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rmance of functionalized
chitosan–silica hybrid materials toward rare
earths†

Joris Roosen,ab Jeroen Spoorenb and Koen Binnemans*a

Chitosan–silica hybrid adsorbents were prepared and functionalized with ethylenediaminetetraacetic acid

(EDTA) and diethylenetriaminepentaacetic acid (DTPA). The method consisted of sol–gel hybridization of

chitosan and silica, followed by the addition of anhydrides to graft EDTA- and DTPA-ligands on the

amine groups of the chitosan moieties in the hybrid particles. The resulting adsorbents were

characterized by a range of analytical techniques: FTIR, BET, SEM, TGA, ICP and CHN. Coordination of

Eu(III) to immobilized EDTA- and DTPA-groups was investigated by luminescence spectroscopy. The

adsorption performance of the chitosan–silica adsorbents was investigated for Nd(III) as a function of the

contact time, the pH of the aqueous feed and the adsorbent mass. Stripping and reusability studies were

performed for both EDTA-chitosan–silica and DTPA-chitosan–silica. Differences in affinity amongst the

rare-earth ions were investigated for DTPA-chitosan–silica in mono-component solutions of five rare

earths (La, Nd, Eu, Dy and Lu). The order of affinity was in agreement with the trend in stability constants

for the respective rare-earth ions with non-immobilized DTPA (bearing five available carboxylic acid

groups). Multi-element mixtures were used to determine the selectivity of the adsorption process.

Special attention was paid to separation of Nd and Dy, since these elements are relevant to the recovery

of rare earths from End-of-Life permanent magnets.
1. Introduction

Biosorption is a promising technology for the removal or
recovery of organic and inorganic substances from solution.1 In
our evolution towards a more sustainable society, biosorption
offers advantages due to the cost-effective, environmentally
friendly and virtually unlimited supply of bioresources.2 A wide
variety of biosorbents exist, ranging from micro-organisms to
agricultural waste.3–5 One of the most promising biosorbents is
chitosan, a linear polysaccharide composed of randomly
distributed b-(1,4)-linked D-glucosamine (deacetylated unit) and
N-acetyl-D-glucosamine (acetylated unit), which is obtained on
an industrial scale by the alkaline deacetylation of chitin. As the
main component in the exoskeleton of Crustacea, chitosan is
one of the most abundant biopolymers in nature.6,7 Besides the
non-toxicity, bio-degradability and reusability of biosorbents,
chitosan is specically advantageous because it contains a high
concentration of amino groups, which are easy to functionalize.
This results in a high adsorption capacity and selectivity for
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metal ions.8–17 Modied chitosan is also very useful as a support
material in heterogeneous catalysis.18–22 However, chitosan
suffers from poor mechanical properties and low chemical
resistance.23 To improve the properties of chitosan materials for
use in metal-ion recovery, chitosan has been modied with
ceramic alumina,24 alginate,25 polyvinyl alcohol,26 cyclodex-
trins,27 magnetic nanoparticles,28 ionic liquids,29 and silica.30–36

By thesemodications, the advantages of multiple materials are
combined into one superior material. Chitosan combined with
silica has been shown to be suited as a supporting material for
column chromatography because of the large surface area, the
high porosity and the excellent mechanical resistance of the
resulting particles.36 The simplest materials have a chitosan
coating on the surface of silica particles, whereas the truly
hybrid materials are prepared by a sol–gel process with hydro-
lysis of a silicon alkoxide precursor in the presence of chitosan.
The sol–gel process results in the formation of covalent bonds
between the chitosan and the silica network. Chitosan–silica
hybrid materials have been investigated for the adsorption of
only a limited number of metals (Co, Ni, Cd and Pb), but it
offers many possibilities.34 Most studies focused on the removal
of unwanted species from waste waters like heavy metals, or
charged organic species like cationic dyes.37 However, chitosan–
silica hybrids could also have great potential as sorbents for the
selective recovery of valuable metals from secondary resources.
Valorization of industrial waste streams can for instance be
J. Mater. Chem. A, 2014, 2, 19415–19426 | 19415
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interesting in the case of red mud, phosphogypsum and other
industrial residues. These specic waste streams can contain
signicant amounts of rare earths.38 Because of their essential
role in permanent magnets, catalysts, rechargeable batteries,
lamp phosphors, etc., the demand for rare earths will continu-
ously grow in future. A supply risk for rare-earth elements (REE)
exists because of China's quasi-monopoly on the production of
rare earths, combined with a strict export policy. The recovery
and recycling of rare earths is thus a very important issue.39–41

The number of studies on the use of biomass for the adsorption
of rare earths is limited.42–44 Nevertheless, results until now
conrm the importance of research about the use of bio-
sorbents for the recovery of rare-earth elements.

In this paper, we describe the synthesis and characterization
of EDTA- and DTPA-functionalized chitosan–silica hybrid
particles and the application of these materials for the recovery
of trivalent rare-earth ions from aqueous solutions.
2. Experimental section
2.1. Materials

For the synthesis of chitosan–silica hybrid particles, low-viscous
chitosan from shrimp shells ($99% purity) was obtained from
Sigma-Aldrich and tetraethyl orthosilicate (TEOS, $99% pure)
from Fluka Chemika. Ammonia solution (Analar Normapur, 25
wt%) and hydrogen chloride (ACS reagent, 37%) were obtained
from VWR. Ethanol (Disinfectol®, denaturated with up to 5%
ether) was obtained from Chem-Lab. Deuterium oxide (D2O,
99.9 at% D) was purchased from Sigma-Aldrich. Aqueous rare-
earth solutions for adsorption experiments were made from
their corresponding REE salts: La(NO3)3$6H2O (99.9%) was
supplied byChempur, Nd(NO3)3$6H2O (99.9%) andDy(NO3)3$5H2O
(99.9%) were supplied by Alfa Aesar, Eu(NO3)3$6H2O (99.9%)
was supplied by Strem Chemicals and Lu(NO3)3$xH2O was
supplied by Sigma-Aldrich. Suitable dilutions were made with
MilliQ® water (Millipore, >18 MU cm�1). A 1000 ppm gallium
standard was obtained from Merck. The silicone solution in
isopropanol was obtained from SERVA Electrophoresis GmbH.
All chemicals were used as received without further
purication.
2.2. Equipment and analysis

FTIR spectra were recorded on a Bruker Vertex 70 spectrometer
(Bruker Optics). Samples were examined as such using a Plat-
inum ATR single reection diamond attenuated total reection
(ATR) accessory. Scanning Electron Microscopy (SEM) was per-
formed to investigate the surface morphology. Images were
made at an acceleration voltage of 5 kV on a JEOL JSM-6340F
apparatus equipped with a Bruker X Flash Detector 5030 and a
Bruker QUANTAX 200 EDS system. The specic surface area and
porosity of the adsorbents were determined with a Quantach-
rome Autosorb-iQ automated gas sorption analyzer. Samples
were outgassed under inert helium purge, at a nal outgas
temperature of 135 �C. The surface area and pore size were
derived using the BETmethod by analyzing nitrogen adsorption
at liquid nitrogen temperature. Thermogravimetric analysis
19416 | J. Mater. Chem. A, 2014, 2, 19415–19426
(TGA) was performed to determine the organic content using a
Netzsch-Gerätebau STA 449 C Jupiter thermo-microbalance
which was coupled to a Pfeiffer Vacuum OmniStar mass spec-
trometer. Samples were analyzed from ambient temperature to
1000 �C under owing air at a heating rate of 5 �C min�1. CHN
(carbon, hydrogen, nitrogen) elemental analyses were obtained
with the aid of a CE Instruments EA-1110 element analyzer.
Inductively Coupled Plasma-Atomic Emission Spectroscopy
(ICP-AES) was used to analyze the silicon content in the
synthesized particles. Samples were destructed in an Anton Paar
Multiwave 3000 microwave aer mixing them with a ternary
mixture of HCl 37% (2 mL), HF 48% (4 mL) and HNO3 65%
(6 mL) in a Teon disclosure recipient. HF, that could form
volatile SiF4 compounds, was then neutralized with H3BO3. The
samples were analyzed with an ICP IRIS Intrepid XUV using the
axial 251.611 nm emission line of silicon. Luminescence spectra
and decay curves were recorded at room temperature on an
Edinburgh Instruments FS900 spectrouorimeter, equipped
with a 450 W xenon arc lamp and a 50 W microsecond xenon
ash lamp. Metal ion concentrations were determined by
means of total-reection X-ray uorescence (TXRF) on a Bruker
S2 Picofox TXRF spectrometer. To perform the sample prepa-
ration for a TXRF measurement, the unknown metal ion solu-
tion (900 mL) is mixed in an Eppendorf tube with a 1000 mg L�1

gallium standard solution (100 mL) and stirred. A small amount
of this prepared solution (7.5 mL) is put on a small quartz plate,
pre-coated with a hydrophobic silicone solution (10 mL), and
dried in an oven at 60 �C. Centrifugation was done by means of
a Heraeus Megafuge 1.0 centrifuge.
2.3. Synthesis

2.3.1. Chitosan–silica (CS). The chitosan–silica hybrid
materials were synthesized according to the in situ Stöber based
method described by Rashidova et al.33 Chitosan (2.0 g) was
dissolved rst in a 2 vol% acetic acid solution (100 mL). TEOS
(30 mL) was added to the pale yellow viscous solution. The
solution (pH 4) was stirred for 1/2 h to induce hydrolysis reac-
tions, during which ethoxide groups are replaced by hydroxyl
groups. Then the solution was poured into a ask containing a
solution of 3 vol% NH3 (200 mL, pH 12) to catalyze the
condensation reactions. The resulting white suspension (pH 10)
was stirred for 24 h at room temperature. The chitosan–silica
slurry was ltered off and thoroughly washed with a consider-
able amount of demineralized water until neutral pH. Then the
product was washed with ethanol and n-heptane. Eventually it
was air-dried for 24 h, before vacuum-drying it at 40 �C for 24 h.
The resulting material was a white powder. Yield: 9.0 � 0.5 g.

2.3.2. EDTA-chitosan–silica and DTPA-chitosan–silica. As
described by Repo et al.,34 the chitosan–silica hybrid materials
could further be functionalized with EDTA and DTPA by gra-
ing the corresponding anhydrides (excess) on the chitosan
amino groups. The bisanhydride synthesis was fully described
in previous work.44 The functionalization occurred in a solution
of chitosan–silica (7.5 g), acetic acid (5 vol%, 100 mL) and
methanol (400 mL). Yield: 5.5 � 0.5 g.
This journal is © The Royal Society of Chemistry 2014
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2.4. Adsorption

Batch adsorption experiments were rst carried out with
aqueous solutions of neodymium(III) to characterize several
adsorption parameters: the inuence of contact time, the pH of
the aqueous feed and the adsorbent mass. The Nd3+ ion was
used as a model system for all rare-earth ions in the optimiza-
tion tests. All adsorption tests were performed in a 10 mL
aliquot of a suitably diluted stock solution. The adsorbent (25.0
� 0.1 mg) was added to the vials. Solutions were then stirred at
room temperature with a magnetic stirring bar at 500 rpm for a
preset time period. Next, the particles were separated from the
aqueous solution by ltration, making use of a polypropylene
syringe lter with a pore size of 0.45 mm. The remaining metal
ion concentration of the aqueous solution was measured using
TXRF. The amount of metal ions adsorbed onto the chitosan–
silica particles was then determined using the following
formula:

qe ¼ ðci � ceÞ V
mads

(1)

In this formula, qe is the amount of adsorbed metal ions at
equilibrium (mmol g�1 adsorbent), ci is the initial metal ion
concentration in aqueous solution (mmol L�1), ce is the equi-
librium metal ion concentration in aqueous solution (mmol
L�1), V is the volume of the solution and mads is the mass of the
adsorbent.
2.5. Reusability/stripping

For the stripping experiments, initial adsorption took place in
plastic centrifuge tubes. This allowed convenient separation of
the aqueous solution from the loaded particles aer 4 h of
shaking, by centrifugation (4200 rpm, 5 min). The aqueous
solution was analyzed using TXRF to determine the amount of
Nd3+ ions that were adsorbed onto the sorbent. Then the
particles were washed with MilliQ® water to remove non-com-
plexed metal ions in the precipitate. Subsequently, the particles
were stripped with decreasing dilutions of a 1.0 M HCl solution
(5 mL aliquots). The particles were vigorously shaken in the acid
solution for 5 min. The stripping solution was again removed by
centrifugation at 4200 rpm for 5 min and further analyzed to
determine the amount of stripped ions. TXRF analysis required
the use of polypropylene disks (instead of quartz carriers), in
order to be able to investigate the potential leaching of silicon.

The reusability experiments were carried out similarly. Aer
removing the aqueous solution by centrifugation, stripping of
the loaded particles with 10 mL of 1.0 M HCl for 10 min and
washing the particles with 5 mL of MilliQ® water, the particles
were kept overnight at 40 �C. In the next adsorption cycle, 10mL
of aqueous Nd3+ solution was again added to the functionalized
hybrid materials and shaken for 4 h. The adsorption amounts
resulting from the rst, the second and the third reusability
cycle were compared to the initial adsorption amount to
determine the extraction efficiency in consecutive experiments.
This journal is © The Royal Society of Chemistry 2014
2.6. Separation experiments

The setup was composed of a Büchi chromatography pump B-
688, to control the pressure and the eluent ow, and a glass
Büchi BOROSILIKAT 3.3 column tube, N 17988 with dimen-
sions 9.6 mm � 115 mm (bed volume ¼ 8.3 mL). Separated
compounds were collected with the aid of a Büchi Automatic
Fraction Collector B-684. The distinct fractions were monitored
by ex situ analysis of the fractions using TXRF to determine the
respective metal-ion concentrations.

The method of slurry-packing was used to pack the columns.
Therefore, DTPA-chitosan–silica (2.0 g) was soaked in an
aqueous HNO3 solution, set at pH 3, before pouring the
stationary phase in the column. Pressurized air was used to
ultimately pack the wet resin slurry. Metal frits were mounted at
the top and at the bottom of the column, serving as lters that
allow the mobile phase to pass, but keep the stationary phase
inside the MPLC-column. Flow rates up to 20 mL min�1 could
be reached without exceeding the pressure maximum, set at 10
bar. The experiment was preceded by thorough washing of the
column with 50 mL of demineralized water, followed by
conditioning of the column with 50 mL of an aqueous HNO3

solution, set at pH 1.50. Also the Nd3+/Dy3+ separation mixture
was set at pH 1.50 with HNO3. The feed concentration was 2.0
mM for both metal ions, hence Nd3+ and Dy3+ were present in a
1 : 1 molar ratio. An average ow rate of 5 mL min�1 was set.
3. Results and discussion
3.1. Synthesis

Silica gels are most oen synthesized by hydrolysis of mono-
meric, tetrafunctional alkoxide precursors employing a mineral
acid or base as a catalyst.45 In the synthesis procedure described
in this paper, tetraethyl orthosilicate (TEOS) was used as a silica
precursor and ammonia as a catalyst in a large excess of water.
Because water and TEOS are immiscible, a mutual solvent such
as ethanol is mostly used as a homogenizing agent. However,
the gel could be prepared without addition of ethanol because
the amount produced as a by-product of the hydrolysis reaction
was sufficient to homogenize the initially phase-separated
system by strong stirring.45 In the subsequent condensation
reactions, the formed silanol groups reacted to produce
siloxane bonds. Base-catalyzed polymerization with large
H2O : Si ratios produces highly condensed ‘particulate’ sols.45

As the chitosan amino groups remained available aer hybrid-
ization, the chitosan–silica materials could easily be function-
alized with EDTA and DTPA by graing the corresponding
anhydrides on the chitosan amino groups. The chemical
structure of EDTA-functionalized chitosan–silica is depicted in
Fig. 1. The structure of DTPA-chitosan–silica is similar.
3.2. Characterization

The functional groups on the hybrid materials were investigated
by FTIR. In all infrared spectra, a broad band was present
between 3200 and 3600 cm�1, due to the symmetric vibration of
free NH2 and OH groups. These originate mainly from chitosan,
but also silanol groups from silica contribute to this band.
J. Mater. Chem. A, 2014, 2, 19415–19426 | 19417



Fig. 1 Chemical structure of EDTA-functionalized chitosan–silica.

Fig. 2 SEM images made at acceleration voltage: 5.0 kV; working
distance: 15.2 mm; photo-magnification 1000�; (a) chitosan base
material; (b) chitosan–silica; (c) EDTA-chitosan–silica; (d) DTPA-chi-
tosan–silica.
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Whereas in the spectra of the chitosan–silica materials only one
peak around 1640 (�2) cm�1 was present; several peaks
occurred between 1350 and 1750 cm�1 in the spectra of the
functionalized materials. These peaks arise from the presence
of the carboxylic acid groups on the surface of the sorbents. The
peak around 1640 cm�1 in the pre-functionalized chitosan–
silica materials is due to the presence of an acetyl carbonyl
group on part of the chitosan moieties. The most intense band
in the spectra was found between 1090 and 1030 cm�1 and can
be associated with the Si–O–Si and Si–O–C vibrations. This band
conrms that the hybridization went well, together with the
peak at 956 (�1) cm�1, which occurs because of the Si–OH
stretch that is shied from 950 cm�1 by hydrogen-bonding
interactions.

The surface morphology was investigated by SEM (Fig. 2).
The surface changes upon hybridization are clear by compar-
ison of Fig. 2a and b. The encapsulation of chitosan akes in a
silica network creates a coarser surface. Nevertheless, the chi-
tosan amino groups stay available for functionalization. This
can be observed in Fig. 2c and d, where it can also be seen that
the SEM pictures resulting from EDTA- and DTPA-chitosan–
silica are very similar. Functionalization seemingly leads to a
more dense appearance of the polymer structures, which can be
attributed to the fact that cross-linking occurs to some extent by
functionalization with EDTA- and DTPA-bisanhydride.

BET analysis was used to measure the specic surface and
porosity of thematerial (Table 1). This technique is based on the
multilayer adsorption of nitrogen as a function of relative
pressure. The obtained data are very reproducible for both
batches and thus the hybridization procedure can be consid-
ered to be highly reproducible. The results conrm the effect of
hybridization. Firstly, it was seen that the specic surface area
of hybridized chitosan is dramatically increased, which was also
concluded from the SEM images. Secondly and more impor-
tantly, the porosity was increased remarkably because of the
hybridization. As the pore size is between 2 and 50 nm, these
materials can be classied as mesoporous materials. This
allows the use of these hybridized sorbents as chromatographic
supports. It was experienced before that pure chitosan was not
19418 | J. Mater. Chem. A, 2014, 2, 19415–19426 This journal is © The Royal Society of Chemistry 2014



Table 1 BET analysis results

Specic surface area (m2 g�1) Total pore volume (cm3 g�1) Average pore radius (Å)

Chitosan 1 0.003 40
Chitosan–silicaa 218 1.024 94
EDTA-chitosan–silica 230 0.718 63
Chitosan–silicab 219 1.036 95
DTPA-chitosan–silica 198 0.573 58

a A rst batch of chitosan–silica was made to subsequently functionalize with EDTA. b A second batch of chitosan–silica was made to subsequently
functionalize with DTPA.
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suited as a packingmaterial for chromatographic separations as
a consequence of column clogging because of its non-porous,
elastic character. Only when mixed with sufficient amounts of
silica, being porous and rigid, could a smooth ow be guaran-
teed over the entire column length. Hybridization increases the
ease of use and the potential of this application.

Functionalization of the hybrid particles has a minor inu-
ence on the surface characteristics. The specic surface area
uctuates around the value of 215 (�15) m2 g�1. The porosity on
the other hand decreases. It is not clear whether the presence of
organic ligands causes lling of the (larger) pores or not. A
cross-linking effect by the aminopolycarboxylic acid ligands
would however explain why the decrease of total pore volume
and average pore radius is higher for DTPA-chitosan–silica than
for EDTA-chitosan–silica.

The thermal stability of the particles was measured by TGA.
The shapes of the TGA curves are very similar for the non-
functionalized and the functionalized hybrid particles.
However, the functionalized chitosan–silica materials started to
decompose at a lower temperature (190 �C). The combustion
products were analyzed by a coupled mass spectrometer. At 190
�C, the carboxylic acid functions were released rapidly from the
ligands. Further decomposition of the organic matrix occurred
in all materials from 220 �C to 300 �C in the rst stage. In this
stage, small fragments evaporated and chitosan started to de-
polymerize. The monomeric units on their turn decomposed
until a constant weight was reached at 600 �C. The main
combustion products were CO2, H2O and N2, while NH3 or NOx

compounds were not detected.
The ratio of chitosan/silica in the respective materials was

estimated by comparison of three independent techniques
(TGA, ICP and CHN). The residual masses derived from the TGA
measurements arise from the inorganic part and the loss-on-
ignition (LOI) value is a measure of the organic content. ICP and
CHN allowed determination of the amount of silicon and
carbon, hydrogen and nitrogen, respectively. All values can be
found in the ESI (TGA results in Table S1, ICP results in Table S2
and CHN results in Table S3†). To calculate the organic content
from the CHN measurements, all chitosan moieties were
considered to be functionalized in EDTA- and DTPA-chitosan–
silica. This is realistic in the case of EDTA-chitosan–silica, but
less for DTPA-chitosan–silica, as described in our earlier work.44

An overall average value was determined to get the percent-
ages of chitosan and silica in the chitosan–silica particles (Table
This journal is © The Royal Society of Chemistry 2014
2). Calculations show that the hybridization procedure is quite
reproducible with an average ratio of 1 part of chitosan (25 wt%)
to 3 parts of silica (75 wt%). By functionalization of the particles,
the organic share obviously increased a little bit due to immo-
bilization of organic ligands. Notice that this increase is higher
for functionalization with EDTA than with DTPA. The apparent
lower degree of functionalization for DTPA-chitosan–silica can
be attributed to a cross-linking effect. Nevertheless, the result-
ing ratios are still roughly comparable for EDTA-chitosan–silica
and DTPA-chitosan–silica, both containing more specically 3
parts of chitosan (30 wt%) to 7 parts of silica (70 wt%). Finally, it
was conrmed that a smooth ow could be obtained with these
stationary phases by packing EDTA-chitosan–silica and DTPA-
chitosan–silica in a column. Therefore, it is possible to use
these particles as a resin for the separation of rare earths by
means of ion-exchange column chromatography.
3.3. Luminescence

In order to investigate the structure of the complexes of rare-
earth ions with the EDTA or DTPA groups on chitosan–silica
and in order to determine the number of coordinated water
molecules in the rst coordination sphere, the luminescence
properties of Eu3+-loaded chitosan–silica were measured. The
excitation spectrum was dominated by a peak at 394.90 nm
(corresponding to the 7F0 / 5L6 transition), so the emission
spectrum was recorded by irradiation of the sample with this
wavelength (Fig. 3).

The transitions in the spectrum all originate from the 5D0

level and terminate at various 7FJ levels (J¼ 0–4, indicated in the
gure). The pattern, shape and relative intensities of the peaks
provide information about the environment of the Eu3+ ion.
Since the 5D0 / 7F2 hypersensitive transition is the most
intense transition in the Eu3+ ion coordinated EDTA-chitosan–
silica material (and more intense than the 5D0 / 7F1 transi-
tion), this indicates that no centrosymmetry is present. The
presence of the 5D0 / 7F0 transition indicates that the point-
group symmetry of the Eu(III)-site is Cn, Cnv or Cs.46 The fact that
this transition appears as a single peak indicates that Eu3+ ions
occupy no more than one site of symmetry.

The hydration number q of the Eu3+ ion coordinated to
functionalized chitosan–silica was determined. This was done
by recording the decay time of the 5D0 excited state (measured
by monitoring the luminescence intensity of the 5D0 / 7F2
hypersensitive transition at 613.50 nm) for the Eu(III)-
J. Mater. Chem. A, 2014, 2, 19415–19426 | 19419



Table 2 Average values for the chitosan and silica content in the (functionalized) chitosan–silica materials as a result of TGA, ICP and CHN
measurements

Average organic content (wt%) Average silica content (wt%) Ratio chitosan : silica

Chitosan–silicaa 25.8 74.2 1 : 3
EDTA-chitosan–silica 31.0 69.0 3 : 7
Chitosan–silicab 25.8 74.2 1 : 3
DTPA-chitosan–silica 29.7 70.3 3 : 7

a A rst batch of chitosan–silica was made to subsequently functionalize with EDTA. b A second batch of chitosan–silica was made to subsequently
functionalize with DTPA.

Fig. 3 Emission spectrum of Eu(III)-coordinated EDTA-chitosan–silica
(lexc ¼ 394.90 nm, room temperature).

Journal of Materials Chemistry A Paper
coordinated functionalized chitosan–silica suspended in H2O
and D2O and by applying a simplied form of the modied
Horrocks–Supkowski formula:47

q ¼ 1:11 �
�

1

sH2O

� 1

sD2O

� 0:31

�
(2)

sH2O and sD2O are the luminescence decay times determined
in water and deuterated water, respectively (Table 3). The
rounded hydration number was 3 for EDTA-chitosan–silica and
1 for DTPA-chitosan–silica. Assuming that Eu3+ coordinates
with ve atoms of the EDTA-moiety (two nitrogen atoms and
three oxygen atoms) and seven atoms of the DTPA-moiety (three
nitrogen atoms and four oxygen atoms), this means a coordi-
nation number of eight for the adsorbed Eu3+-ion in both
Table 3 Lifetimes of the 5D0 excited state for Eu(III)-coordinated
EDTA- and DTPA-chitosan–silica in water and deuterated water and
corresponding hydration numbers by application of eqn (2)

sH2O (ms) sD2O (ms) q

EDTA-chitosan–silica 0.286 1.738 2.89
DTPA-chitosan–silica 0.534 1.629 1.05

19420 | J. Mater. Chem. A, 2014, 2, 19415–19426
materials. In this view a bicapped trigonal prismatic polyhedron
with Cs symmetry could possibly be the symmetry of the coor-
dinated complexes.
3.4. Kinetics of adsorption

The inuence of contact time, pH and adsorbent mass was
investigated for aqueous nitrate solutions of Nd3+ as a model
system for all rare-earth ions. The inuence of contact time on
adsorption of rare-earth ions by EDTA- and DTPA-functional-
ized chitosan–silica is shown in Fig. 4. The aqueous feed had an
initial concentration of 0.50 (�0.01) mmol L�1 in this experi-
ment. The pH was not adjusted. The initial pH of 6.0 evolved to
an equilibrium pH of 3.0 during the experiment due to the
release of carboxylic acid protons when binding rare-earth ions.

EDTA- and DTPA-chitosan–silica show a similar kinetic
prole due to their similar structure. The major part of the
present metal ions is already coordinated to the adsorbents
within one hour. DTPA-chitosan–silica shows a higher adsorp-
tion amount than EDTA-chitosan–silica. In these experimental
conditions, 25 mg of DTPA-chitosan–silica proved sufficient to
adsorb all Nd3+ ions from 10mL solution (caq¼ 0.50 mmol L�1),
while 25 mg of EDTA-chitosan–silica adsorbed only 80% of the
ions present. Data points were tted with the pseudo-second-
order kinetic model in order to predict the rate of adsorption
(Table 4). The pseudo-second-order model is given by the
following equation:

qt ¼ qe
2k t

1þ qe k t
(3)

where qt and qe (mmol g�1) are the amounts of metal ions
adsorbed at time t and at equilibrium, respectively, and k the
pseudo-second-order rate constant. In the pseudo-second-order
model, the rate-limiting step is the surface reaction. As the R2

value is higher than 0.90 for both materials, the chemisorption
can be assumed to be the rate limiting step, rather than the pore
Table 4 Results of fitting kinetic data with the pseudo-second-order
kinetic model

qe (mmol g�1) K (g mmol min�1) R2

EDTA-chitosan–silica 0.16 1.07 0.91
DTPA-chitosan–silica 0.20 1.99 0.95

This journal is © The Royal Society of Chemistry 2014



Fig. 4 Kinetics of adsorption of Nd3+ by EDTA-chitosan–silica and
DTPA-chitosan–silica. Data points were fitted with the pseudo-
second-order kinetic model.

Fig. 5 Influence of aqueous pH on the adsorption of Nd3+ by EDTA-
chitosan–silica and DTPA-chitosan–silica.
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diffusion. Data tting with the intraparticle diffusion model (in
analogy with work by Repo et al.34) was not satisfying with our
data and thus not discussed.

The plateau value was reached aer 3 h for EDTA-chitosan–
silica and already aer 2 h for DTPA-chitosan–silica as by then
no more Nd3+ ions were in solution. All following adsorption
experiments were performed for 4 h in order to ensure equi-
librium conditions.
Fig. 6 Adsorption isotherms of EDTA-chitosan–silica and DTPA-chi-
tosan–silica for the adsorption of Nd3+, both fitted with the Langmuir–
Freundlich model.
3.5. Inuence of aqueous pH

The pH is one of the main parameters having an inuence on
the adsorption of metal ions, due to the protonation of com-
plexing carboxylic acid groups on the surface of the sorbents.
For both EDTA- and DTPA-chitosan–silica, the pH of the
aqueous feed was varied between 1.0 and 7.0 (Fig. 5). Because of
hydrolysis of rare-earth ions, it does not make sense to inves-
tigate alkaline pH values. From the solubility constant of
Nd(OH)3, Ksp ¼ 10�23, it can be calculated that precipitation
occurs at a pH of 7.37 in the concentration conditions of this
experiment (caq ¼ 0.51 mmol L�1).48

Adsorption increases in a sigmoidal way for both EDTA-
chitosan–silica and DTPA-chitosan–silica. No adsorption occurs
at pH 1.0 since the functional groups are fully protonated at this
pH. Raising the pH leads to a fast increase in adsorption
amount. Whereas the increase in adsorption of Nd3+ continues
for EDTA-chitosan–silica until pH 7, at which all Nd3+ ions are
recovered from solution, the plateau value is already reached at
pH 4 for DTPA-chitosan–silica. The adsorption amount of 0.20
mmol Nd3+ per g sorbent corresponds to the complete recovery
of the Nd3+ ions present in solution, so that it can be expected
that adsorption with DTPA-chitosan–silica would also proceed
at higher pH with higher metal ion concentrations. Note also
that the equilibrium pH is approximately 3 in a standard
experiment in which no pH adjustments are made, which is a
consequence of the exchange of sorbent protons for metal ions
during the adsorption reaction. Hence, this explains the
observed adsorption amounts in the previous experiment
This journal is © The Royal Society of Chemistry 2014
(Fig. 4), being 0.16 and 0.20 mmol Nd3+ per g sorbent for EDTA-
chitosan–silica and DTPA-chitosan–silica, respectively.
3.6. Adsorption isotherms

As a third parameter, the adsorbent mass was varied. By
increasing the adsorbent mass, a decrease of the Nd3+ equilib-
rium concentration occurs. By plotting the adsorption amount
versus the equilibrium concentration, adsorption isotherms
were obtained (Fig. 6).

To characterize the sorption equilibria, data points were
tted with two commonly used sorption models: the Langmuir
adsorption model and the Langmuir–Freundlich model. The
Langmuir adsorption model (eqn (4)) is based on the fact that a
solid surface has a nite amount of sorption sites.

qe ¼ qmax

�
KL Ce

1þ KL Ce

�
(4)
J. Mater. Chem. A, 2014, 2, 19415–19426 | 19421



Table 6 Fitting results of adsorption isotherm data with the Lang-
muir–Freundlich modela

Theoretical qmax (mmol
Nd3+ per g sorbent)

KLF

(L mmol�1) n R2

EDTA-chitosan–silica 0.42 1.09 0.52 0.99
DTPA-chitosan–silica 0.74 0.02 0.16 0.98

a KLF ¼ Langmuir–Freundlich isotherm constant.
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The sorption process occurs in a monolayer that covers the
surface of the material. It is further assumed that adsorption is
a dynamical process. At equilibrium, the number of adsorbed
ions equals the number of ions that are released from the
adsorbent surface.49 Fitting results for the Langmuir method
are shown in Table 5. The R2 value that results from the tting
procedure was low for DTPA-chitosan–silica, which indicated
that the original Langmuir model was not appropriate to
describe the adsorption of Nd3+ by this material.

The Langmuir–Freundlich model (eqn (5)) is a modied
version of the original Langmuir model, based on the Freund-
lich equation, which is the earliest known relationship
describing non-ideal and reversible adsorption, not restricted to
the formation of a monolayer. This empirical model can be
applied to multilayer adsorption, with non-uniform distribu-
tion of adsorption sites and affinities over the heterogeneous
surface.50 The results for the Langmuir–Freundlich method are
shown in Table 6. As it can be seen from the R2 value that this
model is more accurate, it was chosen to t the data in Fig. 6
with the Langmuir–Freundlich model.

qe ¼ qmax

� ðKLF CeÞn
1þ ðKLF CeÞn

�
(5)

Most important is the conrmation that DTPA-chitosan–
silica has an overall better adsorption capacity than EDTA-chi-
tosan–silica. The data also conrm the adsorption amounts
obtained in the above experiments. These were performed with
an aqueous Nd(III) concentration of 0.50 (�0.01) mmol L:1, for
which adsorption amounts of 0.16 mmol g�1 for EDTA-chito-
san–silica and 0.24 mmol g�1 for DTPA-chitosan–silica can be
derived from Fig. 6. Then, it can be concluded from the
modeling that the maximum adsorption capacity of both
materials (at high feed concentration) is higher than expected
from the previously described experiments, up to 0.75 mmol
Nd3+ per g of DTPA-chitosan–silica. This is in agreement with
the observation that the Langmuir–Freundlich model ts the
adsorption isotherms well for both materials. The Langmuir–
Freundlich model supports the hypothesis that no simple
monolayer of rare-earth ions is formed around the particles.
The experimental validation of even higher adsorption amounts
was not considered relevant, since the application of this type of
material is mainly the recovery of rare earths from diluted
aqueous waste streams.
Table 5 Fitting results of adsorption isotherm data with the Langmuir
modela

Theoretical
qmax (mmol Nd3+ per g sorbent) KL (L mmol�1) R2

EDTA-chitosan–
silica

0.27 3.72 0.95

DTPA-chitosan–
silica

0.27 55.13 0.85

a KL ¼ Langmuir isotherm constant.
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3.7. Stripping and reusability studies

Aer adsorption of rare-earth ions from the solution, stripping
of the immobilized ions is required for further processing and
regeneration of the sorbent. This can be done by bringing the
loaded adsorbents in contact with acidic solutions and shaking
for 5 min. The effect of the HCl concentration on the amount of
stripping is shown for EDTA-chitosan–silica and DTPA-chito-
san–silica in Fig. 7. The adsorbent materials were loaded by
adsorption from an aqueous Nd3+ solution (caq ¼ 1.05 mM). The
adsorption amount was equal to 0.22 (�0.01) mmol g�1 for
EDTA-chitosan–silica and 0.25 (�0.02) mmol g�1 for DTPA-
chitosan–silica. The experiment was performed in duplicate.
Stripping in the less acidic region is easier for EDTA-chitosan–
silica than for DTPA-chitosan–silica. This is in line with
previous observations, in the sense that binding of Nd3+ ions is
weaker for EDTA-chitosan–silica than for DTPA-chitosan–silica.
The higher adsorption capacity of DTPA-chitosan–silica is
reected here in the observation that complex formation seems
stronger so that higher concentrations of HCl are needed to
desorb the Nd3+ ions from the particles.

Stripping solutions were also analyzed using TXRF to
investigate the possible deterioration due to silicon leaching.
No signicant silicon leaching (<1% particle loss) was observed
for all investigated HCl concentrations. It can be concluded that
Fig. 7 Effect of aqueous HCl concentration on the stripping efficiency
for EDTA-chitosan–silica and DTPA-chitosan–silica.
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the material is stable within the time range needed for complete
stripping of the loaded chitosan–silica particles.

The effect of stripping on the remaining adsorption perfor-
mance was investigated for both materials. Aer loading the
adsorbents with Nd3+ and stripping them for 5 min with a 1.0 M
HCl aqueous solution, the particles were washed with demin-
eralized water and reused in three consecutive adsorption/
desorption cycles. The experiments were repeated in triplicate
to reduce the experimental error. The results are shown in
Fig. 8. A drop in efficiency occurs for both materials aer the
rst stripping cycle. In the following cycles, the adsorption
amount remains quite constant, around 85% for both EDTA-
chitosan–silica and DTPA-chitosan–silica. The initial efficiency
drop cannot be ascribed to inicted damage of the silica
network since it was described above that no silicon leaching
was observed. Therefore, a more plausible explanation is that
damage occurs to the more fragile organic part of the adsor-
bents. It can be assumed that a small part of the functional
groups is lost upon the rst treatment with 1.0 M HCl. Since the
adsorption amount remains constant aer the rst cycle, it is
assumed that the resulting material is strong enough to resist
consecutive acidic stripping steps. As a consequence of these
results, it can be claimed that both EDTA-chitosan–silica and
DTPA-chitosan–silica are reusable with the same efficiency,
resulting in very sustainable materials.
3.8. Investigation of selectivity

Selectivity arises from differences in the affinity of different
metal ions for a selected material. Therefore, it was rst inves-
tigated whether differences exist in the adsorption amount of
several rare-earth ions from different mono-component solu-
tions. Batch adsorptions were performed with DTPA-chitosan–
silica in aqueous solutions of La3+, Nd3+, Eu3+, Dy3+ and Lu3+

(caq ¼ 0.75 mmol L�1) as a function of equilibrium pH. Distri-
bution coefficients D can then be calculated, which have been
dened in the context of adsorption studies as:
Fig. 8 Adsorption amount for EDTA-chitosan–silica and DTPA-chi-
tosan–silica in consecutive adsorption/desorption cycles.
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D ¼ 1000
mL

L
� qe

ce
(6)

Here qe is the equilibrium adsorption amount (mmol g�1)
and ce is the equilibrium concentration in solution (mmol L�1).
Differences in affinity among the different lanthanide ions
become clear from Fig. 9 as the data points for the different ions
are well distinct from each other.

The order of affinity among the metal ions perfectly follows
the corresponding stability constants between the lanthanide
ions and non-immobilized DTPA, as is depicted in Fig. 10. The
absolute values differ slightly as immobilized DTPA contains
one carboxylic acid function less than DTPA. The affinity for
DTPA-chitosan–silica increases from lanthanum to dysprosium/
holmium. This has to do with the lanthanide contraction, which
is the more than expected decrease in ion size for consecutive
lanthanide ions. This is a consequence of the poor shielding of
the nuclear charge by the 4f subshell, which causes the 5s and
5p electrons to experience a larger effective nuclear charge. The
smaller the ionic radius, the better the arms of DTPA can enfold
the respective ion, resulting in stronger coordination. However,
this phenomenon is characterized by an optimum size, as can
be concluded from decreasing stability constants aer erbium
in the lanthanide series. The smaller size of lutetium does not
allow strong coordination with the four arms of the large DTPA-
ligand, explaining the position of its affinity curve between that
of neodymium and europium (Fig. 9).

Differences in affinity can be exploited to gain selectivity in
multi-component solutions. The most important difference
with adsorption experiments in mono-component solutions is
that effective competition occurs between the different metal
ions present in a mixture. Because the number of adsorption
sites is limited, it is expected that the number of adsorption
sites occupied by the different metal ions will depend on the
affinity of that specic metal ion for the adsorbent. To conrm
Fig. 9 Distribution coefficients for adsorption of different lanthanide
ions frommono-component solutions with DTPA-chitosan–silica as a
function of equilibrium pH. Notice the logarithmic scale on the Y-axis.
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Fig. 10 Literature stability constants (log b1) for the trivalent rare-earth
ions with non-immobilized DTPA.51
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this statement, the same ve lanthanides (La, Nd, Eu, Dy and
Lu) were used in a mixture (cLn3+ ¼ 0.44 mmol L�1) and sub-
jected to adsorption by DTPA-chitosan–silica. The results of this
experiment can be found in Fig. 11. It becomes clear from this
experiment that the same trends as in mono-component solu-
tions are valid when mutual competition inuences the
adsorption processes. Selectivity for the adsorption of lantha-
nide ions increases in the order La3+ < Nd3+ < Lu3+ < Eu3+ < Dy3+.
This again conrms the potential use of this material for the
separation of rare earths by means of ion-exchange column
chromatography.

A simpler system, the Nd/Dy couple, was investigated to
quantify the selectivity. Neodymium and dysprosium are the
two rare earths that the US Department of Energy (DOE) ranked
highest in importance to both clean energy and supply risk.52 As
both elements occur in NdFeB magnets, the separation of
Fig. 11 Distribution coefficients for adsorption of different lanthanide
ions from a multi-element solution with DTPA-chitosan–silica as a
function of equilibrium pH.
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neodymium and dysprosium is very relevant. A binary mixture
of Nd3+ and Dy3+ was prepared (cLn3+ ¼ 0.52 mmol L�1) and
subjected to adsorption with EDTA- and DTPA-chitosan–silica.
To quantify the difference in the adsorption amount of both
ions, an enrichment factor was calculated, dened as the ratio
of Dy3+ to Nd3+ present at equilibrium on the adsorbents and
Dy3+ to Nd3+ initially present in the aqueous solution:

enrichment factor ¼

�½Dy3þ�
½Nd3þ�

�
ads;eq�½Dy3þ�

½Nd3þ�

�
aq;in

(7)

The calculated enrichment factors as a function of equilib-
rium pH are visualized for both EDTA-chitosan–silica and
DTPA-chitosan–silica in Fig. 12. The most important conclusion
is that selectivity is high for both materials. For both EDTA-
chitosan–silica and DTPA-chitosan–silica the enrichment factor
is 2 at pH 2.00, which means that twice as much dysprosium is
adsorbed in comparison with neodymium. This is a good value
with respect to the application of these materials as resins for
column chromatography. Moreover, by decreasing the pH, the
number of available sorption sites becomes smaller and
competition increases. The differences in affinity are exploited
and selectivity increases. While the maximum selectivity is
reached for EDTA-chitosan–silica at pH 1.50 (still around a
value of 2), for DTPA-chitosan–silica the number of adsorbed
Nd3+ ions decreases faster than the number of adsorbed Dy3+

ions with decreasing pH. An enrichment factor higher than 3 is
reached for DTPA-chitosan–silica at pH 1.00. The high selec-
tivity at low pH is remarkable and advantageous for the selective
recovery of rare earths from leaching solutions, which are
characterized by low pH values. The gure does not show the
stripping effect below pH 1 which causes the selectivity to drop
for both materials.
Fig. 12 Enrichment factors for adsorption of Dy3+ in comparison with
Nd3+ for EDTA-chitosan–silica and DTPA-chitosan–silica as a function
of equilibrium pH.
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3.9. Separation

Aer investigation of the selectivity of DTPA-chitosan–silica for
the industrially relevant elements neodymium and dysprosium,
an actual separation of the ions of these two metals was per-
formed by using the functionalized hybrid material as a resin in
a chromatography column, under medium-pressure conditions
(#10 bar). Aer conditioning the column to a pH of 1.50, the
sample, 10 mL of an aqueous 1 : 1 Nd3+–Dy3+ mixture, was
added on the top of the column, followed by an additional 15
mL of aqueous HNO3 of pH 1.50. Breakthrough of neodymium
was initiated by elution with, in succession, 50 mL of aqueous
HNO3 of pH 1.25 and 50 mL of aqueous HNO3 of pH 1.00.
Eventually, stripping was performed by elution with 50 mL of
1.0 M HNO3. In Fig. 13, it can be observed that neodymium and
dysprosium are quasi-quantitatively separated from each other
in one simple chromatography cycle. It is observed that a pH of
1.00 was necessary to make neodymium break through the
column. At this pH however, dysprosium stayed complexed with
the functional groups immobilized on the column packing.
Hence, both elements could be collected in different fractions
and separation was thus achieved. By stripping of dysprosium
with 1.0 M HNO3, residual amounts of bonded neodymium co-
eluted from the column. These ions can be considered as
contamination. The corresponding fractions could eventually
be subjected to one or more extra chromatographic cycles to get
purer elements. Further, the resin could, in principle, be reused
for many other separation experiments, as shown in the reus-
ability studies, but an in-depth study of relevant separations is
considered more relevant aer the development of high-
performance 3D-shaped functional materials.

4. Conclusions

EDTA- and DTPA-chitosan–silica were synthesized via a sol–gel
hybridization reaction and fully characterized. With different
techniques, it was calculated that, on average, 30 wt% of the
biopolymer consisted of functionalized organic material and 70
wt% of silica. This composition was reected in the porous and
Fig. 13 Chromatogram of the separation of a Nd3+–Dy3+ mixture
(cLn3+ ¼ 2.0 mM) by elution with an aqueous HNO3 solution.
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rigid character of the particles that could thus be used as a
carrier in a chromatography column. Comparison of the lumi-
nescence decay times of the europium(III) coordinated
complexes in water and in heavy water allowed the determina-
tion of the hydration number, which was 3 for EDTA- and 1 for
DTPA-chitosan–silica, resulting in a coordination number of 8
for europium(III) in both materials. During adsorption experi-
ments, equilibrium conditions were reached aer three hours.
The adsorption capacity of DTPA-chitosan–silica was shown to
be higher than that of EDTA-chitosan–silica. Maximum
adsorption was reached at pH 4 and above. Functionalized
particles were fully stripped by treatment with 1 MHCl solution.
The adsorption efficiency dropped by about 15% aer one
stripping step and remained rather constant in the following
reusability cycles. DTPA-chitosan–silica showed a higher selec-
tivity than EDTA-chitosan–silica towards adsorption of dyspro-
sium(III) in comparison with neodymium(III). This selectivity
arises from mutual differences in affinity for the different
lanthanide ions. These ndings clearly show the potential use
of these hybrid materials as resins for the separation of rare
earths by means of ion-exchange column chromatography. This
was shown in the last experiment, in which the metal-sepa-
rating efficiency of this material was proven to be sufficient for
the mutual separation of neodymium and dysprosium in one
simple chromatography cycle.
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