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h i g h l i g h t s

• Prussian blue microparticles incorpo-
rated in chitin sponges.

• Efficient Cs(I) sorption after water
absorption by dry hybrid sponge.

• Water draining after sorption for
metal confinement and water decon-
tamination.

• High decontamination factors and
distribution coefficients for Cs(I) and
137Cs(I).

• Effect of freezing conditions on
porous structure and textural
characterization.

g r a p h i c a l a b s t r a c t

a b s t r a c t

Prussian blue (i.e., iron[III] hexacyanoferrate[II], PB) has been synthesized by reaction of iron(III) chloride with potassium hexacyanoferrate and further 
immobilized in chitosan sponge (cellulose fibers were added in some samples to evaluate their impact on mechanical resistance). The composite was 
finally re-acetylated to produce a chitin-PB sponge. Experimental conditions such as the freezing temperature, the content of PB, the concentration of 
the biopolymer and the presence of cellulose fibers have been varied in order to evaluate their effect on the porous structure of the sponge, its water 
absorption properties and finally its use for cesium(I) recovery. The concept developed with this system consists in the absorption of contaminated 
water by the composite sponge, the in situ binding of target metal on Prussian blue load and the centrifugation of the material to remove treated water 
from soaked sponge. This material is supposed to be useful for the fast treatment of accidental dumping of Cs-contaminated water.
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1. Introduction
Radioelements (including 137Cs, which is a strong gamma emit-
ter with high solubility and easy migration properties through
groundwater to the biosphere, based on its chemical similarity
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o potassium) are generated along the conventional operation of
uclear power plants and the treatment of the effluents gener-
ted in the processing of spent nuclear fuels is a critical step in
he management of nuclear facilities. Apart these conventional and
ell-controlled effluents, accidents such as the Fukushima disaster

n 2011 are generating hazardous sources of radioelement-bearing
olutions. The development of treatment processes for the fast and
fficient recovery of radioelements, even in complex media (such
s sea water), is thus a priority for reinforcing the safety of the
ntire nuclear industry. In the case of conventional controlled efflu-
nts several processes exist using ion-exchangers (such as Prussian
lue, PB), titanate-based materials or clays and mineral oxides. In
he case of accidental dumping of small amounts of contaminated
ffluents there is a need for developing alternative processes capa-
le of simultaneously recovering and treating the contaminated
ater. This is the objective of the present work: associating (a) a

ponge, which is targeted to absorb water, and (b) an ion-changer
ailored for binding the radioelement. The elimination of water by
entrifugation in the next step, allows releasing decontaminated
ater while the radioelement is concentrated on the hybrid solid

hase.
Prussian blue (PB) is an ion-exchanger (IE) that is well known for

ts affinity for some light earth metal ions such as cesium(I) or rubid-
um(I) but also for thallium(I) [1]. This is part of the conventional
reatment of acute poisoning with radioactive Cs (Radiogardase®)
2]. For medical applications, Prussian blue is conditioned under the
orm of tablets/capsules to be ingested; cesium binding to insoluble
B occurs in the gastro-intestinal tract before being excreted from
atural ways. Prussian blue is generally synthesized by reaction
f potassium (or sodium) hexacyanoferrate with iron(III) chloride
iving different compounds with different solubility properties. In
he presence of an excess of iron(III) chloride, PB turns from a sol-
ble/colloidal form (KFe[Fe(CN)6]) to an insoluble form generally
escribed as Fe4[Fe(CN)6]3. Cesium(I) is then exchanged with K
r Fe present on the lattice of the IE (cubic lattice structure) [1].
ctually, the composition and properties of these PB-based com-
ounds are strongly influenced by the experimental conditions
sed for PB synthesis, such as molar ratio between the precur-
ors, the order of addition and mode of agitation: the proportion
f K and Fe exchangeable moieties may strongly change and the
olubility of the final product as well. Several studies on PB ana-
og (other metal–potassium hexacyanoferrate compounds) have
learly shown the importance of these operating parameters on the
roperties of final products [3–5]. The presence of colloidal species
akes difficult the recovery of the IE at the end of the synthesis

rocedure and in some cases the addition of a coagulant/flocculant
such as chitosan) was reported to contribute to (a) charge neu-
ralization, and (b) agglomeration for ready recovery and further
nclusion in biopolymer matrix [6].

In any cases the small size of these IE particles makes their
se complex at large scale due to difficulty in recovery (coag-
lation/flocculation, settling etc.); and it is generally helpful

mmobilizing the IE in a suitable matrix (biopolymer, polymer) or
t the surface of a specific mineral support (silica, activated carbon,
eolite etc.) [7–13]. These methods lead to materials that can be
sed in tank reactor, fixed-bed columns for the treatment of con-
rolled contaminated water streams. Biopolymers such as alginate
nd chitosan have been recently reported as potential encapsu-
ating materials for the immobilizations of IEs, including double

etal hexacyanoferrate [8,14–17]. The physical versatility of the
iopolymers allows developing different shaping and condition-

ng of these materials such as beads [11,15], membranes, fibers

18], or tubes [19], but also very highly porous foams [20–22]. The
resent study combines the incorporation properties of chitosan

or PB with a specific conditioning of the biopolymer under the
orm of highly porous sponges. In order to improve the chemical
resistance of the material with changing operational conditions (pH
changes, especially), the composites are finally reacetylated for pro-
ducing chitin-PB sponges [23,24]. Cellulose fibers are introduced in
the composite to reinforce the mechanical stability of the mate-
rial [25,26]. The objective is to design a sponge that could be used
for the treatment of contaminated water in the case of accidental
dumping. After the absorption of metal-containing water on the
composite sponge, the IE (i.e., PB) rapidly binds Cs(I) ions though
ion-exchange mechanism (more generally adsorption). After water
wringing (or centrifugation) from wetted sponge, decontaminated
water can be environmentally friendly rejected to water discharge
network while the metal is confined in the composite sponge. In
order to reach this objective the present study (a) synthesizes a
series of composite materials (containing chitosan (further reacety-
lated to chitin), Prussian blue (BP) particles and cellulose fibers
(which may contribute to improve the mechanical resistance of the
foams) and (b) compares their structural and textural properties;
their ability to absorb water and finally to bind Cs(I) (both in natural
and nuclide forms; i.e., 133Cs and 137Cs, respectively).

2. Material and methods

2.1. Materials

Potassium hexacyanoferrate (K4[Fe(CN)6],3H2O, Riedel-de
Haën), iron(III) chloride (FeCl3,3H2O, Chem-Lab), acetic anhydride
(C4H6O3, Sigma–Aldrich) were supplied as reagent grade products.
Acetic acid (80% w/w, Carlo Erba), ethanol (96% w/w, Sodipro) were
technical products. Chitosan (molecular weight 125,000 g mol−1,
deacetylation degree: 87%) was supplied by Aber-Technologies
(France). Cesium nitrate was purchased from Merck AG (Germany).
Cellulose fibers were prepared from an Ahlstrom raw paper sub-
strate (Pont-Evêque, France) by dilacerations and rehydration.
This is a Roburflash-type paste prepared from resinous wood (long
fibers) and with poor refinery level (flash).

2.2. Synthesis of composite sponge

The elaboration of composite materials followed basically five
main phases: (a) the synthesis of PB, (b) the stabilization of the
complex with chitosan, (c) the shaping (and freeze-drying) of
chitosan-PB sponges, (d) the freeze-drying of the sponge, and (e)
the reacetylation of chitosan to prepare chitin-PB sponge.

The synthesis of PB complex consisted in the mixing of two
precursors for 30 min under strong agitation: (i) potassium hex-
acyanoferrate (100 mL, 3.62 g), and (ii) iron(III) chloride was used
(100 mL, 2.23 g). The molar ratio between iron(III) and potassium
hexacyanoferrate was set at 1.2:1. The hexacyanoferrate solution
was injected in the metal precursor solution drop-by-drop. At the
end of this first step, 1 L of demineralized water was added to the
suspension. This suspension was then added to 2 L of chitosan solu-
tion (at 0.05%, w/w) to stabilize the complex (charge neutralization,
partial or complete) and improve the settling of the material that
can be readily recovered by filtration on paper membrane. This
wet material (chitosan-stabilized complex, CSC) was thus mixed
with 100 mL of water and 100 mL of a 4% w/w chitosan solution
in two steps: softly, and then under UltraTurax (24,000 rotations
min−1, for 5 min). This last step was also performed changing the
concentration of chitosan solution to 6% w/w to prepare two dif-
ferent compounds with final chitosan concentrations of 2% and 3%
w/w, respectively. In order to verify the impact of PB load in the

material the amount of IE was divided by 2 or by 3 to prepare
the corresponding lots. The last parameter that was varied was the
presence of cellulose fibers added at the level of 1% w/w in the final
suspension.
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The shaping of the material was performed by dropping the
iscous chitosan/stabilized complex suspension into plane rectan-
ular molds that were frozen at different temperatures: −20 ◦C,
80 ◦C or immersed in liquid nitrogen (i.e., −196 ◦C). The change in

reezing temperature may affect the freezing ramp, the crystalliza-
ion speed of water in the mixture and finally the macroporous
roperties of the materials [21,27]. After the freezing step, the
aterials were rapidly recovered from the molds and freeze-dried

vernight.
The final step consisted in the re-acetylation of chitosan [23,24].

ne gram of chitosan-PB composite was mixed with 40 mL of
thanol and 10 mL of acetic anhydride under reflux for 1 h. The
roducts were then rinsed once with ethanol to remove non-
eacted reagent and finally rinsed three times with demineralized
ater. The chitin-PB sponges were finally freeze-dried.

.3. Characterization of composite sponge

.3.1. SEM & SEM-EDX analysis & simplified mechanical tests
The morphology and the distribution of inorganic ion-exchanger

and Cs element, when relevant) in the materials were determined
ith a scanning electron microscope coupled with energy disper-

ive X-ray analysis (SEM-EDX). SEM observations were performed
sing an environmental scanning electron microscope (ESEM)
uanta FEG 200, equipped with an OXFORD Inca 350 energy disper-

ive X-ray microanalysis (EDX) system. The use of environmental
EM allowed the direct observation of materials, without previ-
us metallization of the samples. The topography of the samples
as observed using secondary electron flux while the backscat-

ered electrons were used for the identification and localization of
eavy metals at the surface of the materials (by phase contrast).
EM-EDX facilities were used for the detection of elements and
heir semi-quantitative analysis (Cs and principal elements repre-
entative of the inorganic ion-exchanger; i.e., Fe, K elements). The
tandard accelerating voltage was set at 15.0 keV. The samples were
nalyzed on freshly cut sections (mechanical after liquid nitrogen
icing”).

Mechanical tests (Stress–Strain) were performed using the facil-
ties of the SEM equipped with a mechanical testing unit (Benco
ymmetrical bench) on the sponges (5 × 40 mm). The sponges, fixed
nside the SEM by jaws, were submitted to a stress test, after an
xial cut (length: 1 mm) was operated on each side of the sponge
o orientate the deformation of the material in the specific analyt-
cal area. The SEM facilities allow to follow the force measured on
he sensors and the elongation of the sponge submitted to a 5 kN
tress strength. A video reporting a series of microphotograph of
he stretching area could be recorded for each sample. Elastic, plas-
ic and striction/rupture areas have been identified on the strength
s. elongation curves, and used to calculate the mechanical con-
tants: Young modulus, E; resistance to stress, Rm; and elongation
t the rupture Ar (see Additional Material Section). Since the tests
re not normalized the results will be considered as indicative and
ill only be used for the comparison of the different sponges.

.3.2. Water absorption
The water absorption was determined through 2 procedures.

nitially, a given amount of dry sponge (mdry) was soaked in dem-
neralized water (msoaked). In the first procedure, free water (only
bsorbed in the porous structure of the sponge) was dripped and
he wet sponge was weighted (mdripped) and compared with dry

ass to evaluate the water that was bound to the sponge; i.e., a
rst value of the water absorption capacity.
In the second procedure, the soaked sponge (which was ini-
ially dripped) was centrifuged in a centrifugal tube (where a grid
erved to separate the solid from the liquid phase) (mcentrifuged)
nd the amounts of water bound to the sponge and absorbed in
the porous network were systematically quantified. These values
served to evaluate the water absorption capacity (mL g−1). These
water absorption values were determined for different composi-
tions of chitin-PB sponges.

2.4. Cs(I) sorption tests

A given amount of dry sponge (mdry) was added to a given
amount of water containing fixed concentrations of Cs(I) (C0, mg Cs
L−1). The amount of solution (V, L) in contact with the sponge was
set a little higher than the corresponding water absorption values.
The sponge was simply used in a static mode. After fixed contact
time the soaked sponge was centrifuged and the residual concen-
tration of Cs(I) (Ceq, mg Cs L−1), was measured by atomic absorption
spectrometry (AAS, Varian AA20 spectrometer; wavelength, �:
852.1 nm). Mass balance was used to quantify the sorption capacity
(q, Cs(I) concentration in the sponge):

q = V × (C0 − Ceq)
mdry

The distribution coefficient, Kd (L kg−1), was obtained by:

Kd = q

Ceq

The tests on 137Cs(I) sorption have been operated using the
same procedure (adjusting the volume of solution to the amount
of sponge, based on its water absorption capacity). Typically, 1 mL
of 137Cs(I) spiked solution was put in contact with a piece of
sponge (about 75 mg) for 1 min or for 3 min. The wet sponge was
transferred to a centrifugation tube filled with glass beads. After
centrifugation the sponge was removed and the tube was rinsed
with 50 mL of demineralized water. Fifty mL were dropped in
the analytical flask for gamma counting (using a Eurisys Mesures
counter equipped with a germanium detector). The activity of the
initial solution (A0, Bq L−1) was measured at 37000 Bq L−1. The
residual activity (Af, Bq L−1) was measured and used to calculate the
decontamination factor (DF: A0/Af) and the distribution coefficient
(Kd

137, L g−1: Cssorbent/Cssolution = (A0–Af)V/(mAf)). Another experi-
ment was performed using a Cs(I) (0.13 mg L−1)+ 137Cs(I) solution
to work at higher level of cesium. Postulating that Cs(I) and 137Cs(I)
are equally adsorbable, it was possible evaluating the total sorption
capacity by measurement of the residual activity of 137Cs(I).

3. Results and discussion

3.1. Composite sponge characterization

3.1.1. Structure
The structure of the sponges was characterized by SEM analysis

for different operating conditions in order to evaluate the relative
effect of freezing temperature and biopolymer concentration. The
observed structures are quite similar to those obtained by Madi-
hally and Matthew [20]. Fig. 1 shows the topographic observation
of the different materials at a large scale (magnification ×50) in
order to evaluate their homogeneity. Previous studies reported
the strong influence of cooling conditions (temperature, temper-
ature ramp) on the organization of the porous scaffold on several
biopolymers [20,27]. When the freezing of the biopolymer-PB solu-
tion occurs at −20 ◦C the sponge is characterized by heterogeneous
and not organized structures, regardless of the concentration of
the biopolymer in the encapsulation mixture. In comparison, the

sponges prepared at −80 ◦C and in liquid nitrogen (i.e., −196 ◦C)
appear to be more homogeneous and have a dense structure. The
aspect of the sponges frozen in liquid nitrogen seems to be inde-
pendent of the concentration of the biopolymer. When running



Fig. 1. Influence of synthesis parameters on the structure of composite chitin/PB sponges (SEM analysis; Secondary electrons detection; Magnification: ×50, the bar represents
1 mm).
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ig. 2. Influence of synthesis parameters on the structure of composite chitin/PB
epresents 300 �m).

he freezing of the sponge at −80 ◦C the response is intermedi-
ry: with 2% and 3% w/w biopolymer concentrations the materials
re homogeneous but at low biopolymer concentration the sponge
etwork shows a slightly more opened structure than at higher
iopolymer concentration. These conclusions are confirmed by the
omparison of the microphotographs at higher magnification (i.e.,
200) (Fig. 2). It is noteworthy that at higher biopolymer concen-

ration the “opening of the porous cells” seems to be little reduced
ompared to those obtained with 2% w/w chitosan solutions. At

ow freezing temperature (−20 ◦C) the porosity appears different,
howing larger holes but globally much larger plane foils. Increas-
ng more the magnification (up to ×2000) allows observing the
ges (SEM analysis; Secondary electrons detection; Magnification: ×200, the bar

surface of planar structures that constitute the architecture of the
porous network (Fig. 3). These surfaces are characterized by granu-
lar structures that probably represent the inorganic ion-exchanger
micro- or nano-particles partially agglomerated after addition of
chitosan at the coagulation/flocculation stage of the synthesis pro-
cedure.

layer around the cellulose fibers.
BET analysis on similar biopolymer-based foams using uncon-

trolled drying procedures (freeze-drying at −53 ◦C is not sufficient

to prevent the collapse of the microporous structure of the
biopolymer) showed very low values (i.e., a few m2 g−1) (personal
unpublished data). The differences between the different materials
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ig. 3. Influence of synthesis parameters on the structure of composite chitin/PB
epresents 20 �m).

characterized by a very high macro-porosity) are not expected to
e significant. A significant improvement in the interfacial proper-
ies of these materials would consist in simultaneously managing
he macro-porosity of the foam and the microporous structure
f biopolymer gels. This is currently under consideration in our
esearch groups.

The effect of temperature is directly correlated to the kinetics of
reezing; this controls the rearrangement of water inside the mate-
ial. With very low temperature the freezing is fast (at −80 ◦C) and

ven instantaneous (in nitrogen liquid, at −196 ◦C), while at −20 ◦C
he icing of water takes enough time to let water packs rearrange to
orm large, heterogeneous channels. Yuan et al. [27] reported that
ast cooling induced non-simultaneous nucleation and generated

ig. 4. SEM analysis of chitin-PB composite sponges with inclusion of cellulose fibers (a
Secondary electrons detection).
ges (SEM analysis; Secondary electrons detection; Magnification: ×2000, the bar

directional pore structures while simultaneous nucleation and uni-
form and isotropic structures were obtained with the slow cooling
ramp. These conclusions are not fully consistent with the present
results: the freezing at −20 ◦C results in slower cooling process
compared to the other temperatures and the materials prepared
under these conditions were less homogeneous. However, the fast
freezing that occurs at −80 ◦C and in liquid nitrogen resulted in
more-oriented porous network. While increasing the concentra-
tion of the biopolymer the movement of water bodies is affected

leading to some changes in the porous structure of the sponges.
Madihally and Matthew reported that increasing the concentra-
tion of chitosan decreased the size of the pores, independently of
the freezing temperature [20]. The size and the organization of the

t different loads, 0.5% and 1% of the solution mixture) at different magnifications



Fig. 5. SEM-EDX analysis of a chitin-PB sponge composite (freezing temperature:
−80 ◦C for shape-forming; biopolymer concentration: 3% w/w).

Table 1
Element analysis (by SEM-EDX analysis; accelerating voltage: 15 kV) of a chitin-
PB sponge composite (freezing temperature: −80 ◦C; biopolymer concentration: 3%
w/w).

Element Weight fraction
(%)

Weight fraction �
(%)

Atomic fraction
(%)

C 46.7 0.5 56.2
N 10.0 0.7 10.3
O 34.4 0.4 31.1
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Fig. 6. Mechanical testing (stretching test) of chitin-PB sponge composite (and

First, the materials exhibit substantial capacities for water
absorption: the water absorption ranged between 14 and 18 mL g−1

(d.w.). Surprisingly, highest levels were obtained with chitin
sponges (without cellulose fibers and PB). The addition of 1% (w/w)

Table 2
Water absorption for different chitin-PB sponge composites–effect of cellulose
fibers, and PB relative concentration.

Sample Chitin
(%)

PB
(%)

Cell Fibers
(%)

Water absorption
(mL g−1)

Chitin 100 − − 17.7
Chitin + 1% Cell. Fib. 67 − 33 16.0
Chitin + PB 84 16 - 14.3
Chitin + PB + 1% Cell. Fib. 56 16 28 15.7
K 0.5 0.05 0.2
Fe 8.4 0.2 2.2

orous structure (orientation of pores) depend also on the temper-
ture ramp (freezing rate) and the density of the material.

The introduction of 0.5% or 1% w/w of cellulose fibers (reported
erein for the −80 ◦C/3% w/w synthesis conditions) is shown on
ig. 4. At low magnification (i.e., ×50) the materials are homo-
eneous and the cellulose fibers are difficult to identify. When
ncreasing the magnification to ×200 and to ×2000, the strips of cel-
ulose fibers embedded with chitosan are clearly appearing in the
rame of the porous network. In the sponges the cellulose fibers play
he role of armatures that contribute to reinforce their mechanical
roperties. The micro-or aggregated nanoparticles of PB appear at
he highest magnification in the embedment chitin/chitosan

Fig. 5 shows the SEM-EDX analysis of the chitin-PB sponge (pro-
uced by freezing at −80 ◦C with 3% w/w biopolymer solution).
ain elements are O (tracer of encapsulating material), C and N

associated to both the encapsulating material and PB), and K and
e (specific to PB). The presence of K element indicates that the ion-
xchanger immobilized in the sponge is not “pure” insoluble PB but
ay also contain partially soluble (colloidal) forms of PB, which
ere collected through the coagulation-flocculation of these col-

oids using chitosan in the synthesis procedure. Table 1 reports the
lemental analysis obtained from SEM-EDX analysis. The fraction
f K element is substantially lower than that of Fe; this means that
he fraction of soluble PB remains negligible (about 10%) compared
o the insoluble fraction.

.1.2. Water absorption
Swelling and water absorption increase when decreasing the

egree of deacetylation. This is correlated to the increase of the
-space in the crystalline structure of the biopolymer when the
eacetylation degree decreases [28]. In the present study chitosan

as reacetylated; this contributes to increase water absorption

apacity of chitin-based materials. The water absorption properties
epend on the composition of the sponges (presence of cellulose
bers, presence of PB) as shown in Table 2. Experimental condi-
reference chitin sponge) using SEM-mechanical testing unit. Approach of strength-
elongation curves (applied strength: 5 kN; dimensions of the sponge: 5 × 40 mm;
the sponges were systematically prepared with 1% (w/w) load of cellulose fibers).

tions for the synthesis of the sponge were selected on the basis of
SEM observations: freezing temperature set at −80 ◦C, and 3% w/w
biopolymer concentration. Indeed, Hsieh et al. [21] reported that
water absorption reduces with the decrease in the size of the pores.
SEM microphotographs (Figs. 1 and 2) showed that the freezing in
liquid nitrogen gave smaller pore sizes than the −80 ◦C process. This
freezing temperature was preferred for the better homogeneity of
the sponges.

reports the results obtained. Water absorption ranged between
13.1 and 13.7 mL g−1, while the amount of water retained varied in
the range 1.7–2.0 mL g−1 consistently with previous results. Even
with Cs(I) concentrations as high as 356 mg Cs L−1 (for an amount
of sponge close to 70 mg and a volume of solution close to 1 mL)
the retention yield remained higher than 99.8% with a distribu-
tion coefficient, Kd, up to 17,300 L kg−1. The residual concentration
remained below 0.3 mg Cs L−1. As expected, increasing the amount
of metal increases the sorption capacity; however, the objective of
the composite chitin-PB sponge being the full recovery of the metal
(potentially radioelement) it is mandatory to completely eliminate
the metal in the water discharged from centrifuged sponge. Tests
with 137Cs(I) solutions with very low levels of detection bring sup-
plementary information on the potential of the sponges to recover
metal traces.

3.2.3. 137Cs(I) sorption preliminary test
The tests performed on 137Cs(I) solutions and Cs(I) (0.13 mg Cs

L−1) solutions spiked with 137Cs(I) are reported on Table 6
Chitin + PB (1/2) + 1% Cell. Fib. 61 8 31 16.3
Chitin + PB (1/3) + 1% Cell. Fib. 63 5 32 16.0

Synthesis procedure: freezing temperature −80 ◦C; biopolymer concentration 3%
w/w.



Table 3
Mechanical properties–stretching tests.

Sample Young modulus, E
(MPa)

Resistance to stretching Rm

(MPa)
Relative elongation at rupture, Ar

(%)

Chitin 0.50 3.2 28
Chitin-PB 1/1 0.23 2.4 14
Chitin-PB 1/3 0.20 2.8 22

Table 4
Sorption tests–Uptake kinetics (C0: 93.6 mg Cs L−1).

Contact time(s) Dry
mass
(mg)

Wet
mass
(g)

Absorbed water
(mL g−1)

Retained watera

(mL g−1)
Ct

(mgCs L−1)
Cs retention yield
(%)

Kd
b

(L kg−1)

30 66.3 1.048 14.81 1.71 1.82 98.1 747
60 81.8 1.079 12.20 2.05 0.1 99.9 11,404

300 79.0 1.076 12.62 1.91 <0.01 ≈100 >11,000

a Mass balance on water after centrifugation of wet sponge.
b Kd calculated on the basis of initial and final concentration of Cs(1) in the impregnating solution and in the centrifuged phase, and the dry mass of chitin-PB sponge

composite:

Kd = (Wet mass−Dry mass)×(C0−Ct )
Dry mass×Ct

Table 5
Sorption tests–effect of initial Cs(I) concentration on treatment efficiency (at equilibrium).

C0

(mgCs L−1)
Dry
mass
(mg)

Wet
mass
(g)

Absorbed water
(mL g−1)

Retained watera

(mL g−1)
Ceq

(mgCs L−1)
Cs retention yield
(%)

Kd
b

93.6 74.2 1.079 13.54 1.94 < 0.01 ≈100 >11,000
218 73.9 1.043 13.12 1.76 0.23 >99.8 12,418
356 70.2 1.027 13.63 1.78 0.28 >99.9 17,327

a mass balance on water after centrifugation of wet sponge.bKd calculated on the basis of initial and equilibrium concentration of Cs(I) in the impregnating solution. and
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n the centrifuged phase, and the dry mass of chitin-PB sponge composite:

d = (Wet mass−Dry mass)×(C0−Ceq)
Dry mass×Ceq

(dimensionless)

f cellulose fibers in the preparation lead to a substantial decrease
n water absorption (from 17.7 to 16 mL g−1). On the other hand
he addition of PB to chitin had a more marked impact on water
bsorption (from 17.7 to 14.3 mL g−1). However, the introduction of
ellulose fibers partially restored the ability of the sponge to absorb
ater (close to 15.7 mL g−1). It is noteworthy that with the presence

f cellulose fibers the water absorption capacity of the composite
ponges was not significantly affected by the amount of PB incor-
orated (16 ± 0.3 mL g−1). From these results it appears that the

ncorporation of cellulose fibers or PB slightly decreases the ability
f chitin sponge to absorb water and that the presence of cellulose
bers tends to decrease the impact of PB incorporation on water
bsorption capacity.

These results are also important for evaluating the amount of
ater that can be treated with a given amount of dry sponge. These

alues have been used for selecting experimental conditions for
s(I) sorption experiments.

.1.3. Effect of Prussian blue on mechanical properties of
hitin-PB sponges

The testing of mechanical properties has been operated using
he facilities of the mechanic testing unit of the SEM system. These
re not standardized/normalized tests but the qualitative compari-
on of the Stress–Strain curves for the different systems is indicative
f their relative mechanical stretching properties (Fig. 6). Obvi-
usly, the introduction of PB in the chitin sponge significantly

nfluences the resistance of the composite material to stretching:
oth the maximum strength and the elongation profiles were neg-

tively impacted. It is noteworthy that when the amount of PB
ntrapped in the sponge decreases the mechanical properties are
mproved. Table 3 reports the main mechanical characteristics of
he sponges (to be considered only for comparison). The introduc-
tion of PB particles decreased the Young modulus, the resistance to
stretching and the elongation properties, and this decrease tended
to be less marked when the PB was “diluted” in concentration in
the sponge. The presence of micro- or nano-particles contributes
to reduce the cohesion of the composite material, despite the pos-
itive effect of cellulose fibers. Suwanchawalit et al. [29] compared
the mechanical properties of different composites based on macro-
porous chitosan scaffolds and TiO2 particles. The size of mineral
particles (6–200 nm) and the characteristics of their incorporation
(in the core of the foam structure vs. partial embedment) are critical
parameters for the mechanical properties of the composite sponge.

3.2. Cs(I) sorption tests

These tests are based on a concept quite different to conven-
tional sorption systems. Indeed, the objective is to design a sponge
to recover Cs(I) from accidental dumping like for domestic cleaning
systems, and not to really evaluate maximum sorption capacities.
So, the experimental conditions, especially the contact between
fixed volume of solution and appropriate amount of dry sponge,
are determined in function of the water absorption capacity of the
sponges, taking into account the sponge dewatering by centrifu-
gation. The final objective is to design experimental conditions,
both in terms of equilibrium and kinetics for full decontamina-
tion of dumped water with complete transfer of the metal into the
centrifuged sponge.

3.2.1. Kinetic test

The kinetics tests are reported in Table 4. The absorbed water

ranged between 12.2 and 14.8 mL g−1 and the retained water cor-
responded to values between 1.7 and 2.1 mL g−1. The retention
yield is quite high (>98%) due to the large excess of ion-exchanger



Table 6
Sorption tests on 137Cs(I) solutions (and composite Cs(I) + 137Cs(I) solutions).

A0

(Bq L−1)
C0

(mg Cs L−1)
Time
(min)

Ar

(Bq L−1)
Cr

(�g Cs L−1)
Cs retention yield
(%)

Kd
137

37,000 0 1 1650 – 95.5 300
37,000 0 3 <6 – >99.98 >88,000
37,000 0.13 1 1150 6.0 96.9 440
37,000 0.13 3 <6 2 × 10−2 >99.98 >88,000
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0/Ar and C0/Cr: initial/residual 137Cs(I) activities and Cs(I) concentrations.

137
d

= (Wet mass−Dry mass)×(A0−Ar )
Drymass×Ar orK137

d = (Dry mass−Wet mass)×(C0−Cr
Drymass×Cr

n the composite chitin-PB sponge compared to Cs(I) amounts.
ith a contact time of 1 min the retention of Cs(I) yielded up

o 99.9%; this corresponds to a distribution coefficient Kd higher
han 11,000 L–kg−1. When increasing the contact time to 5 min,
he recovery of the metal can be considered as complete (below
he detection limits of the analytical procedure). These prelimi-
ary results confirm the fast binding of Cs(I) through the selected
xperimental procedure.

.2.2. Sorption performance–effect of initial metal concentration
The same experiment was performed with increasing concen-

rations of Cs(I) in the dumped water (in the range 94–356 mg Cs
−1) and the contact time was set to 3 h (large excess compared
o required time on the basis of kinetic results) before centrifu-
ation. Table 5, using an experimental procedure derived from
he procedure that was followed in the preceding section: solu-
ion absorption, swelled sponge centrifugation and 137Cs counting
n centrifuged solution. These results confirm the efficiency of
he composite sponges for the absorption and the treatment of
adionuclide-bearing solutions: after 1-min contact time the resid-
al concentration (or activity) of the solution was reduced by
5–97%, and the distribution coefficient varied between 300 and
40 L g−1. When increasing the contact time to 3 min, the Cs(I)
ecovery yields increased above 99.98% and the distribution coef-
cient exceeded 88000 L g−1. Actually the residual activity after
min of contact was systematically below the detection limit (i.e.,
Bq L−1).

. Conclusion

The encapsulation of synthesized Prussian blue in chitosan
ponge (followed by biopolymer reacetylation) allowed prepar-
ng an efficient material for the absorption of contaminated water
ombined with the transfer of the contaminant from the aque-
us solution to the immobilized ion-exchanger. Several operating
arameters have been tested for the optimization of sponge man-
facturing: SEM analysis helped in evaluating the contribution of
hese experimental parameters on the morphological character-
stics of the sponges. The best biopolymer concentration for PB
ncapsulation was found to be around 3% (w/w). The conditioning
f the material includes a freezing step in the synthesis procedure
nd the best temperature was found to be close to −80 ◦C. The
resence of cellulose fibers improves the mechanical resistance
o stretching of the sponges and partially compensates the neg-
tive effect of the incorporation of micro- and nano-particles of
B. Water absorption ranges around 12–14 mL g−1 depending on
xperimental conditions, with retention of water (after centrifuga-
ion) in the range of 1.7–2.0 mL g−1. This means that the dry sponges
an be used to treat about 10–12 mL of water per g of sponge.
he retention of Cs(I) exceeds 99% in the wide range of metal con-

entration (under conditions corresponding to water saturation of
he sponge): 0–350 mg Cs L−1. The contact time before centrifu-
ation and after water absorption can be as low as 1–2 min: this
s sufficient to reach complete metal recovery under above-cited

[

experimental conditions. Preliminary tests on 137Cs(I) recovery 
using the absorption/binding procedure confirm the high efficiency 
of the chitin-PB sponges for the treatment of radioelement dumped 
waters: the distribution coefficient reached up to 88,000 L g−1.

The efficiency and competitiveness of sorption processes usu-
ally requires the desorption of the metal (for concentration effect 
and valorization) and the recycling of the sorbent for successive 
sorption/desorption cycles. This is especially necessary in the case 
of conventional base metals but this is less important in the case of 
noble metals (when cheap biosorbents are used the biomass can be 
burned or chemically degraded) or in the case of radionuclides. In 
the case of radioelements (such as our final target 137Cs) the con-
centration effect may cause criticity problems and solid phases may 
be easier to manage for immobilizing and “inerting” the contami-
nated solid. For this reason cesium desorption was not investigated 
in this work. The present sorbent is stable in the wide range of 
pH at least in terms of encapsulating material (the reacetylation 
of chitosan improves chemical resistance of the biopolymer) and 
the stability of the sorbent for reuse is conditioned to the stability 
of the immobilized ion-exchanger. For conventional metals (which 
necessitate sorbent recycling) the desorption of the metal can be 
processed by acid elution or using a chelating agent.
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