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a b s t r a c t

Ammonium molybdophosphate and Phozir (alone or in combination) have been encapsulated in alginate beads for the synthesis of rubidium sorbents. 
SEM and SEM–EDX analyses confirm the homogeneity of the sorbents in terms of composition and metal binding. AMP sorbent is less sensitive to pH 
than Phozir, and optimum pH is close to pH 3 for the binding of Rb(I). The Langmuir equation fitted well sorption iso-therms and the maximum sorption 
capacities were in the range 0.65–0.74 mmol Rb g�1. The resistance to intraparticle diffusion contributes to control uptake kinetics (effect of particle 
size) though the presence of solid inorganic particles reduces the impact of drying alginate capsules (preventing the collapse of the porous structure 
during the drying step). Breakthrough curves demonstrate the potential of these sor-bents for the dynamic sorption of Rb(I) while using ammonium 
chloride (combined to nitric acid) allows recovering Rb(I) from loaded sorbents.

1. Introduction

The rarefaction of mineral resources due to the extensive
exploitation of readily available sources and the increasing de-
mand on strategic and precious metals (for the design of high
materials) may explain the development of new processes for the
recovery of these metals from dilute effluents, low ore, or from sec-
ondary sources (including the recycling of spent materials). Among
these strategic metals, rare earth metals, some alkaline and alka-
line earth metals are important targets. Rubidium and cesium are
part of these metals that retained great attention during the last
decade. This interest is also justified by the presence of dangerous
radioisotopes of Cs in the effluents generated by the nuclear indus-
try. Their high transport properties in water, soils, plants and hu-
man body require strict control when these metals are present as
radionuclides because of their harmful effect on human beings.
The recovery of these elements at trace levels is also an important
challenge for analytical sciences: the pre-concentration of the trace
metals and their separation from complex matrices (issued for

example from the mineralization of soils and/or organic materials
or from ore acid decomposition) [1].

Depending on the range of concentration and on the composi-
tion of effluents, several processes may be used for their extraction
or removal including solvent extraction (high concentrations) [2],
membranes and emulsion membranes (intermediate concentra-
tions) [3,4], sorption on resins or impregnated resins (low concen-
tration and simple effluents) [5–7]. However, in the case of dilute
effluents and/or effluents containing high salinity (sea water,
brines, and effluents from nuclear industry) the competition of cat-
ions from salt charge may drastically reduce the efficiency of these
processes. Inorganic ion-exchange materials offer an interesting
alternative since they have a great selectivity for these elements
that allows their extraction from high ionic strength solutions
(including sea water) [8]. A great diversity of mineral sorbents
can be used for the recovery of cesium and/or rubidium: insoluble
metal hexacyanoferrate (including Prussian blue [9–12]) [13–19],
titanium dioxide [9–12], ammonium molybdophosphate [20–27],
hydrogen (or sodium) zirconium phosphate [28–35], or titanium
phosphate [36]. Their crystalline arrangement is responsible for
the specific ion exchange of intercalated ions with target metal
ions (even when the concentration of competitor ions is much lar-
ger than the concentration of target metals) [37,38]. The major
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drawback of these materials for practical applications is due to
their microcrystalline nature and their occurrence as fine-grained
powders: the recovery of the sorbent (solid/liquid separation) in
batch system or the hydrodynamic properties of fixed bed systems
are then limiting criteria (pressure head loss, column blockage,
sluggish flow rates, etc.). These problems may be circumvented
by (a) immobilizing the inorganic ion-exchangers on oxide sup-
ports [39], such as silica [13,20,40–42], alumina [20,43] or (b)
encapsulating these materials in synthetic polymers
[18,21,25,32,44–47], or biopolymers [22,26,27,48]. The challenge
then consists in managing simultaneously the confinement of the
reactive mineral sorbents and the mass transfer properties (kinet-
ics and accessibility to reactive sites).

In this study, two mineral sorbents, ammonium molybdophos-
phate (AMP) and hydrogen zirconium phosphate (Phozir), have
been encapsulated (alone or in combination) in a biopolymer ma-
trix made of alginate. Alginate is a biopolymer extracted from algal
biomass, constituted by guluronic and mannuronic acid moieties
(i.e., carboxylic groups held on pyranose groups). Alginate is able
to bind metal cations through interactions with carboxylate groups
(at pH above the pKas of carboxylic acids; i.e., 3.35 and 3.65), espe-
cially with divalent cations. These interactions may be used for the
ionotropic gelation of alginate: carboxylate groups of different
polymer chains react with divalent cations (more specifically
Ca(II)) to form the gel network (egg-box model) [49]. This gelation
process is typically used for the encapsulation of enzymes, bacte-
ria, drugs and even for the synthesis of new impregnated resins
(immobilization of extractants [50], or ionic liquids [51]). The cal-
cium-gelation process has been applied in the present study for the
encapsulation of AMP and Phozir for designing Rb(I) sorbent.

The first part of the study describes the characterization of
encapsulated materials before and after Rb(I) sorption using SEM
and SEM–EDX analysis. In the second part the sorption properties
are evaluated in batch systems (pH effect, sorption isotherms and
uptake kinetics). Kinetic profiles have been compared for the dif-
ferent materials with a special attention to the state of composite
capsules: wet beads, dried beads and freeze-dried beads in order to
evaluate the restrictions to mass transfer induced by the drying
procedure. Finally, the last part describes the sorption and desorp-
tion behavior of Rb(I) in dynamic systems (i.e., fixed-bed columns).

2. Materials and methods

2.1. Materials

Alginic acid was supplied by Acros Organics. Ammonium
molybdophosphate hydrate (AMP) was obtained from Bio-Rad
and Alpha Aesar. Zirconium phosphate (Phozir, Zr[HPO4]2) Calcium
chloride hexahydrate were supplied by Riedel-de-Haen. Rubidium
chloride was obtained from Chim-Lab. Other reagents were sup-
plied by Sigma–Aldrich. All products are reagent grade.

2.2. Encapsulation process

Basically, the method consists in four steps: (a) the mixing of
the encapsulating solution (i.e., alginate) with the mineral sorbent
(i.e., Phozir, or AMP, or a blend of Phozir + AMP); (b) the extrusion
of the resulting slurry through a thin nozzle (internal diameter
0.8 mm); (c) the gelation of the composite biopolymer/mineral
drops into an agitated acidic calcium chloride solution (2% w/w
calcium chloride hexahydrate, 0.02 M HCl); and (d) the rinsing of
the beads with 0.01 M HCl.

The composition of the mixed alginate/mineral suspension was
set at 360 g of alginate solution (at 2% w/w) and 40 g of an aqueous

suspension of mineral sorbent (20 g of water plus 20 g of Phozir, or
20 g of AMP, or a mixture of 10 g of Phozir + 10 g of AMP).

In the case of Phozir encapsulation, a strong agitation proved to
be necessary in order to disrupt the flocs that formed after the
addition of the mineral sorbent. Besides this, during the extrusion
of the viscous suspension, the drops falling down to the gelling
solution did not form spherical particles, but ellipsoidal ones,
whatever the depth of fall (which usually represents a critical
parameter for the shaping of gel beads). In order to achieve the for-
mation of spherical particles, the surface of the gelling solution was
covered by a thin layer (i.e., 10 mm) of paraffin oil (density: 0.83).
This oil layer contributed to give to the drops of alginate/mineral
suspension the conditions (relaxation time, density, and viscosity)
appropriate for getting the spherical shape before penetrating by
gravity into the gelling medium. These specific conditions were
not necessary when using AMP or Phozir in combination with AMP.

The extrusion was operated in most cases using a concentric
double nozzle to prepare small size beads having a size ranging be-
tween 0.75 and 1 mm by the end of the process (including final
drying). An airflow at the basis of the extrusion nozzle allowed siz-
ing the beads. In the absence of such airflow, coarser beads formed
before falling into the gelling solution (in the range 1.4–1.8 mm;
DBL or WBL: Dried – D –, or Wet – W – Beads of Large size).

The beads were left in the gelling medium overnight before
being rinsed three times with 0.01 M HCl. Wet beads (WB) were
stored in 0.01 M HCl solutions, while dried beads were prepared
by air-drying (in an oven, DB) or by freeze-drying (FD).

2.3. Material characterization

The morphology and the elemental distribution of mineral sor-
bents and Rb element in the composite materials were determined
with a Scanning Electron Microscope coupled with an Energy Dis-
persive X-ray analysis system (SEM–EDX). These data were ob-
tained by using an Environmental Scanning Electron Microscope
(ESEM) Quanta FEG 200, equipped with an OXFORD Inca 350
Energy Dispersive X-ray microanalysis (EDX) system. The SEM
observations were performed on the cross-section of the composite
materials (obtained by cutting with a thin-slice cutter under a bin-
ocular microscope). Using environmental SEM allowed the direct
observations of materials, without prior metallization of the sam-
ples. The topography of the samples was observed using secondary
electrons while the backscattered electrons were used for the iden-
tification and localization of heavy metals at the surface of the
materials (by phase contrast). SEM–EDX allowed to determine
the distribution of elements on the cross-section by using mapping
facilities and semi-quantitative analysis of the target metal Rb and
that of the major components of the mineral sorbents; i.e., P, Zr and
Mo.

2.4. Sorption experiments

The sorption experiments were performed in batch for the
study of pH effect, sorption isotherms and uptake kinetics; break-
through curves were also performed for the evaluation of sorption
performances in the dynamic mode (fixed bed column).

For the study of pH effect 20 mL of 100 mg L�1 Rb(I) solutions at
different pHs (between 1 and 6) were mixed with 50 mg of sorbent
(dried beads) for 3 days (in a reciprocal shaker). Samples were col-
lected and filtrated on 1 lm pore size filtration membrane and the
filtrate was analyzed for residual Rb concentration using an induc-
tively coupled plasma atomic emission spectrometer (ICP-AES, Jo-
bin-Yvon Activa M). The pH was not controlled during the sorption
but the final pH was recorded.

For sorption isotherms 50 mg of sorbent (m) were mixed with
20 mL (V) of Rb(I) solutions at different initial concentrations (C0,



ranging between 10 and 500 mg Rb L�1) for 3 days. The pH of the
solutions was set at 3. After filtration, the residual concentration
(Ceq, mg Rb L�1 or mmol Rb L�1) was determined by ICP-AES and
the sorption capacity (q, mg Rb g�1 or mmol Rb g�1) was calculated
by the mass balance equation: q = (C0 � Ceq) V/m.

For uptake kinetics 200 mg of sorbent were mixed with 500 mL
of Rb(I) solutions (C0: 20 mg Rb L�1) at pH 3. Samples were col-
lected at fixed times and the residual concentrations were deter-
mined by ICP-AES after filtration. Each sorbent was tested with
dried beads (DB), wet beads (WB), freeze-dried beads (FB), large
size dried beads (DBL) and large size wet beads (WBL).

Dynamic sorption tests were performed in fixed bed columns
(internal diameter 7 mm) filled with 1 g of sorbent (Phozir and
AMP, dried beads). The columns were fed upward at a flow rate
of 42 mL h�1 (i.e., superficial flow velocity: 1.1 m h�1). Rubidium
concentration was 25 mg Rb L�1. A fraction collector was used
and the outlet concentration was measured by ICP-AES. A similar
procedure was used for testing Rb(I) desorption using an ammo-
nium nitrate/nitric acid solution (3 M NH4NO3/5 M HNO3). The
flow rate was decreased to 6 mL h�1 (i.e., superficial velocity:
0.2 m h�1).

3. Results and discussion

3.1. Characterization of encapsulated sorbents

SEM and SEM–EDX analyses have been performed on the three
materials (alginate capsules containing AMP, Phozir and the com-
bination AMP + Phozir) before and after Rb(I) sorption. Figs. 1
and 2 show the morphology of cross-sections of AMP and Phozir
encapsulated materials (Fig. AM1 shows the AMP + Phozir mate-
rial, see Supplementary material). The cross-sections clearly dem-
onstrate that the bulk materials are homogeneous (Figs. 1a, c and
2a, c). The sorption of Rb(I) does not change significantly the shape

of the beads. The changes are more marked when comparing the
aspect of encapsulated materials. While Phozir has a crystalline
structure that appears in Fig. 1d as small micrometric spherical
agglomerated particles enclosed in the cavities formed by the mac-
romolecular network (large alveoli of several tens of microns),
AMP-based material is characterized by the presence of much
smaller, very dense and well-dispersed microparticles (Fig. 2d).
This observation is consistent with those published by Mimura
et al. [27], and Ye et al. [22].

Fig. 3 shows the energy-dispersive X-ray spectrum that identi-
fies the major elements. The figure also shows the distribution of O,
P, Ca and Zr through the cross-section of Phozir adsorbent: P and Zr
elements are representative of the inorganic ion-exchanger, while
Ca delineates the encapsulating material (calcium gelling of algi-
nate). All these elements are homogeneously distributed. In addi-
tion the profile of phosphorus along the cross-section of the
beads confirms that the sorbent microparticles of Phozir are homo-
geneously distributed within their organic matrix. Fig. 4 refers to
Phozir-based material after Rb(I) sorption. Elemental mapping
confirms the homogeneous distribution of both the inorganic ion
exchange material and the sorbed metal. Further profiling along
a cross-section displays a perfect correlation of Rb with P and Zr,
thereby demonstrating that Rb is directly connected to the pres-
ence of Phozir. Similar observations were made for the AMP-based
composite material both before (Fig. 5) and after (Fig.6) Rb(I) sorp-
tion. Homogeneous cross-sections are observed (O, Ca, P and Mo
elements in Fig. 5; and P, Mo, Rb elements in Fig. 6). The profile
of distributions are correlated for AMP (Mo and P elements, in
the raw material) and for AMP + Rb (correlation between Mo and
P elements on one side and Rb element on the other side). These
results confirm the active role of AMP on Rb(I) binding. Similar
conclusions can be reached, as expected, for the composite mate-
rial made from a blend of Phozir and AMP (at the same dry weight
proportion) (see Figs. AM2 and AM3).

500 µm

(A) (B)

10 µm

500 µm

(C) (D)

50 µm

Fig. 1. SEM of Phozir immobilized in alginate capsules – morphology (A and B: raw material; C and D after Rb(I) sorption).
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Fig. 2. SEM of AMP immobilized in alginate capsules – morphology (A and B: raw material; C and D after Rb(I) sorption).

O P

Ca Zr
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Fig. 3. SEM–EDX analysis of Phozir immobilized in alginate capsules: microphotograph of cross-section, X-ray diffraction pattern, element distribution, and cross-section
distribution of elements.



3.2. Effect of pH

Fig. 7a shows the effect of pH on Rb(I) sorption in the range of
pH 1–6. The stability of the encapsulating material limits the pos-
sibility to use these encapsulated materials above pH 6. Under

selected experimental conditions (i.e., C0: 100 mg Rb L�1; sorbent
dosage (SD): 2.5 g L�1) the sorption capacity reaches a maximum
value close to 0.4 mmol Rb g�1 (i.e., 34 mg Rb g�1). However, the
behaviors of the different systems are significantly different: while
AMP does not show significant differences in the range of pH 1–3,

P

Zr

Rb

Rb

P

Zr

Phozir + Rb(I)

Fig. 4. SEM–EDX analysis of Phozir immobilized in alginate capsules after Rb(I) sorption: microphotograph of cross-section, X-ray diffraction pattern, element distribution,
and cross-section distribution of elements.

O P

Ca Mo

AMP

Mo
P

Fig. 5. SEM–EDX analysis of AMP immobilized in alginate capsules: microphotograph of cross-section, X-ray diffraction pattern, element distribution, and cross-section
distribution of elements.



for Phozir the sorption capacity increases progressively with
increasing the pH of the solution. In the case of the composite
material made of equal amounts of AMP and Phozir, the behavior
is intermediate between those of the individual inorganic ion
exchangers. The second panel of the figure (Fig. 7b) shows the
comparison between the initial and the final pH. In the range 1–
3, the pH is hardly affected during metal sorption. Above pH 3,
the equilibrium pH tended to reach a constant value in the range
2.7–3.4. The sorbent has a buffering effect, maintaining the pH
close to 3 in low acidic solution (initial pH above 3.5) These pH
variations and the buffering effect can be attributed to the ex-
change of protons on Phozir (Zr(HPO4)2). In the case of metal cation
exchange with zirconium phosphate, Pan et al. [52] reported the
stoichiometric exchange of protons with Pb(II), Cd(II) and Zn(II)
that causes significant pH variations. When supporting zirconium
phosphate on cation exchange resins, Pan et al. [45] also noticed
a comparable effect of equilibrium pH on the sorption of Pb(II)
with a progressive increase of metal sorption up to pH 3 followed
by a stabilization of sorption efficiency. In the case of Phozir en-
trapped in polysulfone capsules Ma et al. [29] observed a continu-
ous increase of the sorption efficiency with the initial pH (though
they did not discuss the results as a function of the equilibrium
pH).

ZrðHPO4Þ2 þ Pb2þ ! ZrPbðPO4Þ2 þ 2Hþ ð1aÞ

And by analogy with Cs [28]:

ZrðHPO4Þ2 þ Rbþ ! ZrRbHðPO4Þ2 þHþ ð1bÞ

In the case of AMP the ion exchange process takes place be-
tween the target metal cation and ammonium ion making the pH
variation less significant than that associated with the proton ex-
change occurring with Phozir. This may explain the minor pH
change observed for AMP-based sorbents. By analogy with Park
et al. [21]:

ðNH4Þ3PMo12O40 þ n Rbþ ! RbnðNH4Þ3�nPMo12O40

þ n ðNH4Þþ ð2Þ

Nilchi et al. [47] prepared AMP–polyacrylonitrile composites for
Cs sorption and observed a limited effect of pH on the distribution
coefficient. Chakravarty et al. [20] observed a more significant ef-
fect of pH on Cs distribution coefficient when using AMP impreg-
nated on alumina microspheres.

3.3. Sorption isothrms

Rubidium distribution between the liquid and solid phases at
equilibrium is described by the sorption isotherms obtained at
pH 3 (Fig. 8). Despite a little dispersion of data between the series,
the three sorbents have a very similar shape in terms of sorption
isotherms. The sorption isotherms are characterized by a sharp ini-
tial increase of the sorption capacity followed by a stabilization at
high Rb(I) residual concentration. This shape is characteristic of
Langmuir-type isotherms (compared to the exponential form of
Freundlich-type isotherms).

The isotherms have been modeled using the Langmuir
equation:

q ¼ ðqm � b CeqÞ=ð1þ b� CeqÞ ð3Þ

with q and qm are the sorption capacities (mmol Rb g�1) in equilib-
riumwith residual concentration Ceq (mmol Rb L�1) and at satura-
tion of the monolayer, respectively; b is the affinity coefficient
(L mmol�1). The parameters (i.e., qm and b) of the Langmuir equa-
tion for the different systems are reported in Table 1. The parameter
qm � b (also reported in the table) is representative of the initial
slope of the isotherm curves and is analogous to a distribution coef-
ficient (L g�1).

The maximum experimental sorption capacity is around
0.6 mmol Rb g�1 (i.e., 51 mg Rb g�1) for AMP-based sorbent and
reaches up to 0.7 mmol Rb g�1 (i.e., 60 mg Rb g�1) for Phozir-based

AMP + Rb(I)

Rb

Mo

Rb

Mo

P

P

Fig. 6. SEM–EDX analysis of AMP immobilized in alginate capsules after Rb(I) sorption: microphotograph of cross-section, X-ray diffraction pattern, element distribution, and
cross-section distribution of elements.



sorbent (intermediate value for mixed AMP + Phozir material).
Based on the solid content of the sorbents (inorganic ion-exchan-
ger mass against total biopolymer + inorganic ion-exchanger total
mass) close to 73%; the sorption capacities of these materials for
Rb(I) are varying between 0.82 and 0.96 mmol Rb g�1 of inorganic
ion-exchanger (i.e., 70 and 84 mg Rb g�1). These values are of the
same order of magnitude than those found in the literature for
the binding of Rb(I) and Cs(I) on AMP–alginate composite (i.e.,
0.55 mmol Rb g�1 and 0.65 mmol Cs g�1, respectively) [22]. The
amount of potentially exchangeable protons (for Phozir-based
materials) is close to 3.8 mmol exch. g�1 while the amount of
potentially exchangeable ammonium groups (for AMP-based
materials) is close to 1.2 mmol exch. g�1. This means that Phozir
has about three times more exchangeable reactive groups than
AMP in encapsulated materials while their effective maximum
sorption capacities are broadly similar. In both cases the maximum
sorption capacity is far below maximum exchangeable capacities,
probably reflecting the fact that a significant fraction of these
exchangeable groups are not available or accessible for interacting
with Rb(I). Indeed, Banerjee et al. [23] compared raw AMP (free
powder) and AMP-impregnated on resorcinol formaldehyde resins
for the binding of cesium. They observed that the stoichiometric
ratio at saturation of the AMP powder leads to the exchange of
nearly two of the three ammonium ions present in AMP. This inter-
pretation is also consistent with previous results on the ion ex-
change of Cs with AMP powder showing that 58% of
exchangeable ammonium ions were exchanged at saturation
[53]. The theoretical exchange capacity of AMP is
1.57 mmol eq. g�1. Based on the weight content of AMP in the
encapsulated material the theoretical exchange capacity of AMP-
encapsulated material is close to 1.1 mmol eq. g�1. The maximum
sorption capacity is close to 0.6 mmol Rb g�1; that is, means a sorp-
tion capacity close to 0.55 mmol Rb meq�1 (consistently with pre-
vious studies [23,53]). In the case of zirconium phosphate, Mrad
et al. [28] compared three ion-exchangers synthesized with differ-
ent procedures and characterized by different crystallinity. It was
found that their weight exchange capacities varied between 6.3
and 8.9 mmol eq. per g, depending on the specific phase. Jiang
et al. [54] compared Pb(II) sorption properties for two types of zir-
conium phosphate (amorphous and crystalline forms) and they ob-
served that the weight exchange capacity strongly decreased with
the increasing crystallinity of the ion-exchanger (1.5 versus
0.2 mmol eq. per g). These authors discussed the change in the
sorption capacity with reference to both the size of cavities in
the mineral phase and the hydrated/non-hydrated status of the
metal ions. Pan et al. [52] investigated the binding of a series of
divalent metal cations using amorphous zirconium phosphate.
They established by potentiometric titration that the proton ex-
change capacity was closed to 6.1 mmol g�1 while the maximum
amount of protons potentially released to the solution was close
to 3 meq g�1. The sorption capacity is close to 0.7 mmol Rb g�1;
this is far below the theoretical weight exchange capacity (in the
range 6–9 mmol eq. g�1). This discrepancy may be explained by
(a) the formation of aggregates that decrease the accessibility to
reactive groups and/or (b) the progressive decrease in the affinity
of the sorbent for target metal ions (as a result of the change in
the electronic environment of reactive groups when the sorbent
progressively saturates). In any case there is a large excess of
exchangeable sites compared to the amount of Rb(I) that could
be adsorbed at saturation.

The affinity coefficients are of the same order of magnitude for
the three sorbents (in the range 5.26–8.42 L mmol�1); these values
are slightly higher than those cited by Ye et al. [22] for Rb(I) (i.e.,
1.65–3.06 L mmol�1) and Cs(I) (i.e., 3.42–3.69 L mmol�1) using
AMP immobilized in alginate capsules. In the case of iron(III) hexa-
cyanoferrate(II) immobilized on polymethylmethacrylate the
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Table 1
Sorption isotherms – parameters of the Langmuir equation.

Sorbent qm (mmol Rb g�1)a b (L mmol�1) qm � b (L g�1) R2

Phozir 0.714 [61.1] 5.26 3.76 0.987
AMP 0.656 [56.1] 8.42 5.52 0.954
AMP + Phozir 0.735 [62.8] 6.64 4.88 0.984

a Number into brackets shows maximum sorption capacity in mg Rb g�1.



affinity coefficient was close to 2.1 L mmol�1 [18]. The term qm � b,
analogous to a distribution coefficient, is varying between 3.76 and
5.52 L g�1 for the three sorbents.

3.4. Uptake kinetics

Uptake kinetics can be controlled by a series of different diffu-
sion steps: (a) bulk diffusion (in the reactor volume), film (or exter-
nal) diffusion, and intraparticle diffusion; apart of chemical
reaction that may contribute to the control of mass transfer.

Changing the size of the particles, modifying the physical state
of the particles with different modes of drying the composite beads
offer various strategies that can be used for evaluating the contri-
bution of the resistance to intraparticle diffusion on the control of
uptake kinetics. Figs. 9–11 compare the kinetic profiles for the
three sorbents for both large (L) and small beads (S under similar
experimental conditions for materials that were used as produced
(WB, wet beads), air-dried (DB, dried beads), freeze-dried (FB).
Small beads reach the equilibrium within the first 2 h of contact
while large beads require increasing the contact time to 4–6 h, un-
der selected experimental conditions. This provides direct evidence
that the resistance to intraparticle diffusion plays an important
role in the control of mass transfer. Conversely, the comparison
of small beads, either wet or dried using different methods shows
that the type of drying does not affect the uptake kinetics. In many

cases, the freeze-drying technique allows minimizing the capillary
forces that appear when drying biopolymer gels. This contributes
to prevent or minimize the collapse of theinitial structure of the
hydrogel. As a consequence the kinetics of sorption are generally
faster when the hydrogel is freeze-dried and rehydrated than in
the case of a hydrogel dried at room temperature (or in an oven)
and subsequently rehydrated [55]. In the present case the
freeze-drying does not significantly affect the kinetic profile of
Rb(I) sorption, regardless of the type (or combination) of inorganic
ion-exchanger that was immobilized in alginate capsule. Presumably,
this can be probably explained by the presence of rigid inorganic
particles that prevent the collapse of the structure and maintain
(at least partially) the initial porous structure of the composite
material. A similar effect was observed for chitosan hydrogel par-
ticles that were dried in the presence of sucrose: the gel beads
were immersed in a concentrated solution of sucrose before being
dried. After rehydration (and partial restoration of the initial size of
the beads) the kinetic profiles that were obtained for the sorption
of Pd(II) and Pt(IV) were intermediary between air-dried and
freeze-dried materials [55]. The presence of sucrose crystallized
during the drying step in the porous network contributed to pre-
vent the collapse of the structure. Phozir and AMS, as rigid crystal-
line phases, are probably playing the same role in the present case.
It is noteworthy that the profiles for the wet materials are superim-
posed to the other sorbents in the initial section of the curves
(within the first hour of contact) while the second section tends
to level off faster than for the others and equilibrates within
60 min of contact but at a residual concentration that was slightly
higher than the levels reached with dried beads and freeze-dried
beads. The slightly less favorable behavior of wet beads in terms
of equilibrium performance may be attributed to the difficulty to
achieve a constant mass of sorbent: with dried materials the accu-
rate weighing of the beads is much easier than in the case of wet
materials that contain variable water content (within and at the
surface of the materials). A slight overestimation of the amount
of sorbent effectively dropped into the solution may cause the
slight shift towards higher equilibrium concentration. The faster
contact time for equilibrium confirms that the resistance to
intraparticle diffusion has a non-negligible effect on mass transfer
but the presence of solid particles in the biopolymer network al-
lows maintaining high mass transfer properties and minimizing
the collapse of the structure when drying (irrespective of the meth-
od used for that purpose).

The intraparticle diffusion coefficient (De, effective diffusivity,
m2 min�1) was determined using Crank’s equation, assuming the
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Fig. 9. Influence of material conditioning on Rb(I) uptake kinetics using Phozir
immobilized in alginate capsules (pH 3; C0: 20 mg Rb L�1; SD: 400 mg sorbent L�1;
DB: dried beads, WB: wet beads, FB, freeze-dried beads, DBL: dried beads large size,
WBL: wet beads large size).
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Fig. 10. Influence of material conditioning on Rb(I) uptake kinetics using AMP
immobilized in alginate capsules (pH 3; C0: 20 mg Rb L�1; SD: 400 mg sorbent L�1;
DB: dried beads, WB: wet beads, FB, freeze-dried beads, DBL: dried beads large size,
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solid to be initially free of metal, and the kinetics to be controlled
by intraparticle diffusion resistance [56]:

qðtÞ
qeq
¼ 1�

X1
n¼1

6aðaþ 1Þ exp �Deq2
nt

r2

� �

9þ 9aþ q2
na2 ð4Þ

q(t) and qeq are the concentrations of the metal in the resin at time
and equilibrium, respectively, r is the radius of the particle and qn

non-zero roots of the equation:

tan qn ¼
3qn

3þ aq2
n

ð5Þ

The equation was applied for determining the diffusion coeffi-
cient for all kinetic data using the software package Mathematica�.
An example of data fitting is shown in Section 2.1 (Fig. AM4). Ta-
ble 2 reports the values of the intraparticle diffusion coefficients
based on the results of Figs. 9–11. As expected the intraparticle dif-
fusion coefficient increases with wet material (in the range
17.5 � 10�10–26.1 � 10�10 m2 min�1) while for air-dried and
freeze-dried beads the values are roughly the same (in the range
2.4 � 10�10–8.2 � 10�10 m2 min�1). On the other hand for coarse
beads (L) the intraparticle diffusivity coefficients are significantly
decreased (by a factor of ca. 2) for wet materials. For air-dried
materials the intraparticle diffusion coefficients are roughly the
same for small and coarse beads, whatever the inorganic ion-ex-
changer immobilized in alginate capsules.

3.5. Dynamic studies: breakthrough curves and desorption profiles

The breakthrough curves were obtained for Phozir and AMP
based materials (Fig. 12). Both Phozir and AMP profiles are charac-
terized by (a) a first step where Rb(I) was completely removed by
the sorbent, (b) a breakthrough occurring after 4 and 9 h for Phozir
and AMP, respectively (i.e., approximately 200 and 500 BVs, bed-
volumes), (c) a progressive increase of the outlet concentration (al-
most linear for AMP and curved for Phozir-based materials), and
(d) the saturation of the sorbent occurring at about 54 h (i.e.,
around 3000 BVs for AMP and around 200 BVs for Phozir). The
mass balance equation (comparing initial metal concentration
and metal concentration in the collector of waste solutions) leads
to estimates of Rb(I) binding close to 22 mg for Phozir-based and
close to 36 mg for AMP-based materials. These values can be com-
pared with those deduced from the sorption isotherms; specifi-
cally, for a residual concentration of 25 mg Rb L�1 (i.e.,
0.3 mmol Rb L�1) the sorption capacities should be close to 37
and 40 mg Rb g�1 for Phozir and AMP, respectively (i.e., 0.44 and
0.47 mmol Rb g�1 for Phozir and AMP, respectively). Therefore,

the sorption capacity is in agreement with theoretical predictions
for AMP-based material but significantly lower for Phozir-based
materials.

The studies in batch reactors have shown kinetic profiles that
were much closer between Phozir and AMP-based materials than
the breakthrough curves obtained in the dynamic mode. Specifi-
cally, AMP-based sorbent shows a much greater efficiency than
those based on Phozir, e.g., delayed breakthrough and saturation
times. The saturation of thesorbent would require installing 5–6
columns in series for AMP and about 8–10 columns in series for
Phozir-based sorbent (in order to achieve both the complete recov-
ery of Rb(I) and the saturation of the sorbent in the first column;
full use of the column and total metal recovery).

Metal desorption can be operated using ammonium chloride (or
nitrate) as shown by Nilchi et al. [47] for Cs(I) sorption and desorp-
tion using AMP immobilized in polyacrylonitrile beads. Ammo-
nium chloride was also cited as a good eluent for AMP–silica gel
(prepared by the sol–gel method) sorbents [57]. For cesium
desorption from potassium copper–nickel hexacyanoferrate(II)
sorbent, Ishfaq et al. [58] showed that nitric acid can be efficiently
used. For desorption of uranium from zirconium phosphate sor-
bent, Borovinskii et al. [59] suggested using 2 M nitric acid solu-
tions. In the case of alginate–AMP composite Mimura et al. [48]
proposed using a mixture of ammonium chloride and nitric acid
for the elution of Cs(I) from loaded particles. Specifically, nitric acid
was used in an attempt to prevent the excessive swelling of the
biopolymer beads during the desorption step. For our experiments
we also used a mixture of ammonium chloride and nitric acid
(Fig. 13). Metal desorption was quite efficient in terms of concen-

Table 2
Intraparticle diffusion coefficient (Crank’s equation) – modeling of uptake kinetics.

Sorbent Intraparticle diffusion
coefficient
Deff � 1010 (m2 min�1)

Mean square
of residuals (MSR)

Phozir DB 8.21 0.038
Phozir WB 26.1 0.028
Phozir FB 4.78 0.023
Phozir DBL 7.31 0.048
Phozir WBL 14.6 0.022
AMP DB 2.40 0.026
AMP WB 19.0 0.024
AMP FB 2.60 0.032
AMP DBL 2.97 0.042
AMP WBL 8.45 0.023
Phozir + AMP DB 3.32 0.073
Phozir + AMP WB 17.5 0.054
Phozir + AMP FB 3.73 0.023
Phozir + AMP DBL 4.29 0.020
Phozir + AMP WBL 8.40 0.032
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tration effect. More than 95% of the total stripping occurred within
the first 10 BVs for Phozir-based sorbent and peak concentration
was over 3 g Rb L�1. The mass balance applied to the desorption
step showed that more than 95% of the metal that was initially
bound was desorbed from the column. In the case of AMP sorbent
the results are slightly less attractive: total removal reached 70%
after 50 BVs, the peak concentration reached almost 5 g L�1 but
the desorption profile is characterized by a long tail that demon-
strates that a fraction of Rb(I) remained in the sorbent and required
larger volumes of eluent.

4. Conclusion

Ammonium molybdophosphate and zirconium phosphate ion-
exchangers can be efficiently embedded in alginate capsules for 
preparing Rb(I) sorbents. The combination of AMP and Phozir in 
the same encapsulate does not change significantly their sorption 
behavior. SEM and SEM–EDX analyses show that (a) the inorganic 
ion-exchangers are homogeneously distributed in the capsules and 
(b) the metal can also be bound homogeneously in the whole vol-
ume of the sorbent. The metal can be sorbed at pH 3: AMP-based 
sorbent being less sensitive to pH than Phozir-based counterpart. 
The sorption isotherms are described by the Langmuir equation 
and the maximum sorption capacity varies between 0.65 and 
0.74 mmol Rb g�1 (i.e., 56–63 mg Rb g�1). Uptake kinetics is con-
trolled by the intraparticle diffusion as shown by the effect of par-
ticle size. Compared to the dramatic loss of porosity that may occur 
in dried alginate beads, the presence of inorganic rigid particles in 
the biopolymer capsules limits the adverse effects of the drying 
process, by preventing the collapse of the porous network. The 
freeze-drying procedure does not improve the mass transfer prop-
erties: the solid particles contribute to preventing the collapse of 
the porous structure during the drying step. As a consequence, 
the kinetic profiles (and the intraparticle diffusion coefficients) 
are not impacted by the drying method; though the intraparticle 
diffusion coefficients are significantly higher for wet beads (against 
dried materials). Breakthrough curves confirm the interest of these 
granular composites for the recovery of Rb(I) in dynamic systems: 
higher efficiency of AMP- versus Phozir-based sorbent. Ammonium 
chloride combined with nitric acid allows desorbing Rb(I) from 
loaded sorbents: the desorption was easier for Phozir (complete) 
than for AMP (partial; i.e., 70%). Complementary investigations 
are necessary for evaluating the life cycle of the sorbents and opti-
mizing the desorption step. These materials could be used for ana-
lytical processes (selective pre-concentration) or for recovery of 
radionuclides (applications currently under investigation).
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