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ABSTRACT

Cellulose (Cell) was chemically modified by grafting thiourea (Thio-Cell) and glutaraldehyde cross-linked chitosan (GLA-Chit) was functionalized by
poly(aminocarboxymethylation) (PCM-Chit); material was also pre-pared as a composite material that incorporates a magnetic core (Magn PCM-Chit). The
sorption properties of these materials have been compared to non-modified cellulose and GLA-Chit for Er(III) uptake. Sorption in-creases with progressive
deprotonation of reactive groups, such as R—OH, R—SH, amine and carboxylic acid groups. The chemical modification significantly increases sorption
performance and more specifically the poly (aminocarboxymethylation): sorption capacities increase up to 117-145 mg Er(IIll) g~ . Sorption capacities also
increase with temperature: the sorption is endothermic and spontaneous. The spontaneity of the reaction sig-nificantly increases with chemical modification of
chitosan-based sorbent. The entropy of the system is negative for GLA-Chit, Cell and Thio-Cell and positive for PCM-Chit materials. Acidic solutions of thiourea
efficiently desorb Er(IIl) and allows the recycling of the sorbents for a minimum of 5 sorption/desorption cycles. FT-IR spectrometry, XRD, TGA, elemental
analyses and SEM observations have been used for characterizing the ma-terials. The magnetic properties of Magn PCM-Chit were also characterized by VSM.
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1. Introduction

The increasing demand for rare earth elements (REEs) is driven by
the development of high-tech products including photonics and elec-
tronic devices, high-performance ceramics and glasses, alloys and
magnets. For some of them, the demand exceeds the annual production
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making these materials strategic and critical [1]. In addition, the pro-
duction is concentrated in a limited number of countries; China having
a quasi-monopoly for some of these REEs. Recently, numerous mining
projects have been launched for producing REEs and for winning in-
dustrial supply independency. Incentive politics have also been in-
itiated for promoting the recovery of REEs from secondary resources
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[2], including low-grade ores, mining residues, waste materials; this has
motivated an increasing number of studies in the field of hydro-
metallurgy [3-8].

Leaching of electronic wastes or minerals produces, in most cases,
acidic solutions containing traces or low-concentrations of REEs [9]. The
treatment of these leachates may involve processes such as solvent
extraction [7,10], precipitation [11] for high-concentration effluents
and sorption processes for more diluted effluents. Mineral sorbents
[12,13], ion-exchange or chelating resins can be used [14-19]; how-
ever, in the case of very dilute effluents, biosorbents may be an inter-
esting alternative [20,21]. These materials produced from renewable
resources such as agriculture or marine feedstock bear the same func-
tional groups as those found on synthetic resin [22,23]. Their avail-
ability and their low cost contribute to make them competitive; in ad-
dition, they may be readily modified chemically by grafting new
functional groups [24], or physically by conditioning under the form of
beads, magnetic particles (for example) [25,26].

Chitosan, an aminopolysaccharide produced from crustacean shells,
and cellulose are abundant polysaccharides that can be used for metal
binding [27,28]. However, these materials have relatively low sorption
capacities for REEs and it is generally necessary grafting specific
functional groups on their polymer backbone [29-34] or incorporating
other ion-exchanger [35] for reaching significant sorption capacities.

The affinity of metal ions for specific functional groups is controlled
by the so-called HSAB theory, Hard and Soft Acid Base theory, also
called Pearson rules [14,36,37]. In addition, steric effects may influence
metal binding; this may influence more specifically sorption selectivity
when various metal ions are present in the solution. Ionic radii can then
be considered for correlating sorption efficiencies and capacities with
steric parameters. Chung et al. [38] reported the modification of silica
foams by functionalization with multi-amine groups and they observe
that the sorption does not increase with the density of amine groups.
They explain this unexpected result by two possible steric effects: (a)
pore blockage, and (b) a conformational change of available amine
groups. Yang and Alexandratos [14] also commented the influence of
additional criteria such as the hydration of the REEs, and the co-
ordination properties of the counterion on RE affinity testing several
ligands. This study investigates the sorption of Er(Ill) using cellulose and
chitosan derivatives bearing different functional groups: sulfur groups
on cellulose (Thio-Cell), carboxymethyl and amino groups on chitosan
(after functionalization, PCM-Chit). The sorption properties of these
derivatives have been compared to those of non-modified cellu-lose (-
OH reactive groups, Cell), and simply glutaraldehyde crosslinked
chitosan (-OH and amine reactive groups, GLA-Chit). In addition a
composite material associating magnetic core with functionalized
chitosan coating has also been tested for Er(III) sorption (Magn PCM-
Chit). Nano- or micro-based magnetic particles can be “decorated” with
chitosan and derivatives for metal recovery with the double objective:
(a) high sorption capacities derived from chemically modified polymer
and (b) fast kinetics, due to the thin layer of polymer deposited on the
magnetic core and limited resistance to intraparticle diffusion. Small
particles present the advantage of reducing the potential impact of re-
sistance to diffusion and improving mass transfer, at the expense of
making the management of particles relatively difficult through pres-
sure drop when applied in columns, hydrodynamic blockage or difficult
solid/liquid separation in batch reactor. Incorporating a magnetic core
in micro-particles allows improving the recovery of metal-loaded par-
ticles at the end of the process [33,39]. Structured materials, such as
beads, rods (for example) having appropriate spherical shaping for
enhanced hydrodynamic properties and high porous properties, for
negligible resistance to intraparticle diffusion, are well designed for
application in fixed-bed systems or chromatography applications. On the
other hand, in batch systems, the resistance to intraparticle diffu-sion
may control uptake kinetics and decreasing the size of sorbent particles
contributes to improving mass transfer. Incorporating a mag-netic core
in the micro- or nano-particles facilitates the solid/liquid

separation at the end of the process. Magnetic particles are also facil-
itating the safe recovery of spent sorbents at the end of the process
when applied in hazardous environments (for example in nuclear in-
dustry).

These materials have been systematically tested for Er(IIl) sorption
using similar procedures. Though erbium is less critical than some other
rare earth metals it is representative to the class of heavy REEs and
poorly documented in the literature. It appeared interesting evaluating
the sorption properties of Er(Ill) as an example of HREEs. The materials
are first characterized using elemental analysis, FTIR spectrometry,
XRD analysis, vibrating sample magnetometry (VSM, for magnetic
material), TGA analysis. In a second step the sorption properties are
carried out through the study of: (a) pH effect, (b) uptake kinetics, (c)
sorption isotherms including thermodynamic parameters and (d) metal
desorption/sorbent recycling.

2. Materials and methods
2.1. Materials

Chitosan (90.7% deacetylation), glutaraldehyde (50%, w/w), epi-
chlorohydrin (> 98%), thiourea, phosphorus oxychloride (POCl;) and
monochloroacetic acid were supplied by Sigma-Aldrich (Saint Quentin
Fallavier, France). Microcrystalline cellulose was obtained from Merck
(Darmstadt, Germany). Ethanol, N-N-dimethylformamide (DMF) and
1,4-dioxane (99.9%) were purchased from Fluka Chemicals (Buchs,
Switzerland). Other chemical reagents were supplied by VWR BDH
Prolabo Chemicals (Fontenay-sous-Bois, France). Erbium was pur-
chased from Alfa-Aesar (Heysham, UK): ErCl;xH,O salt was burned off
at 900 °C for 3 h before being completely dissolved in concentrated HCl
under heating; the solution was diluted with Milli-Q water. The con-
centration of stock solution was 1000 mg Er L™ 1.

2.2. Synthesis of sorbents

Chitosan being soluble in acidic solution (at the remarkable ex-
ception of sulfuric acid) the biopolymer was first crosslinked with
glutaraldehyde. Chitosan (4 g) was dissolved in 200 mL of acetic acid
(5% w/w) under agitation overnight. The polymer solution was dis-
tributed dropwise through a thin nozzle (0.8 mm internal diameter)
into a neutralization bath (2 M NaOH solution) to prepare chitosan
beads. After abundant rinsing the beads were dropped into a glutar-
aldehyde solution (2.5% w/w) for 24 h at room temperature: the molar
ratio between amine groups (on the biopolymer) and aldehyde groups
(on the crosslinking agent) was set to 1:1. The GLA-Chit beads were
filtrated, washed with ethanol and water before being dried and finally
crushed to final size below 250 pm.

Cellulose (Cell) and GLA-Chit were functionalized through a two-
step procedure: first the biopolymers were chlorinated, before being
chemically grafted (Figs. 1 and 2). The chlorination took place in DMF:
the polymers (4 g) were mixed with the solvent for 1 h at 25 °C before
adding 9 mL of POCl;. The reaction was continued for 1 h at 75-80 °C
for chitosan-based sorbents and for 1 h at 75-80 °C for cellulose-based
sorbent. The chlorinated materials were successively washed with ice-
water, DMF and demineralized water (at room temperature) [40-42].

Thio-Cell was obtained by reaction of the intermediary product (3 g)
with thiourea (5.7 g) and Na,CO3 (0.33 g) in 60 mL of Milli-Q water,
under reflux for 24 h [42]. After repeated rinsing to remove unreacted
reagents the material was filtered and freeze-dried for 24 h.

The PCM-Chit was prepared by a first reaction of chlorinated GLA-
Chit with 16 mL of tetraethylenepentamine (TEPA, 16 mL) in 200 mL of
ethanol/water solution (1:1, v/v) for 18 h at 80-85 °C, under reflux.
After being abundantly rinsed (with water and ethanol) and dried, the
intermediary product was reacted with 28 g of monochloroacetic acid
(for 4 g of initial amount of chitosan) in dioxane (100 mL) under reflux
for 18 h (after adjusting the pH to 9-9.5 using 1 M NaOH solution). The
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Fig. 2. Scheme for the synthesis of Thio-Cell.

final product was filtrated and washed with ethanol and Milli-Q water.
Finally, the carboxylic groups on the sorbent were converted to car-
boxylate by mixing the sorbent with a 0.2 M NaOH solution for 30 min.
After rinsing, the sorbent was freeze-dried for 24 h.

The synthesis of Magn PCM-Chit followed a modified amino-
carboxymethylation procedure. The first difference consisted of the
incorporation of a magnetic core produced in situ in the chitosan hy-
drogel [33,43]. Chitosan (4 g) was dissolved in 200 mL of acetic acid
(5% w/w) before adding FeSO,4 and FeCl; salts (respecting a Fe(Il)/Fe
(III) molar ratio of 1:2; i.e., 1.66 g of FeSO,7H,0 and 2.17 g of FeCly).
The mixture was pumped through a thin nozzle into a 1 M NaOH so-
lution (final pH close to 10). The suspension was then heated at 90 °C
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under reflux and stirring for 1 h. The beads were then washed with
demineralized water and crosslinked with glutaraldehyde (2.5% w/w
solution and stoichiometric ratio 1:1 between aldehyde groups and
amino groups) for 24 h at room temperature. Crosslinked magnetic
chitosan particles were suspended into 200 mL of ethanol/water (1:1,
v/v) solution in the presence of 15 mL of epichlorohydrin under agi-
tation and heating under reflux for 4h. After careful rinsing, with
ethanol and Milli-Q water, the material was suspended into 200 mL of
ethanol/water mixture in the presence of 16mL of tetra-
ethylenepentamine under agitation and reflux for 8 h. The solid was
filtrated, rinsed with ethanol and Milli-Q water before adding mono-
chloroacetic acid (28 g) in dioxane at pH 9-9.5, controlled with 1 M
NaOH solution, under reflux. After rinsing the sorbent was conditioned
under the carboxylate form by immersion in a 0.2 M NaOH solution for
30 min. The washed material was finally freeze-dried and crushed to a
size below 250 pum.

2.3. Characterization of sorbents

The chemical composition of the sorbents was determined using an
automatic analyzer (CHNS Vario EL III Elementar analyzer, Elementar,
Langenselbold, Germany). A Jasco FT-IR-6600 spectrometer (Jasco,
Easton, MD, USA) was used for the FT-IR analysis of the materials. The
pHzpc of the materials was determined by the pH-drift method: the
sorbents were equilibrated under agitation for 48 h with a series of 0.01
or 0.1 M NaCl solutions with different initial pH values (pH;); the
equilibrium pH (pH.y) was recorded and the pHzpc is the pH value
corresponding to pH; = pHeq [44]. X-ray diffraction-analyses were
performed at room temperature on an X-ray diffractometer (SmartLab
Rigaku, Tokyo, Japan; Cu K, radiation and angle range 26: 20-80°).
Thermal degradation properties were obtained using a TG/DTA ana-
lyzer (Seiko 633N EXSTAR TG/DTA, Seiko Instruments, Chiba, Japan;
N»/O, atmosphere, temperature range: 20-900 °C with a temperature
ramp of 20 °C min~1).



2.4. Metal sorption and desorption

Sorption experiments were performed, in batch mode, by contact
under agitation (200 rpm) of a mass of sorbent (m, g) with given vo-
lume (V, L) of solution at fixed initial metal concentration (Cy, mg Er
L™1) and fixed pH, controlled with 0.05-1 M solutions of either HC or
NaOH. The pH was not controlled but was systematically monitored at
the end of the sorption process. Temperature was set at 27 = 1°C
except for the study of thermodynamic parameters. At given contact
times samples were collected, filtrated and analyzed for residual con-
centration (C(t) or Ceq, mg Er L™H using an ICP-AES (inductively cou-
pled plasma atomic emission spectrometer, Activa M, Horiba France,
Longjumeau, France). For sorption isotherms the contact time was set at
4 h; this contact time is sufficient for reaching the equilibrium. The
sorption capacity (q, mg Er g~ ') was calculated by the mass balance:
q = (Cp — Ceq) X V/m. The experimental conditions were varied for
evaluating specific sorption properties: the complete experimental
conditions are briefly reported in the caption of the relevant Figures (or
Tables).

Desorption tests were performed by contact, under agitation for 1 h
at 27 °C, of Er-loaded sorbents with a 0.5M solution of thiourea,
acidified with sulfuric acid at pH 2. After filtration, the amount of metal
eluted was compared to the amount of metal sorbed at each stage for
calculating the desorption efficiency; the sorbed amounts at each stage
were compared to the sorption at the first cycle. After each desorption
step the sorbent were conditioned under the form of carboxylate
groups, when relevant (for PCM-Chit type sorbents) by immersion of
the sorbent into 0.2 M NaOH solutions for 30 min and water rinsing.

2.5. Models

Uptake kinetics may be controlled by several mechanisms such as
resistances to film diffusion and to intraparticle diffusion, proper re-
action rate, which may be described by the pseudo-first order rate
equation, PFORE or the pseudo-second order rate equation, PSORE
[45-47]. The sorption isotherms represent the distribution of metal
species between liquid and solid phases at equilibrium [47-50]. These
models are detailed in Additional Material Section.

3. Results and discussion
3.1. Synthesis and characterization of sorbents

3.1.1. Elemental analysis

The elemental analysis of the materials at different stages of the
synthesis procedure (Table 1) confirms the suggested mechanisms of
chemical modification of chitosan and cellulose (Figs. 1 and 2). The
chlorination of the biopolymer reduces the C and N mass fractions in
the materials. After polyamination the mass fraction of nitrogen
strongly increases: the chlorinated GLA-Chit contains 3.23 mmol N g7,
while after polyamination the molar content is 7.05 mmol N g~ ! (with
simultaneous increase of C mass fraction to a level comparable to the C

Table 1
Elemental analysis of sorbents (and intermediary materials).

Sorbent C(%) H(%) N(%) S(%)
Chitosan 40.00 6.88 7.47 -
GLA-Chitosan 44.57 6.46 5.33 -
Chlorinated GLA-Chitosan 37.98 5.35 4.53 -
Polyaminated-Chitosan 44.02 6.37 9.88 -
PCM-Chitosan 44.21 5.97 6.77 -
Magn PCM-Chitosan 40.27 5.19 7.14 -
Cellulose 42.67 6.41 - -
Chlorinated Cellulose 33.68 4.66 - -
Thio-Cellulose 34.53 5.19 - 1.89

content analyzed in GLA-Chit material). After carboxylation the frac-
tion of nitrogen is significantly decreased: the relative increase of the
molar mass may explain this decrease; the N content decreases to
4.83 mmol N g ™! in the final product.

In the case of Thio-Cell, the grafting of thiourea is confirmed by the

presence of S element: S molar content approaches 0.59 mmol S g~ *.

3.1.2. Sorbent morphology

The Fig. 3 shows the morphology of sorbent particles. The fibrillary
structure of cellulose material is significantly changed after chemical
modification of the biopolymer: layered structures are formed with
small aggregates. In the case of chitosan-based materials, the smoothed
surface of GLA-Chit is turned to very irregular aggregates for PCM-Chit
while for Magn PCM-Chit massive blocks were formed with well-de-
limited linear edges. The structure is more compact than with PCM.
This could be attributed to the magnetite core that maintains the
structure of the material during the drying step, contrary to chitosan gel
whose structure collapses when dried. The size of sorbent particles was
63-125 um for synthesized materials after grinding and sieving while
the size of Cell particles was the original size of commercial cellulose
(commercial data for Avicel Merck cellulose: 80 pm).

3.1.3. FTIR analysis

FT-IR spectroscopy allows identifying the reactive groups on the
sorbents (Fig. AM1, see Additional Material Section) and the successive
chemical modifications of the biopolymers. The spectrum of cellulose is
characterized by the usual bond vibrations [51,52]:

® 3300-3400 cm ™ ': large band corresponding to »(OH) stretching in
the polysaccharide ring, and —CH—OH, —CH,—OH side chain
stretching,

e 2885-2890 cm ~ !: stretching of methylene groups,

© 1309 cm ™! and 1109 cm ™ stretching of primary and secondary
—OH groups, respectively,

e 1433 cm ™!, assigned to C—O—C stretching or —CH, bending mode,
and 1304 cm ™! attributed to —OH bending,

e 889-898 cm ™ !': B-p-glucose unit: C—O—C stretching.

The chlorination of cellulose is confirmed by the appearance of
bands in the range 700-760 cm™?, assigned to v(CH,—Cl) and the re-
lative decrease in the intensities of the bands at 3300-3400 cm ™},
1500 cm ™! and 1200 cm ™!, which are explained by the substitution of
hydroxyl groups at Cg position [53-55]. The further grafting of thiourea
leads to a decrease in the intensity of the bands in the range
760-700 cm ™! as a confirmation of the grafting mode. The —SH bands
are difficult to identify due to (a) the low amount of sulfur immobilized
on the polymer backbone (0.59 mmol g~ 1), and (b) the poor sensitivity
of the relevant signals (at 630-710 cm ™~ * [53], 1059 cm ™' [56] and
2550 cm ™! [54]).

For chitosan-based materials the main FTIR bands have been re-
ported [51,57,58]:

® 3420-3450 cm ™ !: superimposition of N—H and O—H stretching,

e 2877 cm ™ !: stretching C—H,

® 1620-1670 cm ™ ': C=0 stretching in secondary amide I [59] or
C—N—H in amide I [51],

® 1550-1570 cm ™ C=0 stretching in secondary amide II, [59] or
8(NH), [58],

® 1420-1450 cm ™~ ': amide II groups [57], or C—OH linkage [51],

e 1380 cm ™ ': C—O groups [57], or CH, groups,

e 1159cm ™%, 1075 ecm ™! and 1025 cm ™} C—0—C groups in poly-
saccharide ring [51,58],

® 896 cm ™~ ': C—N finger-print.

The crosslinking of chitosan with glutaraldehyde leads to the ap-
pearance of —CO—NH groups and the reinforcement of the signals
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corresponding to amide groups. After chlorination the typical band at
700-760 cm !, assigned to v(CH,—Cl), is appearing. After TEPA-
grafting, the signal for chlorinated groups is weakened while the in-
tensity of primary and secondary amine groups are increased at
1300-1500 cm ™~ ! and 1600 em ™! [55]. In the next step of the process,
the carboxymethylation of amine groups leads to a decrease in the in-
tensity of amine groups and the appearance of a signal corresponding to
carboxyl groups,at around 1730 ecm ™~ * [55].

3.1.4. pHyp,,

The pH-drift method was tested for different experimental con-
centrations (sorbent dosage, concentration of the background salt: 0.01
and 0.1 M NaCl solutions, contact time: 24 and 48 h); an example is
given in Fig. 4. The pHypc of the different sorbents were obtained. The
grafting of thiol groups on cellulose hardly changes the pH of zero
charge of the sorbent: 6.21 * 0.33 and 6.26 = 0.46 for Cell and Thio-
Cell, respectively. While GLA-Chit has a pHzpc close to the values of
cellulose-based materials (i.e., 7.05 = 0.61), the chemical modifica-
tion of the aminopolysaccharide strongly affects the value of the pH of
zero charge. Indeed, after poly(aminocarboxymethylation) the pHzpc of
the sorbent drops to 4.12 * 0.26. This can be easily explained by the
immobilization of carboxylic acid groups, with pK, lower than 4. This is
another proof that the chemical grafting is efficiently operated on the
biopolymer backbone to bring acidic functions. In the case of magnetic-
based sorbent the decrease in the pH of zero charge is less marked: the

Fig. 3. Morphology of sorbents (SEM micrographs)
(Magnification: x 1800-4500).

t:24h

0.1 M NaCl

pHeq'pHi

—-Cell
-1 1 [ —~Thio-Cell
—8-GLA-Chit
-2 1 | =A=PCM-Chit
—6—Magn PCM-Chit
-3 T

1 3 5 7 9

Fig. 4. Determination of pHzpc for the sorbents by the pH-drift method — determination of
the pH corresponding to pH; = pHq (Example of test performed with Sorbent dosage:
1 g L™%; Background salt: NaCl (0.1 M); agitation time: 24 h).

PHzpc tends to 4.44 *+ 0.02. These results are consistent with literature
data. Glutaraldehyde crosslinking of chitosan hardly changes the pHzpc
of chitosan, in the range 6-7 [60]. Igberase et al. reported that the
grafting of ethylenediaminetetraacetic acid on chitosan contributes to
decrease the pHzpc to 4.4 [61]. In the case of cellulose-based sorbent,
Silva et al. [62] demonstrated that the grafting of aminoethanethiol did
not change the pHzpc that remains close to 6; the pHzpc of cellulose
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close to 6 is slightly increased to 6.5 after being reacted with epi-
chlorohydrin [63].

3.1.5. XRD analysis

The X-ray diffraction patterns have been compared for the different
materials (Fig. 5). Cellulose is characterized by 4 peaks corresponding
to 20 angles: 15.1°, 16.4°, 22.6° (110, 110, 020 lattice planes of cellulose
I) [64] and 34.6° (004 lattice plane of cellulose) [65]. After chemical
modification, the arrangement of polymer chains is strongly affected:
the grafting of chemical groups induces hydrolytic cleavage of glyco-
genic bonds, release of crystallites, the breakage of hydrogen bonds in
the crystalline part of the polymer [66] and the intercalation of mole-
cules that decrease the ordered arrangement of the polymer structure.
As a consequence the crystallinity of the modified polymer is strongly
decreased: the intensity of the peaks is drastically diminished, the only
detectable peak corresponds to the peak at 22.6°. Similar loss in the
crystallinity of cellulose was obtained for other chemical derivatives
[54,55,66]. In the case of GLA-Chit and derivatives the materials are
poorly crystalline. The unique peak is relatively large and is located
close to 20 = 20° ([67]). After chemical modification the crystallinity is
drastically reduced: the peak is broadened and shifted toward higher 20
(i.e., close to 23°). The intercalation of reactive groups in the polymer
network and the disruption of hydrogen bonds between the chains can
explain this decrease of the crystallinity: the structure is less organized.
Similar change in the crystallinity of chitosan was observed in the case
of papain incorporation into chitosan beads crosslinked with

tripolyphosphate and/or glutaraldehyde [67]. The incorporation of a
magnetic core in the sorbent particle, by in situ synthesis, is confirmed
by the appearance of typical peaks of magnetite phase at 26 = 30°, 35°,
43°, 53°, 57° and 62° [68].

3.1.6. Magnetic properties

The magnetic properties of Magn PCM-Chit sorbent have been
analyzed by VSM (Fig. AM2, see Additional Material Section). The
absence of coercivity and remanence indicates that the material has
superparamagnetic properties [69]. The saturation magnetization of the
sorbent is relatively low (i.e., 5.4 emug~'). The magnetization of
magnetite particles coated with chitosan derivative is relatively small
compared to conventional values of magnetite nanoparticles (usually in
the range 50-80 emu g~ ) [68]. This may be attributed to the very low
amount of magnetite in the composite sorbent (i.e., close to 7.7% w/w,
based on weight loss studies). The magnetization of the composite is
supposed to be proportional to the fraction of magnetite [70-72,68,69].
However, this is sufficient for achieving the magnetic separation of
sorbent particles from solution.

3.1.7. Thermal properties

Thermal degradation of sorbents has been carried out under N,/O,
atmosphere; i.e. aerobic thermal degradation. Fig. 6 reports the dif-
ferent TGA profiles. Cellulose material is characterized by a first step
that corresponds to the release of absorbed and structural water, after
280 °C a strong weight loss is observed (sharp curve) till 340-350 °C;
this corresponds to the thermal degradation of cellulose which is fol-
lowed by the combustion of the char above 350 °C that finished at the
temperature of 670 °C. In the case of Thio-Cell, the degradation profile
is more complex; this is due to the decomposition of the functional
groups grafted on the cellulose backbone; i.e., chlorination spacer, and
more specifically thiourea. Water removal corresponds to 25-185 °C
temperature range, while above 190 °C a series of degradation phases (4
steps) are observed: (a) a small weight loss (about 12%) between 190
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and 202 °C, (b) a progressive weight loss between 202 °C and 285 °C
(about 48%), (c) a progressive and “slow” degradation that corresponds
to the thermal degradation of the char, which represents 25% of the
weight, between 285 °C and 545 °C, and (d) a linear degradation curve
for the combustion of the remaining material (about 5%) until 700 °C.
The first two steps of this process are probably associated to the de-
gradation of the chemical groups and the cellulose backbone, respec-
tively. In the case of chitosan-based sorbents, the water removal occurs
between 180 and 205 °C, depending on the sorbent, and the loss re-
present between 5 and 18%. Above 200 °C the thermal degradation of
the chitosan derivatives is characterized by two phases: (a) between
205 °C and 300 °C, the chemical groups (glutaraldehyde for GLA-Chit
and poly(carboxymethyl) groups, and probably intermediary TEPA
anchoring groups, for PCM-Chit) are progressively decomposed; (b)
above 300 °C (till 580-615 °C) the degradation of the chitosan back-
bone and further combustion of the char. The degradation profiles are
similar for GLA-Chit and PCM-Chit; the only significant difference is
observed at the beginning of the thermogram: the initial weight loss is
lower for chemically grafted sorbent. This is probably associated to a
lower absorption of water or weaker water retention in the modified
material; above the temperature of 240 °C, the thermodegradation
profiles are very close for the precursor and the modified material. In
the case of Magn PCM-Chi, the TGA thermogram is significantly dif-
ferent: the degradation of the material is facilitated compared to the
other chitosan-based materials: the complete degradation of the mate-
rial is achieved at 445 °C. The first section of the degradation profile
(i.e., below 300 °C) is almost superimposed to GLA-Chit profile, while
the final degradation of the material is shifted toward lower tempera-
tures and occurs with a steeper slope. Obviously the presence of the
magnetic core leads to the incomplete thermal degradation of the sor-
bent; the remaining weight fraction of the magnetite in the final pro-
duct corresponds to the fraction of magnetite in the sorbent (i.e., close
to 7.7%). This may explain the low magnetization saturation that was
measured by VSM (see above): the fraction of magnetic core is much
lower than the amounts incorporated in other magnetic sorbents
[33,73]; in addition, the greater the coating layer, the greater the
“shielding” effect on magnetic properties [74]. The presence of mod-
ified chitosan on the surface of magnetite particles decreases the uni-
formity due to the quenching of surface moments, which, in turn, re-
duces the magnetic moment of the composite particles [75].

3.2. Effect of pH on Er(Ill) sorption

The pH is expected to influence both (a) the speciation of metal ions
by formation of hydrolyzed species, or specific complexes in the pre-
sence of ligands, and (b) the surface properties of the sorbents by
protonation/deprotonation of reactive groups. The presence of car-
boxylic groups, amine functions, —OH groups and thiol groups, which
are characterized by different acid-base properties, leads to proton ex-
change with the solution: the affinity of these reactive groups is then
modulated by the pH of the solution.

These acid-base properties also influence the equilibrium pH. Fig.
AM3 (see Additional Material Section) shows the pH variation during
metal sorption. Between pH 1 and 3 the equilibrium pH remains almost
constant, between pH 3 and pH 4 the equilibrium pH moderately in-
creases (by less than 0.5 pH unit). When the initial pH ranges between 5
and 6 the equibrium pH value may vary by up to 1 or 2 pH units and a
kind of “buffering" effect is observed with pH stabilization around 6.
Above pH 5 the extent of pH variation decreases, due to this buffering
effect. In the sorption of a series of divalent cations on Saccharomyces
cerevisiae fungal biomass, the buffering capacity was modeled using a
four-site acidic model with pK,s values: 3.4 + 0.4, 5.0 £ 0.2,
6.8 £ 0.4 and 8.9 + 0.6 [76]. A similar effect is expected with the
synthesized sorbent with the coexistence of numerous different reactive
groups with different pK,s. Cell is the sorbent that shows the greater pH
stability among the five materials. In this case, the main functional
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groups are the R—OH groups, which are the less reactive, in terms of
acid-base properties and affinity for metal ions, compared to carboxylic,
thiol or amine groups (see below). The significant pH increase is thus
alerting on the necessity to strictly control the pH to prevent metal
precipitation, at least at high metal concentration. The pH variation
observed during metal sorption and the possible occurrence of pre-
cipitation phenomena at high metal concentration, especially in the
case of sorption isotherms, leaded to set the initial pH value to 5 for
further experiments in order to avoid any misinterpretation of metal
removal performance.

Fig. 7 shows the impact of equilibrium pH on Er(Ill) sorption
properties. Under selected experimental conditions, the five sorbents
show the same sorption capacity (around 10 mg Er g~ ') at low pH (i.e.,
pH close to 1.2): the reactive groups are protonated and then poorly
available for the binding of metal cations due to competition effect of
protons for binding on reactive groups, and poor ion-exchange prop-
erties. When the pH increases the sorption capacity increases almost
linearly for GLA-Chit, Cell and Thio-Cell. This is due to the increasing
deprotonation of reactive groups such as amine groups or thiol groups
in GLA-Chi and Thio-Cell, which progressively increases the affinity of
reactive groups for metal ions and decreases the competition effect of
protons. The pK, of thiol compounds immobilized on vermiculite was
reported between 8.0 and 8.5 [77]. However, the acid base properties
are strongly influenced by the environment of thiol functions [78]. In
the case of heavy metal complexation on thiol-containing peptides,
Ding et al. [79] reported the shift of the titration curve for the peptides
after the binding of metal cations (proving the complexation mechan-
isms) and they observe that the acid-base characteristics not only de-
pend on the number of thiol groups in the different peptides but also on
their global structure. The carboxylic acid moieties in peptides have pK,
values varying, in function of the environment of reactive groups, be-
tween 1.85 and 3.49 [80]. Saber-Samandari et al. [44] correlated the
effect of the pH on the affinity of nanocomposite membranes, asso-
ciating carboxymethylated cellulose-graft-poly(acrylic acid)/silica/
bentonite for metal ions and dyes to the pH,;,. (pH of zero charge) of the
sorbents: the pH,,,. varied between 4.2 and 4.9 in function of bentonite
content.

These results can be correlated to the pHzpc values of the sorbents
reported above: GLA-Chit, Cell and Thio-Cell have very close values of
PHzpc (in the range 6.4-6.6); this means that in the pH range tested for
Er(IlI) sorption these materials are positively charged. The competition
effect and charge repulsion contribute to decrease sorption properties,
which proceeds through ion-exchange with protons on the sorbents.
Obviously, when the pH increases this competition effect decreases and
the sorption linearly increases; though sorption properties remain re-
latively weak compared to chemically modified sorbents. Indeed, for



poly(aminocarboxymethylated) chitosan, as magnetic and non-mag-
netic composites, the pHzpc range between 3.7 and 4.5: the carboxylic
groups have pK, values in the range 3-4; as a consequence, the change
in surface charge is expected to be more favorable to Er(III) sorption. A
significant change (pH-edge) is observed with these sorbents when pH
increase with a significant enhancement of sorption performance at pH
close to 3—4; this is consistent with observations on Gd(III) and Nd(III)
sorption using alfafa biomass [81]: this was correlated to acid-base
properties of carboxylic groups and competition effects. The pH-edges
curves for Er(IlI) sorption are shifted toward higher pH values ac-
cording to the series PCM-Chit < Magn PCM-Chit < Thio-Cell = -
Cell < GLA-Chit; this is remarkably consistent with the scale in pHzpc:
4.12, 4.44, 6.26, 6.21 and 7.05, respectively. This is consistent with the
results obtained by Harding and Healy [82] who synthesized a series of
amphoteric latex colloids having different values of isoelectric point
and different charge-profiles according pH variations. They compared
the pH-edges for Cd(II) sorption: the curves were shifted according the
series of isoelectric pH values. When the percentage of adsorption is
plotted as a function of its pH normalized with respect to the isoelectric
point all the curves superimposed on a single profile. They used several
declinations of the surface complexation model, with 1:1, 2:1 stoi-
chiometric ratios and/or the binding of Cd(OH) *; they showed that the
best match between model and experimental data was obtained when
all the interaction modes are involved in Cd(II) binding: Cd(II) 1:1 and
1:2 complexation together with Cd(OH)* binding. More recently, El-
dridge et al. [83] compared the sorption properties of a series of di-
valent metal cations on different amphoteric polystyrene latices (having
amine and carboxyl functional groups). The efficiency of the sorbent is
correlated to the equilibrium constant describing metal-carboxyl affi-
nity, which, in turn, is correlated to the isoelectric point and the density
of carboxylic groups on the amphoteric polystyrene latices.

In the discussion of pH effect on the sorption of Er(Ill) onto acti-
vated charcoal, Qadeer [84] commented that the distribution coeffi-
cient (Kq = Qeq/Ceq) increases with pH due to the decrease in compe-
tition effect up to pH 4 and decreases above pH 4 due to the lower
affinity of the sorbent for hydrolyzed Er(Ill) species, which may be
under the forms: Er(OH)?*, Er(OH), ", Er(OH); and Er(OH), . In the
case of Eu(III) sorption on chitosan and crab shells, Cadogan et al. [23]
proposed the binding of the REE through interactions between different
amine groups on adjacent chains of chitosan and simultaneous inter-
actions with C—OH groups (crossed-binding mechanism). In the case of
GLA-Chit, a similar mode of action could occur; however, the en-
vironment of amine groups is hindered by the chemical bonds with
glutaraldehyde: a decrease in sorption is then expected. After the poly
(carboxymethylation) of chitosan, the carboxylic groups are supposed
to bring additional reactive groups that increase sorption capacities as
shown in Fig. 7. Wang et al. [85] discussed the sorption of REEs on
alginate/SiO, composite. They propose a cation-exchange mechanism
involving carboxylic groups and cations, including Ca®*, present as the
gelation agent, H" and REE®**. The competition between the REE ca-
tion and protons in acidic solutions explains the progressive decrease in
metal binding when the pH decreases. The binding of the REE(III) ca-
tions involves cross-interaction of the metal with carboxylic groups of
adjacent polymer chains.

3.3. Uptake kinetics

The sorption processes are kinetically controlled by different me-
chanisms: the proper reaction rate of sorption, but also resistances to
film diffusion and intraparticle diffusion [47]. Indeed, providing a
sufficient agitation to prevent concentration gradient and particles
settling avoids the resistance to bulk diffusion to contribute to kinetic
control. Varying the agitation speed and the size of sorbent particles
would help in evaluating the contribution of film diffusion and in-
traparticle diffusion, respectively. Previous studies on similar materials
have shown that the effect of agitation speed and resistance to film

diffusion are limited to the very first minutes of contact [86]. The main
objective of this work does not consist of an in-deep analysis of diffu-
sion process but to compare the sorption properties of the different
biopolymer derivatives. The resistance to film diffusion has been
roughly evaluated using the so-called Morris & Weber equation (q(t) is
plotted vs. the square root of contact time; q(t) = £(t>>) [871). When
the Weber & Morris plot is linear and passes through the origin the
mechanism is controlled by the resistance to intraparticle diffusion;
when the plot is shifted from the origin the resistance to film diffusion
plays a non-negligible effect on kinetic control. On the opposite hand
when the plot of q(t) vs. t*® shows several linear sections the mass
transfer is generally associated to the co-existence of different diffusion
modes corresponding to different porosities of the sorbent. Fig. AM4
(see Additional Material Section) shows the Morris and Weber plots of
Er(IlI) uptake kinetics using the five sorbents at pH 5 (Co: 100 mg L™ 1,
SD: 0.2 g L™ 1). The plots are characterized by multi-linear sections: the
materials are not homogeneous (in terms of porous characteristics):
Cell, Thio-Cell and GLA-Chit show two sections: (a) a first linear section
passing through the origin (fast diffusion, within the first 30 min of
contact) that corresponds to surface sorption and accumulation within
the first external layers of the sorbents, followed by (b) a second section
with a very low slope corresponding to equilibrium achievement with
slow diffusion to the inner sorption sites. For chitosan derivatives (i.e.,
PCM-Chit and Magn PCM-Chit) three sections can be identified: (a)
0-30 min with fast sorption (as for other sorbents), (b) 30-150 min
with slow diffusion in the core of particles, and (c) above 150 min with
progressive achievement of the equilibrium. Resistance to diffusion is
thus expected to contribute to the control of uptake kinetics.

Fig. 8 shows the modeling of uptake kinetics using the pseudo-first
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Table 2
Uptake kinetics — Modeling with the PFORE (Co: 100 mg Er L™ %; pH 5; T: 300 K; Sorbent
dosage, SD: 0.2 gL™").

Sorbent Gegexp. Qeq,cale. ki x 10 R
(mgErg™") (mgErg™" (min™")
GLA-Chit. 42.15 41.25 2.18 0.991
PCM-Chit. 117.60 114.86 2.34 0.989
Magn PCM- 107.25 104.84 1.88 0.977
Chit.
Cellulose 43.65 43.38 2.96 0.987
Thio-Cell. 63.85 63.38 3.19 0.994
Table 3

Uptake kinetics-Modeling with the PSORE (Co: 100 mg Er L™ %; pH 5; T: 300 K; Sorbent
dosage, SD: 0.2gL™1).

Sorbent Qeq,exp. Qeq,calc. ko x 10* R?
(mgErg™") (mgErg™") (gmg™ ' min™")
GLA-Chit. 42.15 46.65 6.11 0.996
PCM-Chit. 117.60 130.53 2.25 0.990
Magn PCM- 107.25 121.55 1.84 0.976
Chit.
Cellulose 43.65 48.37 8.49 0.980
Thio-Cell. 63.85 70.47 6.31 0.988

order rate equation (PFORE, Equation AM1, see Additional Material
Section) and the pseudo-second order rate equation (PSORE, equation
AM2) [45-47]. Tables 2 and 3 summarize the apparent rate coefficients
k; and ko, together with the calculated sorption capacity at equilibrium,
which can be compared to the experimental value of sorption capacity.
These rate parameters should be considered as apparent since these
equations were initially developed for modeling homogeneous chemical
reactions; the application of these equations to heterogeneous systems
means that the apparent rate coefficients integrate the influence of re-
sistances to diffusion. The determination coefficients are of the same
order of magnitude for PFORE and PSORE (Tables 2 and 3). In addition,
the calculated values for equilibrium sorption capacities (Qeq,caic.) are
significantly overestimated for the PSORE while for the PFORE the
calculated values are closer to the experimental sorption capacities
(Qeqexp.)- The PFORE is probably more appropriate for describing the
kinetic profiles. The overlapping of the kinetic data with the fitted
curve is relatively accurate (Fig. 8) with the exception of Magn PCM-
Chit, for which much larger discrepancy is observed, especially before
120 min of contact. For chitosan-based sorbents the apparent rate
coefficient (i.e., ky: 6.1 x 10" *gmg~ ' min~!) decreases after poly
(aminocarboxymethylation): the rate coefficients are very close for the
magnetic and the non-magnetic materials, around
2 x 10~*gmg ™! min~. For cellulose-based sorbents, the decreasing
effect of chemical modification is less marked (Table 3). In the case of
the PFORE apparent rate coefficient (i.e., k;) is slightly higher for cel-
lulose-based materials; however, all the coefficients are weakly varying
between 1.8 X 10" ?min~"! and 3.2 X 10" ?>min~'. Cellulose-based
sorbents reach the equilibrium slightly earlier than chitosan-based
materials (i.e., 120-150 min against 240-300 min).

3.4. Sorption isotherms and thermodynamics

3.4.1. Sorption isotherms

The sorption isotherms have been established at pH 5 for the five
sorbents. Figs. 9 and 10 show the experimental data at different tem-
peratures, in the range 20-50 °C. The solid lines show the fitting of
experimental profiles with the Langmuir equation; similar curves are
presented for the Freundlich equation in Additional Material Section
(Figs. AM5 and AM6 for chitosan-based and cellulose-based sorbents,
respectively). Table 4 and AM1 (see Additional Material Section) report
the parameters of Langmuir and Freundlich equations for the different
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sorbents, respectively. The determination coefficients (i.e., R?) are very
close for the two models: a little better for Freundlich equation; how-
ever, the Langmuir equation that is characterized by an asymptotic
trend is more appropriate for describing the binding saturation. Both
the maximum sorption capacities (i.e., Qm,caic.) and the affinity coeffi-
cients (b) increase with temperature. The sorption process is en-
dothermic. The calculated values (i.e., Qmcalc.) are very close to the
experimental maximum sorption capacities (i.e., Gmax,exp.); differences
do not exceed 3%. The sorbents can be ranked according the series:

Cell = GLA-Chit < Thio-Cell < Magn PCM-Chit < PCM-Chit

Yang and Alexandratos [14] correlated the polarizability of donor
atom on polymer-supported reagents for the recovery of lanthanides.
Lanthanide cations being hard Lewis acids they prefer binding to hard
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Table 4
Sorption isotherms — Modeling with the Langmuir equation.

Sorbent Temp. (°C) Qmax,exp. Qun,cale. b@Lmg™!) R
(mg Er g’l) (mg Er g’l)
GLA-Chit. 20 41.05 42.64 0.123 0.998
27 44.25 45.83 0.126 0.998
40 47.05 48.78 0.128 0.998
50 49.25 50.98 0.133 0.997
PCM-Chit. 20 117.15 116.66 0.207 0.986
27 124.95 123.64 0.227 0.984
40 136.25 133.74 0.268 0.980
50 144.45 140.31 0.310 0.977
Magn PCM- 20 105.75 106.05 0.207 0.989
Chit. 27 113.55 112.90 0.227 0.986
40 121.55 120.63 0.256 0.987
50 127.65 126.59 0.282 0.986
Cellulose 20 41.45 42.83 0.121 0.996
27 45.35 46.75 0.125 0.996
40 49.15 50.61 0.129 0.996
50 52.35 53.93 0.132 0.996
Thio-Cell. 20 62.55 64.64 0.132 0.997
27 67.15 69.11 0.139 0.997
40 76.15 78.10 0.148 0.996
50 82.65 85.20 0.149 0.997

Lewis bases containing oxygen donor atoms preferentially to nitrogen
and sulfur donor atoms. The absolute hardness of the ligands decreases
following the series OH— (5.6 eV) > NH2- (5.3eV) > SH— (4.1 eV).
Based on this concept deduced from HSAB rules Er(IIl) sorption is ex-
pected to be more efficient on carboxylic groups than on amine groups

and even more than on sulfur reactive groups. Although they consider
that HSAB is the predominant controlling rule for lanthanide sorption,
Yang and Alexandratos also reported the contribution of additional
criteria that may influence the affinity order: (a) the basicity or polar-
izability of the ligand vs. the acidity or polarizability of the ion; (b) the
effect of the solution on the protonation of the reactive groups; (c) the
degree of association of metal ions with counterions; and (d) the extent
of hydration of metal ions [14]. These complementary parameters may
be used when investigating the selectivity of a sorbent for a series of
metal ions in complex solutions; in the case of the comparison of re-
active groups for the binding of a given metal ion the first two criteria
are the most significant. The effect of pH and protonation/deprotona-
tion of reactive groups was already discussed in the section on pH effect
(see above). This may contribute to limit the impact of specific HSAB
effects. In addition, the density of reactive groups is much higher for
PCM-Chit sorbent (see Table 1 and Section 3.1.1.) than for GLA-Chit:
the sorption is then much higher. In the case of Thio-Cell the grafting of
additional thiol groups improves the efficiency of sorption but ac-
cording the HSAB rules the affinity of these reactive groups for Er(Ill) is
weaker compared to amine and carboxylic groups. The differences in
maximum sorption capacities between PCM-Chit and Magn PCM-Chit
range between 9.7% and 11.6%. The fraction of magnetic core in the
composite reaches 7.7% (w/w, as determined by weight loss, in the
thermogravimetric studies); this means that the relative amount of
modified polymer in the composite magnetic sorbent has decreased in
the same order of magnitude than the sorption capacities. The low
sorption capacities for GLA-Chit, despite the presence of amine func-
tions is probably due to the specific reaction of amine groups with al-
dehyde groups of the cross-linking agent: amino groups bound to al-
dehyde are not available for Er(Ill) chelation. In the case of Cd(II)
binding on cross-linked chitosan, the chemical reaction drastically re-
duced the reactivity of amine functions [86]. In the study of metal
sorption on cellulose, Farrah and Pickering [88] detailed the influence
of the pH on sorption efficiency. The presence of two types of acidic
functional groups has been identified: one has a pK, close to 4.4 while
the second one has a pK, close to 7. The acid site is responsible of metal
sorption in mild acidic solutions when deprotonation is occurring above
pH 4: these reactive groups are mainly associated to the oxidation of
CH,OH groups or to aldehydic end groups of the chain. The density of
these reactive groups has been evaluated to 22 meq g~ *. The second
pK. (close to 7) corresponds to alcoholic OH groups and can only dis-
sociate at neutral or alkaline pH values, where, in most cases, the metal
ions are precipitating (depending on metal concentration); in addition,
the density of these groups is relatively low, being quantified to
15 meq g~ '. This may explain the capacity of Cell to bind Er(IIl) but to
a weak extent. The grafting of thiol groups increases by 50% the
sorption capacity of raw cellulose (i.e., 21-30mgErg~!, or
0.13-0.18 mmol Er g~ !, depending on the temperature). Table 1 shows
that the mass fraction of sulfur element is 1.89% (w/w), which corre-
sponds to a loading of 0.59 mmol —SH per g of sorbent. In the case of
the in vitro study of chelation of La(Ill) with a series of thiols, Yaqoob
et al. [89] showed that the affinity of thiol groups increases with their
pK,; in addition they suggest that lanthanum reacts with thiol groups to
form La(RS)3; complexes. The increase in sorption capacity due to thiol
grafting (i.e., 0.13-0.18 mmol Er g~ ') is consistent with the thiol-
loading (i.e., 0.59 mmol thiol g_l) for a 1:3 stoichiometric ratio. Thiol
groups are very reactive for metal binding especially at low metal
concentration [90]. However, the poly(aminocarboxylmethylated)
chitosan shows much higher increase in sorption properties (compared
to GLA-Chit reference material): maximum sorption capacities are in-
creased by 76-95mg Er(IIl) g_1 (or 0.46-0.57 mmol Er g_l), and
65-78 mg Er(Ill) g~ (or 0.39-0.47 mmol Er g~ 1), respectively; the
maximum sorption capacities are increased by 2.8-2.9 for PCM-Chi and
2.6 for Magn PCM-Chit. After poly(aminocarboxymethylation) of the
sorbent the nitrogen content increases from 5.33% (w/w) to 6.77% (w/
w); which corresponds to 3.80 and 4.83 mmol N g~ %, respectively. The



chemical modification brings 1 additional mmol of amine groups per g
of sorbent. Based on the suggested structure of the derivative (Fig. 1),
this means that the loading of carboxylic groups grafted on the sorbent
is close to 1.1 mmol g~ *. The increase in maximum sorption capacity
for PCM-Chit is mainly due to carboxylic groups although amine groups
(strongly hindered) and adjacent —OH groups may contribute to reach
the expected coordination number, usually found close to 8-9 [91].
When investigating Cd(II) sorption on Gram+ and Gram- bacterial cell
walls, Mishra et al. [92] identified the presence of sulfhydryl, carboxyl
and phosphoryl reactive groups with very distinct reaction pathway
depending on metal concentration: sulfhydryl is only binding Cd(II) at
low metal concentration, while when the concentration increases both
carboxyl and phosphoryl groups contribute in metal binding. In addi-
tion, at the highest metal concentration phosphoryl groups are the
predominant reactive groups. With carboxyl and sulfhydryl reactive
groups the metal: site reaction stoichiometry is 1:1 indicating a
monodentate mechanism, while at low metal concentration and pre-
dominance of sulfhydryl groups the multi-dentate binding is char-
acterized by a coordination number higher than one.

The affinity coefficients are of the same order of magnitude for GLA-
Chit, Cell and Thio-Cell (around O.1—0.15ng_1); they are halved
compared to values of poly(aminocarboxymethylated) sorbents (i.e.,
0.2-0.31L mg’l). Similar trends are observed for the Freundlich
modeling of sorption isotherms (Table AM1, see Additional Material
Section): the coefficients kg and n increase with temperature and the
rankings for kg and n follow the same trends as already reported for
Langmuir modeling.

3.4.2. Thermodynamic parameters

The thermodynamic characteristics (enthalpy change, AHY
kJ mol ~!, Gibbs free energy, AG® kJ mol !, and entropy change, AS°,
Jmol 'K~ !) have been determined from sorption isotherms at dif-
ferent temperatures using the Van’t Hoff equation by plotting the
logarithm of b (affinity coefficient of the Langmuir coefficient) vs. the
reciprocal of absolute temperature (Fig. AM7, see Additional Material
Section):

AHO  AS°
In(b) = — -
n(b) RT R (@)
AG® = AH? — TAS° 2

Table 5 summarizes these thermodynamic parameters. The positive
values of enthalpy change, AHP, confirm that the sorption of Er(III) by

Table 5
Thermodynamic parameters for the sorption of Er(Ill) using selected sorbents.

the different sorbents is endothermic. For poly(aminocarbox-
ymethylated) derivatives of chitosan the value of the enthalpy change is
much higher than the values obtained with not only GLA-Chit but also
for cellulose-based materials. This justifies the higher affinity of these
sorbents for Er(III). The absolute values |AG®| are higher than |TAS°|
for GLA-Chit, Cell and Thio-Cell: the sorption of Er(IIl) is controlled by
enthalpic changes rather than entropic changes for these sorbents; a
reciprocal trend is observed for poly(aminocarboxymethylated) sor-
bents. In addition, the Gibbs free energies are higher for chitosan de-
rivatives than for the other sorbents; Er(IlI) sorption is more sponta-
neous on these materials. The entropy change is negative for GLA-Chit,
Cell and Thio-Cell the system progressively becomes more ordered with
the binding of dispersed metal ions on the surface of sorbent particles. A
contrary trend is observed for Er(Ill) sorption with magnetic and non-
magnetic PCM-Chit the positive values of entropy change mean that the
sorption reaction is entropically driven and this is frequently associated
to the release of water, initially bound to metal species, into the solu-
tion during metal binding. The chemical modification of GLA-Chit
confers to the material a thermodynamic behavior different to its pre-
cursor.

3.4.3. Comparison of Er(IIl) sorption properties with literature data

The sorption of Er(IIl) is not well documented into the literature.
Table 6 summarizes the main sorption characteristics for a series of
sorbents. Though some specific resins (for example D113-III carboxylic-
type resin [93]) and activated carbon materials [94,95] have shown
higher sorption capacities, in the range 250-325mg Er g™, poly
(aminocarboxymethylated) chitosan demonstrates sorption perfor-
mances comparable to  conventional materials (around
120-140 mg Er g’l). The other sorbents (i.e., GLA-Chit, Cell and Thio-
Cell) have much lower sorption capacities, comparable to alumina [96],
and extractant-impregnated resins [97,98]. PCM-Chit appears to be the
most promising of the synthesized sorbents; depositing the material at
the surface of magnetic core particles has a limited effect on uptake
kinetics but slightly decreases the sorption capacities.

3.5. Metal desorption and sorbent recycling

The recycling of the sorbent has been investigated using 0.5 M so-
lutions of thiourea, acidified with sulfuric acid at pH 2. The desorption
yield was compared over the different cycles, while the sorption ca-
pacity was systematically expressed as a percentage of the sorption at

Sorbent Temp. AH° AS° AG° T x AS° R?
K) (kJ mol 1) (mol K™Y (kJ mol™1) (kJ mol ™)

GLA-Chit. 293 1.89 -10.96 5.10 -3.21 0.958
300 5.18 -3.29
313 5.32 -3.43
323 5.43 —-3.54

PCM-Chit. 293 10.56 22.90 3.85 6.71 0.997
300 3.69 6.87
313 3.40 7.17
323 3.17 7.40

Magn. PCM-Chit. 293 7.94 14.06 3.82 4.12 0.997
300 3.72 4.22
313 3.54 4.40
323 3.40 4.54

Cellulose 293 2.14 -10.22 5.13 -2.99 0.974
300 5.20 -3.07
313 5.33 -3.20
323 5.44 -3.30

Thio-Cell. 293 3.21 —-5.76 4.90 —-1.69 0.932
300 4.94 -1.73
313 5.02 -1.80
323 5.07 -1.86




Table 6
Comparison of sorption properties with alternative Er(IIl) sorbents.

Sorbent T (°C) pH Time (h) Qm (mg Er g’l) b (L mg’l) Reference
Rice husk-based activated carbon 30 3.5 1 250 0.0048 [77]
Activated charcoal 22 4 1 260 0.0221 [69]
Alumina 45 - 0.25 49 - [79]
Weakly acidic ion exchange filter 25 6.0 24 142 0.06 [99]
D113-III (resin bearing carboxylic acid groups) 35 6.0 22 325 0.086 [76]
DVB-encapsulated extractant 40 1.8 0.25 54 0.072 [80]
Polysulfone-encapsulated extractant 25 5 1 48 0.080 [81]
GLA-Chit. 27 5 4 46 0.126 This study
PCM-Chit. 27 5 4 124 0.227 This study
Magn PCM-Chit. 27 5 4 113 0.227 This study
Cellulose 27 5 3 47 0.125 This study
Thio-Cell. 27 5 2 69 0.139 This study
Table 7

Metal desorption and sorbent recycling — Relative sorption efficiency (compared to 1st sorption step) and desorption efficiency (relative to corresponding preceding adsorption step).

Cycle 1 2 3 4 5

Sorbent Ads. (%) Ads. (%) Des. (%) Ads. (%) Des. (%) Ads. (%) Des. (%) Ads. (%) Des. (%)
GLA-Chit. 100 95.15 94.08 93.49 93.02 92.43 93.02 91.48 92.19
PCM-Chit. 100 94.76 93.95 93.05 92.84 91.86 92.84 90.88 91.99
Magn PCM-Chit. 100 95.69 94.73 93.96 93.67 92.31 93.67 90.86 92.00
Cellulose 100 94.44 94.90 93.99 94.33 92.97 93.54 92.18 92.97
Thio-Cell. 100 94.21 94.51 93.22 93.90 92.38 93.22 91.92 92.76

the initial stage. Table 7 reports the sorption and desorption efficiencies
obtained for the 5 sorbents at the different cycles. The sorption capacity
very slightly decreases at each sorption stage; however, the loss does
not exceed 9% at the fifth cycle. The sorbents have a good stability in
terms of sorption capacities. The efficiency of desorption slightly de-
creases from 94% to 92% when comparing the performances at the first
and fourth cycles. This means that the variation in metal desorption
remains stable and that a small fraction (around 7%) cannot be des-
orbed from the loaded sorbent. Globally the sorption of the 5 sorbents
are comparable and the sorption and desorption efficiencies remain
higher than 91% for a minimum of five sorption/desorption cycles.

4. Conclusion

The chemical modifications of cellulose and chitosan (cross-linked
with glutaraldehyde) allow increasing Er(III) sorption properties. Thiol
groups increase metal sorption on cellulose by 50%, though the best
results were obtained with the poly(aminocarboxymethylation) of
chitosan: sorption capacities increase from 40-50 mg Er(II[) g~ ! for
GLA-Chit to 117-144 mg Er(Ill) g~ * for PCM-Chit. Sorption capacity
increases with pH due to the progressive deprotonation of reactive
groups (amine functions, thiols groups and carboxylic groups) (de-
pending on the sorbent). The saturation plateau of sorption isotherms is
consistent with the Langmuir model, though the Freundlich equation
showed very comparable determination coefficients. The sorption ca-
pacities also increase with temperature: sorption is endothermic,
spontaneous (even increased by the poly(aminocarboxymethylation) of
the biopolymer). The main difference between the different sorbents is
identified in terms of entropy change: negative for Cell, Thio-Cell and
GLA-Chit while positive values are obtained for poly(aminocarbox-
ymethylated) chitosan materials (magnetic and non-magnetic compo-
sites showed similar behavior). The kinetic profiles are best fitted by the
pseudo-first order rate equation. The incorporation of magnetic core in
the composite sorbent does not improves (a) the uptake performance:
actually the maximum sorption capacity decreased at the pro-rata of the
proportion of inert magnetic core in the material, nor (b) the uptake
rate: the equilibrium is reached within the first 4-5 h of contact. All the
sorbents can be efficiently desorbed using acidic thiourea solutions

(0.5 M) and the sorption and desorption performances decrease at the
fifth cycle by less than 9% and 6% for sorption and desorption, re-
spectively. Poly(aminocarboxymethylated) chitosan appears the most
promising sorbent for the recovery of Er(Ill) from weakly acid solutions
(pH 5).
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