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a  b  s  t  r  a  c  t

Prussian  blue  (PB)  was  immobilized  in alginate  capsules.  The  composite  sorbent  was  used  for  the  recovery
of  Tl(I)  ions  from  slightly  acidic  solutions:  optimum  pH  being  close  to 4. The  sorption  isotherm  can  be
described  by  the  bi-site  Langmuir  sorption  isotherm.  This means  that  the metal  ion  can  be bound  through
two  different  sorption  sites:  one  having  a strong  affinity  for Tl(I)  (probably  PB),  the  other  having  a lower
eywords:
hallium
lginate
orption isotherms
ptake kinetics

affinity  (probably  the  encapsulating  material).  The  kinetics  are  described  by  either the  pseudo-second
order  rate  equation  or  the Crank’s  equation  (resistance  to intraparticle  diffusion).  The  ionic  strength
(increased  by  addition  of NaCl,  KCl  or CaCl2) slightly  decreased  sorption  capacity.  The  SEM-EDX  analysis
of  PB-alginate  capsules  (before  and  after  Tl(I) sorption)  shows  that the PB is  homogeneously  distributed
in  the  capsules  and that all reactive  groups  remain  available  for metal  binding.
EM-EDX analysis

. Introduction

The regulations concerning the discharge of metal ions in the
nvironment are becoming more and more stringent due to their
umulative effect in the food chain and their harmful effect on
uman beings. These reasons make the development of new pro-
esses for the recovery of metal ions from industrial wastewater
nd/or the removal from water supply facilities an important chal-
enge. Thallium has recently received a great attention due its
resence in many ores (Lopez Anton, Spears, Diaz Somoano, &
artinez Tarazona, 2013), where the leaching may  cause metal

elease and contamination of water bodies (Xiao, Yang, Li, Zheng,
 Ning, 2012); it is also produced or used in industries such as
lectronics, glass and drug production. The maximum contami-
ant level (MCL) was defined to 2 �g L−1 by U.S. Environmental
rotection Agency (considering that the maximum contaminant
evel goals, MCLG should be 0.5 �g L−1). Due to its bioaccumula-
ion in the food chain and its effects on environment and human
eings (Domingo, Perello, & Gine Bordonaba, 2012; Rodriguez-
ercado & Altamirano-Lozano, 2013; Turner & Furniss, 2012);

here is a major concern in recovering thallium from wastewa-

er.

Thallium can be recovered from solution through different
echanisms including solvent extraction (Fang, Liu, Yang, Xiong,
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& Zang, 2009; Liu, Fang, Li, Yang, & Zang, 2005; Rajesh &
Subramanian, 2006), biosorption (Memon, Memon, Solangi, &
Memon, 2008; Nayak & Lahiri, 2005; Sheibani & Zare-Khormizi,
2012; Zolgharnein, Asanjarani, & Shariatmanesh, 2011), sorp-
tion on mineral sorbents(Borcia, Popa, Pavel, Dascalu, Vitelaru, &
Apetrachioaei, 2011; Senol & Ulusoy, 2010; Trokhimenko, Sukhan,
Nabivanets, & Ishchenko, 2000; Zhang, Huang, Liu, Zhang, &
Li, 2011), or resins (Hassanien, Kenawy, El-Menshawy, & El-
Asmy, 2007; Jacobson, Klitzke, McBride, Baveye, & Steenhuis,
2005). In addition, several studies have focused on the decor-
poration of thallium or cesium (Faustino et al., 2008), as the
result of Cs or Tl radionuclide intake after nuclear accidents (such
as Chernobyl (Ukraine), Goiânia (Brazil) or Fukushima (Japan))
or major radiological incident. This decorporation is generally
processed by absorption of Prussian blue (PB, ferric hexacyanofer-
rate, Fe4(III)[Fe(II)(CN)6]3). PB contributes to bind Cs or Tl through
chemical ion exchange, physical adsorption or ion trapping. This
affinity of hexacyanoferrate-based ion-exchangers (PB analogues,
playing with the substitutes of Fe(III)) for Cs(I), Rb(I) or Tl(I) has
been used for elaborating a number of sorbents based on free insol-
uble micro-particles (Ismail, El-Sourougy, Moneim, & Aly, 1998;
Yang et al., 2008). Managing systems that involve micro-particles
at large scale reveals difficult due to solid/liquid separation issues
(in batch systems), column clogging and hydrodynamic issues (in

fixed-bed systems). This is the reason that may explain that many
studies focused on the immobilization of the ion-exchangers on dif-
ferent supports (Chang, Chau, Hu, Wang, & Liao, 2008; Nilchi, Saberi,
Moradi, Azizpour, & Zarghami, 2011; Taj, Muhammad, Chaudhry,
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 Mazhar, 2011; Vrtoch, Pipíška, Horník, Augustín, & Lesný, 2011).
he challenge is optimizing the retention of nano- and/or micro-
articles while maintaining high mass transfer properties.

The present study deals with the synthesis of PB-alginate com-
osite capsules and their testing for thallium binding from slightly
cid solutions. Alginate is a biopolymer that was frequently used
or immobilizing cells and enzymes (Andersen, Melvik, Gasered,
lsberg, & Christensen, 2012; Martinez et al., 2012), extract-
nts (Guibal, Vincent, & Jouannin, 2009; Mimura, Ohta, Akiba, &
nodera, 2001), ion-exchangers (Ye et al., 2009): The material to
e encapsulated is mixed with the alginate solution before being
istributed into a ionotropic gelation solution (for example CaCl2)
Agulhon, Markova, Robitzer, Quignard, & Mineva, 2012). This

ethod is simpler than that proposed by Tokarev et al. (2012) who
roposed the in situ synthesis of PB in the biopolymer matrix. Scan-
ing electron microscopy (coupled with energy dispersive X-ray
nalysis, SEM-EDX) is used for characterizing the materials (dis-
ersion of ion-exchanger in the capsules, distribution of thallium

n the loaded capsules). Thallium sorption is investigated consid-
ring the effect of pH, and of the presence of competitor cations
i.e., K+, Na+ and Ca2+). The sorption isotherms are discussed and

odeled using the bi-site Langmuir equation. Uptake kinetics are
ompared for different particle sizes and different metal concentra-
ions; kinetic profiles are modeled using the pseudo-first order and
he pseudo-second order rate equations, and the Crank’s equation
resistance to intraparticle diffusion).

. Material and methods

.1. Materials

Alginic acid (sodium salt) was supplied by Acros organics
Switzerland). Iron chloride (FeCl3,6H2O) was purchased from
hem-Lab (Belgium) and kalium hexacyanoferrate(II)-3-hydrate
K4[Fe(CN)6],3H2O) from Riedel-de-Haen (Germany). Thallium
hloride and rubidium chloride were supplied by Alpha-Aesar
France) and dissolved in sulfuric acid solution or hydrochloric
cid solution (respectively). Calcium chloride (CaCl2,6H2O), sodium
hloride (NaCl) were purchased from Fluka A.G. (Switzerland) and
otassium chloride (KCl), from Carlo Erba (Italy).

Prussian blue was synthesized by dissolving 10 g of
4[Fe(CN)6],3H2O in 100 g of demineralized water and dis-
olving separately 26 g of FeCl3,6H2O in 100 g of demineralized
ater. The potassium hexacyanoferrate solution was added drop

y drop to the iron chloride solution. The final solution was then
trongly agitated using an Ultra-Turrax agitator for 10 min. Finally
he slurry was maintained under agitation (blade agitator) for
ne hour. The precipitate of PB was recovered by centrifugation
6000 rpm) and rinsed with demineralized water. The washing
tep was repeated four more times.

The encapsulation of the PB was operated using a two steps
rocedure. First a volume of 250 mL  of an alginate solution (4 g
f alginate in 330 g of demineralized water till complete dissolv-
ng) was added to the PB (suspended in 250 mL  of water) under
trong agitation (Ultra-Turrax). In a second step, the PB-alginate
ixture was distributed through a thin nozzle into an ionotropic

elation solution (0.1 M calcium chloride solution). Several sizes
f beads (i.e., S: 63–180 �m;  M:  700–100 �m;  L: 1–2 mm)  were
repared using, for the small and medium size lots, a concentric

njector with an air flow at the shell size: the air flow induces the
all of the composite PB-alginate drops before they fall by their

wn weight. The beads remained in the ionotropic gelation bath
vernight before being rinsed with demineralized water and being
reeze-dried. Alginate gel beads (without encapsulation of PB) were
lso prepared following exactly the same procedure, in order to
lymers 99 (2014) 517– 526

evaluate the relative contributions of the encapsulating material
and the ion-exchanger.

2.2. Characterization of materials

The morphology and the elemental distribution of mineral sor-
bents and Tl in the composite materials were determined with
a Scanning Electron Microscope coupled with an Energy Disper-
sive X-ray analysis system (SEM-EDX). These data were obtained
by using an Environmental Scanning Electron Microscope (ESEM)
Quanta FEG 200, equipped with an OXFORD Inca 350 Energy Dis-
persive X-ray microanalysis (EDX) system. The SEM observations
were performed on the cross-section of the capsules (made by
cutting with a thin-slice cutter under a binocular microscope).
Using environmental SEM allowed the direct observations of mate-
rials, without prior metallization of the samples. The topography
of the samples was observed using secondary electrons while the
backscattered electrons were used for the identification and local-
ization of heavy metals at the surface of the materials (by phase
contrast). SEM-EDX analysis allowed to determine the distribution
of elements on the cross-section by using mapping facilities and
semi-quantitative analysis of the target metal Tl and that of major
component of the ion-exchanger; i.e., Fe.

In addition, the content of iron (as a tracer of the ion-exchanger)
was determined by ICP-AES after mineralization. Fifty mg  of sor-
bent were mixed under heating with 2 mL  of sulfuric acid (96%
w/w). One mL  of hydrogen peroxide (130 volumes) was added
to the slurry when appeared white smokes. The operation was
repeated three other times until complete disappearance of white
smokes (this corresponded to a volume of 4 mL  of hydrogen per-
oxide). The final mixture was  filtered and the dark filtrate was
recovered, the volume was  adjusted to 25 mL  with demineralized
water and the solution was  analyzed by ICP-AES for determination
of Fe and K content.

2.3. Sorption experiments

For the study of pH effect, 50 mL  of 50 mg  L−1 Tl(I) solutions at
different pHs (between one and six) were mixed using a recip-
rocal shaker with 50 mg  of sorbent (dried beads) for 3 days. The
sorbent beads were removed by filtration on 1 �m pore size mem-
brane and the filtrate was analyzed for residual Tl concentration
using an inductively coupled plasma atomic emission spectrom-
eter (ICP-AES, Jobin-Yvon Activa M).  The pH was  not controlled
during the sorption but the final pH was recorded. The influence
of the presence of competitor cations (Ca(II), Na(I) and K(I)) and
ionic strength was tested comparing the sorption capacities and
sorption yields for 80 mg  Tl L−1 solutions at pH 4 completed with
increasing amounts of salts (CaCl2, NaCl and KCl)(sorbent mass:
50 mg;  volume of solution: 50 mL;  contact time: 3 days).

For sorption isotherms 50 mg  of sorbent (m)  were mixed with
50 mL  (V) of Tl(I) solutions at different initial concentrations (C0,
ranging between 10 and 500 mg  Tl L−1) for 3 days. The pH of the
solutions was set at 4. After filtration, the residual concentration
(Ceq, mg  Tl L−1 or mmol  Tl L−1) was determined by ICP-AES and the
sorption capacity (q, mg  Tl g−1 or mmol  Tl g−1) was calculated by
the mass balance equation: q = (C0−Ceq) V/m. For testing the sorp-
tion properties of raw alginate beads (without incorporation of
PB) 100 mg  of freeze-dried calcium alginate beds were maintained
under agitation for 2 days in 50 mL  of Tl(I) solutions at pH 4 (con-
centration range 100–400 mg  Tl L−1). Residual concentration was

measured by ICP-AES and the mass balance equation was used for
calculating the sorption capacity. Some experiments were also per-
formed using equimolar concentrations of Tl(I) and Rb(I) for testing
sorption selectivity.
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Fig. 1. SEM-EDX analysis of sorbent before and after Tl(I) so

For uptake kinetics a given amount of sorbent (100 or 200 mg)
ere mixed with 500 mL  of Tl(I) solutions (C0: 20 mg  Tl L−1) at pH

. Samples were collected at fixed times and the residual concen-
rations were determined by ICP-AES after filtration. Experiments
ere performed with the different capsule sizes (dry materials).

. Results and discussion

.1. Sorbent characterization

The mineralization of alginate-encapsulated PB allowed analyz-
ng the elements present in the materials, and more specifically K
nd Fe as the tracers of the precursor (K, for potassium ferrocyanide)
nd PB (Fe). Very small concentrations of K were detected in the
olutions, corresponding to concentrations below 0.02 mmol  K g−1

less than 0.8 mg  K g−1). These values confirm that the precursor
as negligible in the final material and that the PB was under its

nsoluble form. On the other hand, Fe concentration in the solid was
.15 ± 0.04 mmol  Fe g−1 (i.e., 119.9 ± 2.1 mg  Fe g−1). Based on the
olecular weight of insoluble PB (Fe(III)4[Fe(II)(CN)6]3; i.e., MW:
59.3 g mol−1), this corresponds to 0.307 mmol  ± 0.005 PB g−1 (or
63.5 ± 4.6 mg  PB g−1). These values are higher than those cited
or the incorporation of PB analogue in silica- or glass-based
ano-composites (about 10% w/w) (Delchet et al., 2012).
n: XRD pattern, SEM photograph and element cartography.

Figs. 1 and 2 show that both Fe element (tracer of PB) and Tl element
are homogeneously distributed in the whole mass of the sorbent.
This means that the PB is homogeneously distributed in the com-
posite material and that all reactive groups remain accessible for
Tl(I).

3.2. pH effect

Fig. 3 shows the limited effect of pH on Tl(I) sorption capac-
ity of alginate-encapsulated PB (from 71% to 94%, under selected
experimental conditions). A small increase in recovery efficiency is
observed when the pH increases: from 35 to 45 mg  Tl g−1. It is note-
worthy that the sorption process causes a significant change in the
pH above pH 3.5: in the pH range 1–3.5 the pH variation remains
negligible while between pH 4 and pH 6.5 the pH tends to stabi-
lize in the range 3.7–4 (Fig. 4). The sorbent has a kind of buffering
effect above pH 4, probably due to the pKas values of carboxylic
acids (i.e., mannuronic and guluronic acids, 3.38 and 3.65, respec-
tively (Davis, Volesky, & Mucci, 2003) present on the biopolymer.
Haug observed that when a metal salt solution is added to a half

neutralized sample of alginic acid the pH decrease depends on the
affinity between the alginate and the metal ion (Haug, 1961). The
pH variation may  be due to proton binding and to metal exchange.
The choice of an acidic pH is controlled not only by the efficiency
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Fig. 2. SEM-EDX analysis of sorbent after Tl(I) sorption: Distr

f the ion-exchanger but also by the stability of the encapsulating
aterial: in alkaline solutions the biopolymer tends to dissolve and

o limit the stability of the composite sorbent.

The investigations on Tl(I) sorption using different sorbents have

hown a great variability in the optimum pH: pH 1.5 for specific
itanosilicate (Borcia et al., 2011), pH 2–7 for Ca-alginate beads (but
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n of Fe element (tracer of the ion-exchanger) and Tl element.

pH was not controlled/measured at equilibrium) (Nayak & Lahiri,
2005), pH 3–7 for polyurethane foams loaded with molybdophos-
phate (Trokhimenko et al., 2000), pH 3–7 for copper ferrocyanide
immobilized on mesoporous silica (Sangvanich et al., 2010), and pH
5–9 for sawdust (Memon  et al., 2008).

Further experiments have been performed at pH 4 based on the
relative stability of the pH and the optimum efficiency of sorption.

3.3. Effect of competitor ions

The presence of competitor ions or salts in large excess com-
pared to thallium may  strongly interfere with its sorption. In
order to evaluate the selectivity or the sensibility of the com-
posite sorbent for thallium the sorption capacity of the metal
was evaluated in the presence of increasing concentrations (in
the range 0.1–1 M)  of calcium chloride, potassium chloride and
sodium chloride (Fig. 5). In the range 0–0.25 M Tl(I) sorption capac-
ity hardly decreased while above 0.25 M,  it tended to decrease
(especially with calcium chloride and potassium chloride). How-
ever, the decrease in sorption capacity did not exceed 30% (from 52
to 37 mg  Tl g−1) when the concentration of added salts reached 1 M.
Increasing the concentration of salt induced a progressive decrease
of the recovery efficiency; however, this decrease did not exceed
32% (from 65% to 45%). There was not clear trend on the relative
competitor effect of the different salts added to thallium solution:
sodium chloride having a slightly less competitor effect than potas-
sium and calcium chloride salts.

The distribution coefficient, Kd (mL  g−1) defined by the ratio
q/Ceq, can be compared for the different systems under comparable
experimental conditions. As expected increasing the concentra-
tion of competitor cations (to 0.5–1 M)  resulted in a decrease of
the distribution coefficient from 1.89 × 103 mL  g−1 to 1–1.2 × 103,
0.7–0.9 × 103 and 0.9–1.2 × 103 mL g−1 for CaCl2, KCl and NaCl,
respectively. This confirms that the ionic strength of the solution
and the presence of competitor cations influence Tl(I) sorption;
however, even with large excess of competitor cations (about 2500
times) the sorbent maintains a good selectivity for thallium.

The fact that the composite sorbent maintained good sorption
properties, even in the presence of several tens of grams of salt
means that the material is quite efficient for the decontamination
of complex media, such as brines, sea water and so on.
3.4. Uptake kinetics

Uptake kinetics is an important criterion for the design of a sorp-
tion system. It may be controlled by the resistance to external film
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iffusion, the resistance to intraparticle diffusion and reaction rate.
he sorption kinetics were modeled using the pseudo-first order
ate equation (Sheha, 2012), the pseudo-second order rate equa-
ion (Ho, 2006), and the simplified intraparticle diffusion equation
sorption capacity plotted versus the square root of contact time)
Crank, 1975). The testing of these models showed that the pseudo-
econd order rate equation was systematically more appropriate
or modeling the kinetic profiles.

Pseudo-first order rate equation (PFORE):

dq(t)
dt

= k1(qeq − q(t)) (1a)

After integration:

(t) = qeq (1 − e−k1t) (1b)

Pseudo-second order rate equation (PSORE)

dq(t)
dt

= k2(qeq − q(t))2 (2a)

After integration:

(t) = q2
eqk2t

1 + qeqk2t
(2b)

here qeq (mg  g−1) is the sorption capacity at equilibrium (cal-
ulated value from experimental data), k2 (g mg−1 min−1) is the
seudo-second order rate constant.
For both PFORE and PSORE the parameters were determined
sing the software package Mathematica® on non-linearized forms
f relevant equations.

Resistance to intraparticle diffusion equation (RIDE)
Fig. 6. Comparison of PSORE (dotted lines), PFORE (dashed lines) and RIDE (solid
lines) models for the simulation of uptake kinetics using alginate-encapsulated PB
(initial section of the kinetic profiles).

The intraparticle diffusion coefficient (De, effective diffusivity,
m2 min−1) was determined using Crank’s equation, assuming the
solid to be initially free of metal, and the kinetics to be controlled
by intraparticle diffusion resistance (Crank, 1975):

q(t)
qeq

= 1 −
∞∑

n=1

6˛(  ̨ + 1)exp
(
−Deq2

nt/r2
)

9 + 9  ̨ + q2
n˛2

(3a)

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

non-zero roots of the equation:

tan qn = 3qn

3 + ˛q2
n

(3b)

This equation was  applied for determining the diffusion coeffi-
cient for all kinetic data using the software package Mathematica®.

Fig. 6 shows an example of modeling of the initial sections of
uptake kinetics using the three equations. Clearly, the best fit of
experimental data was  obtained using the pseudo-second order
rate equation (PSORE). Indeed, though all models gave appropriate
description of the uptake profiles in the first minutes of contact
both the pseudo-first order rate equation (PFORE, or so-called
Lagergren’s equation) and the resistance to intraparticle diffusion
equation (RIDE) tended to overestimate thallium binding in the
curved part of the uptake profile. The PSORE shows much closer
fit of experimental data in this critical zone of the uptake profile,
especially for initial section of the curve; more discrepancies appear
at long contact time (approaching the equilibrium). The difficulty to
fit experimental data with the different models suggests that sev-
eral mechanisms may  be involved in the control of uptake kinetics,
based on resistance to diffusion, on chemical reaction rate and the
possible contribution of different reactive groups (see below the
discussion of sorption isotherms) that may  have different kinetic
characteristics.

The kinetic profiles have been compared at different metal con-
centrations for three sizes of sorbent (Figs. 7–9). The kinetics were
mainly affected by the particle size in the initial section of the
curves: the kinetic profiles overlapped for medium (M) and large
(L) size particles while small size particles showed much faster ini-
tial sorption. Decreasing the size of sorbent particles increases the
surface of contact between the particles and the solution: this con-
trols the resistance to film diffusion. On the other hand the size

of sorbent particles may affect the resistance to intraparticle diffu-
sion by increasing the diffusion length to the center of the particles.
However, this mechanism of resistance to intraparticle diffusion is
usually expected to be predominant in the second part of the kinetic
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rofile; the effect of particle size is thus probably attributable to a
ontribution of the resistance to film diffusion.

Tables 1–3 report the parameters of the different models for
he different sizes of sorbent particles and for different metal
oncentrations. The comparison of the experimental equilibrium
orption capacity with the corresponding calculated value is a
rst tool for comparing PFORE and PSORE. Systematically, the
FORE model underestimated the sorption capacity at equilib-
ium to a greater extent than the PSORE. This is consistent with

he comparison on the experimental curves with the fitted curves
n Fig. 6 (also found for other experimental conditions). The
SORE kinetic coefficient (i.e., k2) varied between 3.5 × 10−4 and
.8 × 10−3 g mg−1 min−1: the smallest particles having the highest

able 1
inetic parameters—PFORE.

C0 (mg  Tl L−1) Size qe,exp (mg  Tl g−1) qe,ca

20 L 47.3 39.7
20  M 44.5 38.1
20  S 46.4 37.5
35  L 42.9 35.6
35  M 47.5 38.6
35  S 46.9 38.1
50  L 44.3 41.3
50  M 54.7 47.2
50  S 49.5 44.3
4;  sorbent dosage, SD: 0.4 g L−1; solid lines: modeling of the kinetic profiles using
the Crank’s equation (RIDE); dotted line: modeling of the kinetic profiles sing the
pseudo-second order rate equation (PSORE)).

coefficients as expected from Figs. 7–9. The PFORE kinetic coeffi-
cient (i.e., k1) varied between 0.013 and 0.17 min−1; this is of the
same order as the value cited for Tl(I) sorption on sawdust (i.e.,
0.14 min−1) (Memon  et al., 2008). The PFORE was  also used for fit-
ting Tl(I) sorption kinetics using ETS-10 titanosilicate (Borcia et al.,
2011). The comparison of kinetic coefficients for both PFORE and
PSORE (i.e., k1 and k2) confirms the observation of the kinetic pro-
files: smallest particles have a significantly higher value than large
and medium size sorbents. On the opposite hand the intraparticle
diffusion coefficient decreased with decreasing the size of sorbent
particles (Table 3). The variation of the intraparticle diffusion coef-
ficient ranges between 0.27 × 10−11 and 2.21 × 10−9 m2 min−1; this
is 2 to 4 orders of magnitude lower than the intraparticle diffusivity
of Tl(I) in water (i.e., 1.19 × 10−7 m2 min−1) (Marcus, 1997).

3.5. Sorption isotherms

The sorption isotherms can be modeled using a huge number of
equations (Tien, 1994). However, the Langmuir and the Freundlich
equations are the most frequently used when considering metal
sorption processes. Fig. 10 shows the sorption isotherm obtained
for Tl(I) sorption on alginate encapsulated PB at pH 4. The isotherm
was characterized by a steep initial slope followed by a progressive
saturation.

Langmuir equation:

q = qmbCeq

1 + bCeq
(4)

where qm (sorption capacity at monolayer coverage, mg  g−1, or

mmol  g−1) and b (affinity coefficient, L mg−1 or L mmol−1) are the
parameters of the model.

Fig. 10 shows the modeling of sorption isotherms for Tl(I) bind-
ing using the PB-alginate capsules. The dotted lines show the

lc (mg  Tl g−1) k1 × 102 (min−1) Estimated variance

 1.70 18.1
 1.37 12.1
 8.14 24.6
 3.29 15.4
 2.37 22.6
 11.1 28.9
 3.23 14.8
 2.22 27.3
 17.0 20.2
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Table  2
Kinetic parameters—PSORE.

C0 (mg  Tl L−1) Size qe,exp (mg  Tl g−1) qe,calc (mg  Tl g−1) k2 × 104 (g mg−1 min−1) Estimated variance

20 L 47.3 44.5 3.5 6.9
20  M 44.5 43.2 4.8 3.7
20  S 46.4 40.1 27.0 11.8
35  L 42.9 39.4 10.6 5.7
35  M 47.5 43.1 7.0 9.6
35  S 46.9 40.7 38.1 13.6
50  L 44.3 44.2 11.5 9.5
50  M 54.7 52.2 58.2 12.3
50  S 49.5 46.6 53.7 6.2

Table 3
Kinetic parameters–RIDE.

C0 (mg  Tl L−1) Size De × 1010 (m2 min−1) Estimated variance

20 L 1.52 0.084
20  M 0.78 0.045
20  S 0.043 0.265
35  L 10.8 0.158
35  M 2.3 0.155
35  S 0.15 0.369
50  L 22.1 0.091
50  M 3.1 0.124
50  S 0.53 0.168

Table 4
Tl(I) sorption isotherms—parameters of the Langmuir and bi-site Langmuir models.

Langmuir Langmuir bi-site

qm (mg  Tl g−1) b (L mg−1) MSR  qm1 (mg  Tl g−1) b1 (L mg−1) qm2 (mg Tl g−1) b2 (L mg−1) MSR

103.0 0.0776 186.2 50.9 1.65 74.1 0.0075 15.5
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31.5  0.0172 18.9 20.0 

SR: Mean square of residuals
(∑n

1
(qc,i − qexp,i)

2/n
)

.

odeling of experimental data with the Langmuir equation: the
lot overestimates the sorption capacity at intermediary section
f the curve. A better fit of experimental data can be obtained
sing the Langmuir bi-site equation (Butewicz, Gavilan, Pestov,
atluk, Trochimczuk, & Guibal, 2010; Escudero, Robitzer, Di Renzo,

 Quignard, 2009). This behavior is typical of systems involving
everal types of sorption sites with different adsorption energy.

he concept of bi-site Langmuir equation was first developed to
ake into account the heterogeneities of sorbents (presence of dif-
erent groups with different affinity for target solute). Differences

0
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ig. 10. Tl(I) sorption isotherm at pH 4 using alginate-encapsulated PB—modeling of
xperimental data with Langmuir equation (dashed line), Langmuir bi-site equation
solid line) and Freundlich equation (dashed line) (models’ parameters are summa-
ized in Tables 4 and 5)/Tl(I) sorption at pH 4 using alginate beads (dotted line: linear
sotherm).
0.917 21.5 0.0061 8.97

in energy adsorption may  also result from changes in the metal
species that are adsorbed on the sorbent. This makes the concept
of bi-site Langmuir equation extendable to systems involving also
the binding of different types of solute (including a solute present
under different forms with different affinities for sorption sites).

Assuming that several sites could be involved in the binding
(or that several species could be bound with different affinity), the
Langmuir equation becomes:

Langmuir bi-site equation

q = qm,1b1Ceq

1 + b1Ceq
+ qm,2b2Ceq

1 + b2Ceq
(5)

where (qm,1, b1) and (qm,2,b2) are the parameters for the two types
of sorption sites.

The affinity coefficients (b1 and b2) may be significantly different
reflecting the differences in strength of the interaction of the solute
with these different sorption sites (or different metal species). The
parameters of the Langmuir bi-site model are presented in Table 4.
The fitted curve (using the bi-site model) is represented by bold
lines in Fig. 10.

Freundlich equation

q = kF × C1/n
eq (6)

where kF (mg1−1/n L1/n g−1) and n are the parameters of the Freund-
lich model.

Fig. 10 shows that the Freundlich equation is superimposed
to the Langmuir bi-site fit on a wide range of concentration but

tends to diverge above a residual concentration of 250 mg  Tl g−1

(Table 5). The Freundlich equation is a power-function that shows
an exponential trend while the Langmuir bi-site equation has
an asymptotic trend more consistent with experimental data.
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Table 5
Tl(I) and Rb(I) sorption isotherms—parameters of the Freundlich model.

k (mg1−1/n L1/n g−1) n (dimensionless) MSR

29.9 4.57 27.5
12.0  5.51 8.29
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he comparison of MSR  (mean square of residuals) confirms that
he three models can be ranked according to: Langmuir bi-site
quation > Freundlich equation � Langmuir equation. The Lang-
uir bi-site suggests (a) the contribution of two different types

f sorption sites that could be the ion-exchanger and the matrix
i.e., alginate) with different affinities for the target metal, and/or
b) the sorption of different species of the metal (due to complexa-
ion, hydrolysis etc.). In the present case, at pH 4, under selected
xperimental conditions, thallium is free in solution: hydrolysis
omplexes and chloride complexes are not stable (Baes & Mesmer,
976). The heterogeneities (which could explain the good fit of
xperimental data by the Langmuir bi-site equation) can thus be
ttributed to the presence of two types of sorption sites: the ion-
xchanger (i.e., PB) and the alginate matrix. Alginate gel beads
ave been tested for radionuclides (including thallium) (Nayak &
ahiri, 2005): the sorption affinity is relatively limited but non neg-
igible. This is consistent with the parameters found for the two
inds of sites in the modeling of experimental data with the Lang-
uir bi-site equation: both sites would have comparable sorption

apacities (51 and 74 mg  Tl g−1) but strongly different values for
he affinity coefficients (1.65 vs. 0.0075 L mg−1). Alginate material
s supposed to be poorly reactive for Tl(I) compared to PB (Nayak

 Lahiri, 2005; Yang et al., 2008). In order to verify this hypothesis
omplementary sorption experiments have been performed at pH

 using calcium alginate gel beads. Under selected experimental
onditions (initial metal concentration range: 100–400 mg  Tl L−1;
orbent dosage: 2 g L−1) the sorption yield remained almost con-
tant (i.e., 15 ± 3%), the sorption capacity increased almost linearly
but remaining below 28 mg  Tl g−1) and the distribution coefficient
aried between 64 and 110 (i.e., far below the values reached with
lginate-encapsulated PB).

The good fit of experimental data by the Freundlich equa-
ion confirms that the sorbent material can be considered as
eterogeneous: among the different hypotheses associated with
he Freundlich model is the possibility to sorb the target sorbate
hrough different sites with different sorption energies. Though the

athematical fit of experimental data does not necessarily mean
hat the hypotheses of the model are respected this is consistent
ith the structure of the material and with the co-existence of
ifferent materials that could interact with thallium ions. Comple-
entary experiments have been performed using alginate beads
free of PB) and Fig. 11 shows that the sorption was almost linear
nd sorption capacity did not exceed 25 mg  Tl g−1. These results
re consistent and demonstrate the co-existence of two types of
eactive groups that are active for thallium binding: PB for the

able 6
omparison of sorption performance for different materials.

Sorbent pH range qm (mg  Tl g−1) b (L mg

Pistachio hull 5 125 0.768 

Multiwall carbon nanotubes 7 3–31.5 0.005–
Modified sugar beet pulp 5–9 185.2 0.002 

Titanium silicate (ETS-10) 1.5 

Cu(II) ferrocyanide-mesoporous silica 7.8 28.3 

Prussian blue 7.8 5.8 

Prussian blue NP 7.5 1400 

Modified sawdust 6–9 2.7–13.2 5.4–9.1
Alginate-PB 4 103 0.078 
Fig. 11. Comparison of Tl(I) and Rb(I) sorption isotherms in mono-component solu-
tions (open symbols) and bi-component solutions (closed symbols) at pH 4.

“strong” sorption of Tl(I) and alginate encapsulating material that
contributes to a marginal sorption (especially at high metal residual
concentration).

The maximum sorption capacity is close to 104 mg  Tl g−1.
This value is consistent with those obtained with pistachio hull
(Sheibani & Zare-Khormizi, 2012) (for Tl(III)), lower than those
obtained with modified sugar beet pulp (about 185 mg  Tl g−1)
(Zolgharnein et al., 2011), and higher than those obtained with
mineral sorbent or ion-exchangers (Borcia et al., 2011; Sangvanich
et al., 2010), or sawdust (Table 6) (Memon  et al., 2008). Based
on the content of PB in the composite material (i.e., 26.4% in
weight) the sorption capacity is about 395 mg Tl g−1 PB (close to
1.93 mmol  Tl g−1 PB). This is far from the value cited by Yang et al.
(2008) for the binding of thallium to PB (i.e., 1400 mg  Tl g−1 at
pH 7.5, in vitro experiments). The molar ratio between thallium
and PB at saturation of the composite sorbent is thus close to
1.65 mol  Tl mol−1 PB (assuming that the insoluble PB is formed
of Fe(III)4[Fe(II)(CN)6]3; i.e., MW:  859.3 g mol−1). Thallium binding
may  occur through different mechanisms including ion exchange
(involving hydrogen from water bound into PB crystal lattice or
alkali metal impurities bound to PB during the synthesis proce-
dure), adsorption on the crystal lattice or ion trapping in the cavities
of the ion-exchanger (Yang et al., 2008). It is thus difficult to estab-
lish a theoretical molar ratio between PB and thallium and to
correlate the maximum sorption capacity to the PB content in the
composite material. The distribution coefficient (Kd, mL  g−1) cor-
responds to the slope of the isotherm at low concentration; this
can be calculated by q/Ceq (at low residual metal concentration)
and approximated by qm × b (from the Langmuir equation). The
distribution coefficient is close to 8000 mL  g−1.
In order to verify the selectivity of the sorbent for Tl(I) against
other cations that have affinity for PB some experiments were
carried out in binary solutions containing equimolar concentra-
tions of Tl(I) and Rb(I). Fig. 11 compares the isotherms obtained in

−1) Thallium Reference

III Sheibani and Zare-Khormizi (2012)
0.2 III Rehman, Ullah, Kamali, Ali, Yerlikaya, & Rehman, 2012)

I Zolgharnein et al. (2011)
I Borcia et al. (2011)
I Sangvanich et al. (2010)
I Sangvanich et al. (2010)

Yang et al. (2008)
 I Memon et al. (2008)

I This work
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ono- and bi-component solutions (see Tables 4–5 for prame-
ers). It is noteworthy that the sorption of Rb(I) by alginate beads
free of PB) was quite low (below 7 mg  Rb g−1, even with a Rb(I)
esidual concentration higher than 400 mg  Rb L−1, not shown). The
omparison of the sorption isotherms for mono-component solu-
ions clearly shows that the sorbent has a marked preference
or Tl(I) than for Rb(I) (as indicated by both maximum sorption
apacity and affinity coefficient). This result is confirmed by the
orption isotherms obtained from binary solutions: while Tl(I)
orption isotherm was hardly affected by the presence of Rb(I);
he sorption capacities for Rb(I) were drastically reduced (below
.13 mmol  Rb g−1 while in mono-component solutions the max-

mum sorption capacity was closed to 0.34 mmol  Rb g−1). Such a
reference of the sorbent (and more specifically PB) for Tl(I) can-
ot be explained by the differences in the ionic radius (149 and
50 pm for Rb(I) and Tl(I), respectively) nor the Stokes radius (4.7
nd 5.0 pm for Rb(I) and Tl(I), respectively), which were quite sim-
lar for the two metal ions (Marcus, 1997). In the case of Tl(I)
olvent extraction using selective crown ethers Ouchi and Hakushi
1996) also observed a preference for Tl(I) versus Rb(I) though the
ation diameters were so close. Much more significant differences
ere reported considering the coordinating properties of these
etal ions: the softness parameters are quite different for Rb(I)

i.e., −0.53) and Tl(I) (i.e., +0.20).(Marcus, 1997) These comparisons
ake the interpretation of selectivity mechanism difficult since the
ain mechanisms suspected to be involved in metal binding are

ntrapping in the ion-exchanger cage or chemical ion exchange.

. Conclusions

The composite material prepared by encapsulation of Prussian
lue into calcium alginate capsules is efficient for recovering thal-

ium(I) ions from slightly acidic solutions (i.e., optimum pH 4). The
H hardly changed the sorption capacity in the range 1–4. The pres-
nce of competitor cations (i.e., Ca(II), Na(I) or K(I)) slightly reduced
hallium sorption capacity but even with a 2500 times excess the
istribution coefficients remained quite high around 103. The pres-
nce of Rb(I) did not significantly influence Tl(I) sorption while Tl(I)
trongly decreased Rb(I) uptake. The sorption isotherm showed a
teep initial slope followed by a progressive saturation of the sor-
ent. The isotherm can be described by the Freundlich equation and
referentially by the Langmuir bi-site model. Two  reactive groups
ay  operate: PB with a strong affinity for thallium and calcium

lginate with a much lower affinity. The pseudo-second order rate
quation fitted well experimental data (better than the pseudo-first
rder rate equation). The size of sorbent particles has a significant
mpact on the kinetic profiles, especially for small size particles that
howed fast decrease of thallium concentration followed by a sta-
ilization of sorption efficiency at a slightly higher level than those
btained (much slowly) with medium and large size particles. The
esistance to film diffusion is suspected to play a role on the control
f uptake kinetics. On the other hand, the Crank’s equation (repre-
entative of the resistance to intraparticle diffusion mechanism)
ave a good fit of the first section of the kinetic profiles (within
he first hours) for large and medium size particles but completely
ailed to describe the kinetic profile of small size particles.
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