzene (Sigma-
Aldrich). The solution was charged in the flask and 75 mL
deionized water contains 0.37 mmol potassium persulfate
and 0.5 mL Triton X-100 were added. After stirring of the
mixture at 950 rpm for about 30 min, the stirring was
continued for an additional 6 h at 75 °C. Finally, the cross-
linked polymeric microspheres were collected and rinsed
with ammonia solution and deionized water and dried for
subsequent extraction studies.

Sorbent characterization

Thermo Finnigan Elemental Analytical Instrument (Italy)
was used to determine the chemical composition of resin
represented by the percentages of C, H, N and S. FTIR
spectra were carried out using a PerkinElmer BX series
with a frequency range of 4000-400 cm™'. SEM/EDX
analysis was performed on an environmental SEM (FEI
Quanta 200 FEG) equipped with X-ray microanalyzer
(OXFORD INCA ENERGY 350) to visualize surface
morphology of sorbent and detect the elements and their
semi-quantitative analysis.

Procedures

Adsorption behavior of metal ions on the sorbent was
studied using batch experiments under different parame-
ters. The resultant data is necessary for understanding the
mechanisms of sorption and plays a fundamental role in
assessing the suitability of sorbent for metal ions removal
processes.

UO,(NO3),-6H,O and Nd(NO3)3-6H,O were used for
the preparation of stock solutions (1000 mg L™"). The
working solutions were prepared by appropriate dilution of
the stock solutions immediately prior to use.

Batch experiments were performed by contact of 0.02 g
sorbent with 25 mL of 55 mg L™' U(VI) or 57 mg L™

Nd(II) ions solution in a polypropylene centrifuge tube at
20 °C and agitation 150 rpm. The solution pH was adjusted
with NaOH or HNO; (0.1 M).

After equilibration and aqueous phase separation, the
residual metal ions concentration in the aqueous phase was
estimated by ICP-AES, while the concentration of adsor-
bed metal ions on the synthetic resin was estimated using
the mass balance equation:

q:(Ci_Ce)V (1)

m

where g (mg g~ ') is the amount of the adsorbed metal ions
on the sorbent; C; (mg L_l) and C, (mg L_l) are the initial
metal ion concentration and the residual metal ion con-
centration in the aqueous phase, respectively, V (L) is the
volume of metal ions solution and m (g) is the weight of
sorbent dosage.

Results and discussion
Characterization of sorbent

The experimental CHNS analysis data (%) of fumarated
polystyrene microspheres are: C, 79.06; H, 7.5; N, 4.09; O,
9.35. The presence of nitrogen and oxygen shows the
efficient chemical modification of polystyrene resin after
copolymerization of fumaric acid with styrene monomers.
Therefore, the resin formula 1is suggested to be
C2.6Ha563NO5 ;.

For evaluation of the chemical modification, the FTIR
spectra of the synthesized fumarated polystyrene resin was
performed and compared with that of polystyrene resin
(Fig. 1). Usually, the active functional groups are expected
to exhibit characteristic peaks. The appearance of new
bands at 1725 and 3205 cm ™!, assigned to C=0 and N-H
stretching vibrations, respectively.

Figure 2 illustrates SEM micrograph of fumarated
polystyrene microspheres. The particles have a spherical
morphology with a smooth surface and different sizes. The
adsorbent also showed a mono-disperse structure.

Adsorption study
Effect of sorbent amount

The sorption of metal ions was studied by varying the
amount of sorbent between 0.005 and 0.03 g 25 mL™". As
shown in Fig. 3, the metal ions removal percentage
increased as the sorbent amount increased and attained its
maximum at 0.02 g. The removal efficiency becomes less
significant after 0.02 g, leading to the decrease of sorption
capacities of sorbent for metal ions. Thus, 0.02 g sorbent
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was chosen as the optimum sorbent amount for further
experiments.

Effect of pH

The pH of the metal ions solution may affect the charge of
sorbent surface or the dissociation degree of functional
groups such as hydroxyl, carboxyl and amino groups pre-
sent on the sorbent surface [27]. It can also affect the
aqueous chemistry of metal ions and their competition for
binding with active sites on the sorbent surface.

The metal ions removal from aqueous solutions was
studied under non-competitive conditions at different pH as
shown in Fig. 4. The sorption capacities of the synthetic
resin increase significantly with increasing the initial pH
range from 1 to 4.5 and 6 for uranyl and neodymium ions,
respectively. The carboxylate groups (-COO™) are
responsible for the high efficiently enrichment of metal
ions on the resin surface. According to the previous work,
the additional peaks (e.g. Nd 3d, U 4f) are expected from
XPS analysis of the loaded sorbent. Also, the relative
intensity of O s decreases, indicating that oxygenated
functional groups are responsible for the adsorption of
U(VD) and Nd(III). Inner-sphere surface complexation is
anticipated from EXAFS analysis for the adsorption of both
metal ions onto microspheres resin [28-34].

The low adsorbed amounts for both metal ions at acidic
media because the compensation of the negative charges on
the sorbent by protons that suppress the sorption process
[35, 36]. Also, the uptake for uranyl and neodymium ions
decreases slightly at pH above 4.5 and 6, respectively, due
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Fig. 4 Effect of pH on U(VI) and Nd(III) ions uptake using
fumarated polystyrene resin where V/im =125 Lg™' and C; =
55 mg UL™" and 57 mg Nd L™" at 20 °C

to the hydrolysis of metal ions and other hydrolytic species
are formed [31].

Kinetic study

Figure 5 shows the kinetic profiles of U(VI) and Nd(III)
ions sorption on the sorbent in terms of adsorbed amount.
Kinetic uptake was carried out under experimental condi-
tions are comprised from optimum pH, an initial concen-
tration of metal ions in the aqueous solution, 0.02 g of
sorbent and agitation speed, 150 rpm at 20 °C. For U(VI)
ions, The initial pH and concentration were set to 4 and
55 mg L™, respectively. While pH of 57 mg L™" Nd(III)
ions solution was adjusted to 5.

The kinetic removal for both metal ions was initially
rapid due to the greater concentration gradient and more
available sites for adsorption. A slower removal stage
comes after and gradually approaches equilibrium. U(VI)
ions reached equilibrium in 45 min, while the kinetic
profile of Nd(III) ions was slower and the equilibrium time
was 20 min. Over 92 and 90.5% of total adsorption of
uranyl and neodymium ions occurred within the first 20
and 5 min, respectively.

Successive steps have been proposed in adsorption
process such as bulk diffusion, film diffusion, intraparticle
diffusion and adsorption uptake. The experimental data
have been modeled using some conventional kinetic
models to elucidate either the diffusion or adsorption is the
rate limiting step.
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Fig. 5 Uptake kinetics of U(VI) at pH 4 and Nd(III) at pH 5 using
fumarated polystyrene resin where V/im =125 Lg™' and C; =
55 mg UL™" and 57 mg Nd L™" at 20 °C



Pseudo-first order rate equation (PFORE) [37]:

k
log(ge — q1) = logge — ﬁl‘ (2)
where ¢, and ¢, (mg g_l) are the retention capacities at
equilibrium and time ¢, respectively, and k; is the Pseudo-
first order rate constant (min_l).

Pseudo-second order rate equation (PSORE) [38]:

t 1 1
« ki 4 ®)
where k, is the Pseudo-second order rate constant
(g mg~" min™h.

The chemical adsorption processes between metal ions
and active sites were described using Elovich model as
follow [39]:

1 1
q:r = Eln(ab) + Zlnt (4)

where b is constant related to the extent of surface cover-
age by metal ions and activation energy for chemisorption
process (g mg~') and a is the initial adsorption rate
(mg g~ ' min™h).

The analysis of diffusion mechanisms was performed
using Crank equation. It can be used for roughly evaluating
the intraparticle diffusion coefficient, D, [40]:

e > 6o+ 1) —D.q’t
e _q e n 5
9o ,;9+90<+q,%°€2 e )

where r is the radius of the particle, while g, and o are the
non-zero roots and the ratio of the volumes of solution and
particles from the following equations:

3qn
tang, — — 1" _ 5b
ang 3+ aq? (55)
s 1
- 5
VG 1+ o0 (5¢)

The intraparticle diffusion coefficient value of neody-
mium ions (7.36 x 107'" m? min™") is about one order of
magnitude larger than uranyl ions (4.97 x 107'* m?
min_l). Therefore, neodymium ions reach the equilibrium
faster than uranyl ions. For both of uranyl and neodymium
ions, the fitting processes have low correlation coefficients,
0.49 and 0.25, respectively, comparing with other kinetic
models. Therefore, the diffusion of metal ions doesn’t
control the rate limiting step.

All constants of the sorption kinetic models are esti-
mated including rate constants and equilibrium adsorbed
amounts of metal ions on the sorbent surface and listed in
Table 1. For both metal ions, the obtained correlation
coefficient values (R*) from the pseudo-second order
model were higher than that of pseudo-first order model
and Elovich equation. The calculated theoretical

Table 1 Kinetics parameters for U(VI) and Nd(III) ions sorption

Elovich equation

PSORE

dexp (mg g7')  PFORE

Metal

R2

b(gmg™")

min~ 1)

a(gg!

ky (min~") R ge (mg g ") kr (gmg ' min~") R’

g. (mg g™h)

0.8679
0.9306

0.2954 £+ 0.044
0.5177 £+ 0.0705

290 + 20.41

0.9982
0.9975

0.0148 £ 0.0037
0.0556 + 0.0181

53.5 £ 1.12
28.87 £ 0.82

0.9777

0.6989

0.0666 + 0.005
0.0873 £ 0.041

14.54 £ 1.17

52.8

U(vD

Nd(III)

180 £+ 15.02

571 £ 1.52

28.4
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Fig. 6 Sorption isotherms of U(VI) at pH 4 and Nd(III) at pH 5 using
fumarated polystyrene resin where V/im = 1.25 L g~" at 20 °C

equilibrium adsorption capacities (53.5 &+ 1.12 mg U g~*

and 28.87 + 0.82 mg Nd g~') were very close to the
actual (52.8 mg U g~ ' and 28.4 mg Nd g™'), indicating
that the sorption for both metal ions onto the sorbent could
be better explained by pseudo-second order model.
Therefore, the rate limiting step is a chemical sorption
involving valance forces through the sharing or exchange
of electrons between the sorbent and adsorbates [6].

Sorption isotherm and thermodynamic study

Figure 6 shows the adsorbed amount of metal ions on the
sorbent increases with increasing the residual metal ions
concentration till the maximum capacity of the sorbent is
reached. To obtain isotherm data for U(VI) or Nd(III)
removal, batch experiments were performed by equili-
brating 0.02 g of the sorbent and 25 mL of different initial
metal ions concentrations at optimum pH and 20 °C.

The experimental data were tested using various iso-
therm models to determine the binding nature between
metal ions and the sorbent surface [41]. The constants were
evaluated and reported in Table 2.

Freundlich model:

log Ce

(6)

where Ky and n are constants related to the adsorption
capacity and the intensity of adsorption, respectively.

log g. = log Kp + s

Table 2 Isotherm constants for U(VI) and Nd(III) ions sorption

(D-R) equation

Langmuir equation

Ferundlich equation

Gexp (Mg g7

Metal

Ky (Lmg™" R Gmax (mg g~ ") Epg (kJ mol™") R

Gmax (mg g7 1)

Kr

0.964

11.5 £ 0.52
9.65 £ 0.31

378 £ 50.1
188.55 £+ 18.02

0.9953
0.9927

0.1335 £+ 0.0236
0.0407 £ 0.0046

0.9375 87.18 + 2.93

0.9485

12.15 £ 2.23
2.38 £ 0.49

2.14 + 0.24

83.11

Ul

NddII)

0.9744

43.1 £1.35

1.72 £ 0.14

39.68




Table 3 Comparison of

sorption capacities of different Sorbent Metal Adsorption capacity (mg g_l) References
sorbents for U(VI) and Nd(D  , GA_EGMA)-TAEA microbeads U(VD) 643 [10]
rons Magnetite nanoparticles Ul 5 [43]
Mannich type resin U(VI) 5.084 [44]
Magnetic chitosan U(VI) 42 [45]
Ethylenediamine-modified magnetic chitosan U(VI) 82.83 [46]
Amberlite IRA-910 resin U(VI) 11.9 [47]
This work U(VI) 83.11
Mordenite containing tuff Nd(III) 13 [48]
Yeast cells Nd(IID) 10-12 [49]
Ion imprinted polymer particles NddII) 33 [50]
This work Nd(III) 39.68
Langmuir model: R — 1 (10)
% _ Ce " 1 (7) 1+ K.G
9e  gmax  Kigmax The Rp values are in the range of (0.58-0.04) and

where K; is Langmuir adsorption constant (L mg™").
Dubinin-Radushkevich (D-R) model:

Inge = Ingmax — KDR((:2 (Sa)

¢ (J mol™") is the Polanyi potential:

1
e=RTIn( 1+ — 8b
(1+¢) (80)

The mean-free sorption energy per molecule of adsor-
bate, Epg (kJ mol™") is related to Kpg (mol® J~2) and can
be calculated from the following equation:

©)

Epr gives information about the nature of sorption
process of metal ions on the surface of sorbent (the dis-
criminating  value  being  physical < 8 kJ mol™' <
chemical sorption) [42]. Epr for uranyl and neodymium
ions is 11.5 £ 0.52 and 9.65 £+ 0.31 kJ molfl, respec-
tively; this indicates that interaction between both metal
ions and active sites comes through a chemisorption
mechanism.

Sorption isotherm data are better simulated by Langmuir
model compared to the other models with maximum
sorption  capacities  (87.18 £293 mg U g~  and
431 £135mgNdg') and the highest correlation
coefficients (0.9953 and 0.9927), respectively. This indi-
cates that monolayer sorption was the main interaction
mechanism of uranyl and neodymium ions with the
sorbent.

The affinity of sorbent for binding of metal ions was
evaluated using equilibrium parameter, R; . The value of Ry,
was estimated from the following equation:

(0.92-0.09) for uranyl and neodymium ions, respectively.
They lie between 0 and 1, indicating the affinity of sorbent
for both metal ions removal. Table 3 shows that the
experimental maximum capacities of the sorbent for both
metal ions could be competitive when compared to some
other previously prepared sorbents.

Thermodynamic behavior of the sorption processes for
metal ions was evaluated using batch experiments under
the same conditions in the range of temperatures from 20 to
50 °C. It was found that there is no significant variation in
the sorption capacities of the new sorbent for both metal
ions.

Sorbent selectivity

The uptake of metal ions was performed under non-com-
petitive conditions to obtain the optimum parameters for
removal processes. The sorbent selectivity was tested for
both U(VI) and Nd(III) ions together in a binary solution at
pH 4. The initial concentrations of U(VI) and Nd(III) ions
were 0.47 and 0.64 mmol L™', respectively. After the
equilibrium was reached, the residual concentration of
Nd(III) ions about 0.54 mmol L™ was higher than U(VI)
ions, 0.358 mmol L™". This indicates that the sorbent has a
high affinity toward U(VI) ions and the higher initial
concentration of NdA(II) ions confirms it. It could be
explained that the ionic radius of U(VI) is larger than
Nd{II) where Nd(III) was affected by ionic radius con-
traction phenomenum. In addition, the 4f orbital of neo-
dymium is effectively shielded from the strong interaction
with ligand orbitals by electrons in the 5S and 5P orbitals
[51].



Regeneration of sorbent

Metal ions removal from loaded sorbents is generally
performed using diluted acidic solutions. The loaded sor-
bent (0.02 g) was desorbed using 25 mL of 0.5 M HNO;
and shaking time of 1 h at 20 °C. The acid contaminants
are washed with ammonia solution then distilled water
after which it becomes ready for the next use. The results
indicated that the sorption efficiency at the third run
remains close to 96 and 94.5% of the initial value for
uranium and neodymium ions sorption, respectively.
Therefore, the reuse of resin remains appreciable.

Conclusion

Emulsion polymerization technique was employed for the
synthesis of chelating microspheres based on fumaric acid
modified polystyrene in presence of DVB as a cross-linker.
Different instrumental techniques such as elemental anal-
ysis, FTIR, scanning electron microscope (SEM), were
utilized for full characterization of the prepared polymeric
resin.

For all studied systems, the kinetic and isotherm sorp-
tion data follow pseudo-second order rate equation and
Langmuir equation, respectively. The maximum sorption
capacities were 83.11 and 39.68 mg g~ for U(VI) and
Nd(II) ions, respectively. The temperature has no a sig-
nificant effect on the variation in sorption capacities of the
sorbent for both metal ions. Selectivity study indicates that
fumarated polystyrene microspheres have high affinity to
stabilize uranyl ions over Nd(III) ions in a binary solution.
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