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Chitosan, which is derived from chitin by deacetylation, is one of the most promising biopolymers for
adsorption of metal ions from diluted waste streams. By functionalization of chitosan with
ethylenediaminetetraacetic acid (EDTA) or diethylenetriaminepentaacetic acid (DTPA) groups, it is
possible to obtain a material that is much less soluble in acidic aqueous solutions than native chitosan.
The coordinating EDTA and DTPA ligands are very efficient for binding of rare-earth (lanthanide) ions.
The functionalization was achieved by reaction of chitosan with EDTA bisanhydride or DTPA
bisanhydride. The binding of lanthanide ions to functionalized chitosan was investigated by FTIR (binding
of Nd*%) and luminescence spectroscopy (binding of Eu®*). Comparison of the luminescence decay
times of the europium(i) coordinated chitosan complexes swollen in water and in heavy water allowed
determination of the hydration number of the coordinated Eu®* ion. Batch adsorption tests for the
uptake of neodymium(in) from aqueous nitrate solutions were performed for EDTA-chitosan and DTPA-
chitosan. Different experimental parameters such as the adsorption kinetics, loading capacity and pH of
the aqueous feed were investigated. The modified chitosan materials are much more effective for
adsorption of rare earths than unmodified chitosan. It was shown that adjustment of the pH of the
aqueous feed solution allows achieving selectivity for adsorption of rare-earth ions for mixtures
containing two different ions. After stripping of the metal content, the modified chitosans could be
reused for new adsorption experiments. Medium pressure liquid chromatography (MPLC) with DTPA-
chitosan/silica as the stationary phase and a dilute nitric acid solution as eluent was used for the
separation of the following mixtures of rare-earth ions: Nd**/Ho®*, Pr¥*/Nd** and Pr**/Nd**/Ho**. The
experiments show that separation of the rare-earth ions is feasible with DTPA-chitosan/silica, without
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from primary mining or recycling of end-of-life consumer
goods.*® Not only industrial aqueous waste streams could be

Introduction

Removal of heavy metals from dilute aqueous waste streams is
an important issue, due to the toxicity of metals such as
cadmium, mercury or lead."> However, these waste streams can
also contain valuable metals such as platinum-group metals
(PGMs), silver, gold, gallium, indium and the rare-earth
elements (REEs).? Recovery of these valuable metals from dilute
aqueous streams could complement the supply of these metals
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T Electronic supplementary information (ESI) available: Optical absorption
spectra of aqueous solutions (1000 ppm) of Pr’*, Nd* and Ho’'; calibration
curves for Pr** (444.0 nm), Nd** (740.5 nm) and Ho®" (536.5 nm); synthesis of
EDTA bisanhydride and DTPA bisanhydride; IR spectra of EDTA-chitosan and
DTPA-chitosan; figures with additional curves of adsorption experiments and
chromatographic separation; table with efficiency values of DTPA-chitosan for
Nd** adsorption after consecutive regenerations (reuse of DTPA-chitosan). See
DOI: 10.1039/c3ta14622g
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considered, but also acid mine drainage (AMD) from metal or
coal mines.® These methods for the recovery of metals can also
be applied to the winning of metals from seawater. Earlier
attempts to extract gold from seawater were not successful,” but
recent Japanese studies showed that many metals, including
uranium, can be obtained from seawater.®°

Recovery of metals from dilute aqueous streams should be
done by ion exchange or chelating resins, not by solvent
extraction.'® Solvent extraction is very suitable for separation
of metals in high concentrations, but not from diluted aqueous
streams, because the risk of contamination of the aqueous
streams by organic solvents and extractants is too high.
Although commercially available ion-exchange resins and
chelating resins (e.g. Chelex® 100) are able to sequester metal
ions from aqueous solutions, they suffer from low loading
capacities and they are often very expensive. Therefore, the
search for low-cost adsorbents for metal ions is a very active
research field.**™ Different inorganic and organic adsorbents
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have been tested. Examples of inorganic adsorbents include
natural zeolites, alumina, iron(m) hydroxide and diatomite.*
Examples of organic adsorbents are coal and active carbon,* saw
dust,” peat moss,' shellfish waste (chitin),'**” and biomass
waste."'>'® One of the most promising biopolymers for metal
adsorption is chitosan, which is derived by deacetylation of
chitin.” Chitin is a linear polysaccharide composed of
randomly distributed B-(1,4)-linked b-glucosamine (deacety-
lated unit) and N-acetyl-p-glucosamine (acetylated unit).**>*
Chitin is the most widely occurring natural carbohydrate poly-
mer, next to cellulose. This renewable compound is industrially
prepared from shells of Crustacea (crabs, lobsters, shrimps, etc.)
at low cost by removing other components, such as calcium and
proteins, by treatment with acids and alkalis. The amine groups
of chitosan are strongly reactive with metal ions.?” These amine
groups are thus responsible for the uptake of metal cations by a
chelation mechanism.”® The amine groups are easily protonated
in acidic solutions and this may cause electrostatic attraction of
anionic compounds, including metal anions (resulting from
metal chelation by chloride, anionic ligands, etc.).**** The
chelation and ion-exchange mechanisms are in competition for
the uptake of metal ions by chitosan. To avoid dissolution of
chitosan in acidic aqueous solution, the material is chemically
crosslinked with bi-functional reagents such as glutaralde-
hyde,*® ethyleneglycol diglycidyl ether,” or hexamethylenedii-
socyanate.”® Chitosan can easily be chemically modified by
grafting metal coordinating groups to the amine or hydroxyl
groups.” Examples include functionalization with EDTA, DTPA,
iminodiacetic acid (IDA), 8-hydroxyquinoline or thiourea. This
allows obtaining chitosan derivatives which are very selective
for the uptake of given metals. For instance, DTPA- and EDTA-
functionalized chitosan can be used for the recovery of rare
earths.”** EDTA-functionalized chitosan also strongly binds
calcium,* copper* or lead.*® Chitosan functionalized with
iminodiacetic acid (IDA) sequesters platinum and other plat-
inum-group elements.** 8-Hydroxyquinoline-functionalized
chitosan is selective for gallium,*” and thiourea-functionalized
chitosan is useful for sequestering of mercury,*® and platinum-
group elements.** An ascorbic chitosan derivative was studied
for the uptake of uranium.*” Besides the low cost and the ready
availability from natural resources, the main advantage of
functionalized chitosan is its high metal loading capacity.
Modified chitosan can also be used as a stationary phase in
liquid chromatography for the separation of mixtures of metal
ions.*»** Inoue and co-workers have studied the potential of
chromatographic column separation of rare earths with EDTA-
and DTPA-functionalized chitosan from sulfuric acid solu-
tions.>**>*** The separation of samarium and yttrium was
tested with EDTA-functionalized chitosan, whereas the separa-
tion of lanthanum, cerium, praseodymium and neodymium
was investigated with a column packed with DTPA-functional-
ized chitosan. The author mentions the lower price and the fact
that no elution with solutions of chelating agents is required as
the main advantages of functionalized chitosan over synthetic
cation exchange resins.

In this paper, the adsorption of rare earths from nitrate
solutions with EDTA- and DTPA-functionalized chitosan was
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Fig. 1 Structures of EDTA-functionalized chitosan (left) and DTPA-
functionalized chitosan (right).

studied (Fig. 1). In batch adsorption tests, different parameters
were evaluated such as loading capacity, adsorption kinetics
and influence of pH. A mixture of functionalized chitosan and
silica was used as the stationary phase for the separation of rare-
earth ions in nitrate medium with medium pressure liquid
chromatography (MPLC).

Experimental
Materials and general methods

Ethylenediaminetetraacetic acid (99% pure) and diethylene-
triaminepentaacetic acid (98+%) were purchased from Acros
Organics. Acetic anhydride (Analytical Reagent) was purchased
from Riedel-de Haén. Pyridine (AnalaR NORMAPUR®) was
obtained from VWR. For the adsorption studies, highly viscous
chitosan from crab shells with a deacetylation amount of
approximately 80% was ordered from Fluka BioChemika. It
consisted of white flake-shaped chitosan particles. For the
chromatographic studies, low-viscous chitosan from shrimp
shells was obtained from Sigma-Aldrich. It appeared as a
powder. Nd(NO3);-6H,0, Pr(NO3);-6H,0, Dy(NOs);-5H,0 and
Ho(NO3);3-5H,0 (>99.9%) were purchased from Sigma-Aldrich.
Chelex® 100 was obtained from Bio-Rad Laboratories. All
chemicals were used as received without further purification.
EDTA bisanhydride and DTPA bisanhydride were synthesized
according to a literature method described by Montembault
et al. (see ESIt).*

'H and ®C NMR spectra of organic intermediates were
measured on a Bruker Avance 300 NMR spectrometer at
300 MHz for "H NMR and 75 MHz for >*C NMR. FTIR spectra
were measured on a Bruker Vertex 70 FTIR spectrometer with an
ATR accessory (Platinum ATR). CHN (carbon, hydrogen,
nitrogen) elemental analyses were obtained with the aid of a CE
Instruments EA-1110 element analyzer. Luminescence spectra
and decay curves were recorded on an Edinburgh Instruments
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FS900 spectrofluorimeter, equipped with a 450 W xenon arc
lamp and a 50 W microsecond flash lamp. Metal ion concen-
trations of the aqueous solutions after batch adsorption
experiments were measured with Total Reflection X-ray Fluo-
rescence (TXRF) on a Bruker S2 Picofox TXRF spectrometer. To
perform the sample preparation for a TXRF measurement, an
amount of the unknown metal ion aqueous solution (1-500 uL)
is mixed in an Eppendorf tube with a 1000 mg L™ " gallium
standard solution (1-500 pL), diluted to 1 mL with demineral-
ized water and stirred. It is important that the concentrations in
the Eppendorf tube are comparable for both the metal and the
internal standard. A small amount of this prepared solution
(about 10 pL) is put on a small quartz plate, pre-coated with a
hydrophobic silicon solution, and dried in an oven at 60 °C.
Optical absorption spectra were measured using a spectropho-
tometer Varian Cary 5000. Calibration curves for Pr**, Nd** and
Dy** were prepared by making dilutions of 1000 ppm ICP-
standard solutions of the corresponding elements. Since
absorbance values were too low in the lower concentration
regions with the standard 1 cm quartz cuvettes, quartz cuvettes
with an optical path length of 10 cm were used.

Synthesis

EDTA-functionalized chitosan. Chitosan (5 g, 31 mmol) was
dissolved in a 10% (v/v) aqueous acetic acid solution (100 mL).
The solution was diluted in methanol (400 mL). EDTA bisan-
hydride (23.83 g, 93 mmol), suspended in methanol (100 mL),
was added to this solution and stirred for about 24 hours at
room temperature to allow the reaction with the chitosan to
proceed. After filtration, the precipitate was mixed with ethanol
and stirred for another 12 hours. After filtering again, the
precipitate was mixed with a 0.1 M NaOH solution (nearly 1 L).
More NaOH (in total equivalent to 0.2 M NaOH) had to be added
gradually to the reaction mixture in order to effectively reach a
pH of 11. This can be explained by the strong buffering effect of
EDTA. It is however important not to bring functionalized chi-
tosan into direct contact with the 0.2 M NaOH solution in order
to avoid amide hydrolysis. The reaction mixture was stirred for
another 12 hours. Non-reacted EDTA is converted into its
sodium salt and thus dissolves in the aqueous phase. Next, the
functionalized chitosan was filtered off. Because of the high
viscosity of the reaction mixture, filtration was very slow. It was
therefore important to find the right pore size of the sintered
filter glass to achieve acceptable flow. The precipitate was
washed several times with demineralized water, each time fol-
lowed by centrifugation until the supernatant had a neutral pH.
The precipitate was then mixed with a 0.1 M HCI solution and
washed repeatedly with demineralized water until the pH of the
washing water was neutral. After a stirring step in ethanol, fol-
lowed by filtration, the product was dried in a vacuum oven at
40 °C for 48 hours to give a white solid. Yield: 36% (4.88 g;
11 mmol). IR (ATR, cm ™, see ESI, Fig. S31): 3268 (broad band;
O-H stretch + N-H stretch), 2875 (C-H stretch), 1725 (C=0
stretch, carboxylic acid), 1629 (C=O stretch, amide), 1378
(symmetric vibration COO), 1032 (C-N stretch, primary amine).
For the degree of functionalization, the amount of nitrogen had
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to be considered before and after the reaction. CHN elemental
analysis of the original chitosan resulted in a nitrogen weight
percentage of 7.25%, so that the amount of nitrogen in the
original chitosan was calculated to be 11.68 g mol . An anal-
ogous calculation for the functionalized chitosan material
showed the nitrogen content to be 7.99% or 34.79 g mol .
Since one of the three nitrogen atoms arises from the amide
functionality in EDTA-chitosan, the degree of functionalization
of the amine groups of chitosan is 99%. This value is very
similar to literature results.*

DTPA-functionalized chitosan. Chitosan (5 g, 31 mmol) was
dissolved in a 10% (v/v) aqueous acetic acid solution (100 mL).
The solution was diluted in methanol (400 mL). DTPA bisan-
hydride (33.23 g, 93 mmol) was suspended in methanol
(100 mL) and added to the chitosan solution. The crude product
was purified in a similar way to that described for EDTA-func-
tionalized chitosan. Yield: 24% (3.92 g; 7.4 mmol). IR (ATR,
em™ ', see ESI, Fig. S41): 3250 (broad band; O-H stretch + N-H
stretch), 2878 (C-H stretch), 1726 (C=O stretch, carboxylic
acid), 1627 (C=0 stretch, amide), 1380 (symmetric vibration
COO0), 1033 (C-N stretch, primary amine). The degree of func-
tionalization of the amine groups of chitosan was calculated to
be 94% on the basis of the nitrogen analysis results. This value
is much higher than the value reported by Nagib et al. (22%).**
This could be attributed to the larger excess of DTPA bisanhy-
dride used for chitosan functionalization in the present paper.
A second batch, making use of low-viscous chitosan, gave a
much higher yield: 49% (8.08 g; 15 mmol). The higher yield is a
consequence of the fact that less washing steps were required
for the low-viscous chitosan. Moreover, filtration was much
easier for low-viscous chitosan, which facilitated the synthesis.

Adsorption experiments

Adsorption experiments were performed for three different
lanthanide ions: the two neighboring light lanthanides
neodymium (Nd**) and praseodymium (Pr’**) and the heavy
lanthanide dysprosium (Dy>*). Concentrated stock solutions of
these ions were made from the corresponding nitrate salts
Nd(NO3);-6H,0, Pr(NO3);-6H,O and Dy(NOs);-5H,0 respec-
tively. Appropriate dilutions of the stock solutions were
prepared for the adsorption experiments. Each adsorption test
was performed in 15 mL of aqueous metal ion solution. Func-
tionalized chitosan (50 mg) was added to this solution that was
then stirred with a magnetic stirring bar at a speed of 300 rpm at
room temperature for a preset time period. The temperature is
not increased in order to avoid hydrolysis of the formed amide
functionality. After each adsorption experiment, the swollen
chitosan loaded with adsorbed metal ions was separated from
the aqueous solution with the aid of a 0.45 pm cellulose
syringe filter.

Since it is rather difficult to measure the amount of metal
adsorbed on the functionalized chitosan itself, the remaining
metal ion concentration of the aqueous solution was deter-
mined. The amount of metal ions adsorbed onto the function-
alized chitosan could then be determined with the following
equation:
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Ci — Ce

q= v &Y

m

Here ¢ is the amount of adsorbed metal ions (mg g "
adsorbent), ¢; is the initial metal ion concentration in the
aqueous solution (mg L"), c. is the equilibrium metal ion
concentration in the aqueous solution, i.e. the concentration
measured by TXRF after the adsorption experiment (mg L"), V
is the volume of the solution (0.015 L) and m is the mass of the
adsorbent (0.05 g). For the experimental conditions of the batch
adsorption experiments, such as the duration of the adsorption,
some optimization experiments were performed prior to the
effective batch adsorption experiments. All optimization
experiments were carried out with Nd**. Three parameters were
investigated: (1) the influence of contact time, (2) the influence
of metal ion concentration and (3) the influence of equilibrium
PH of the aqueous solution.

By measuring the amount of adsorption as a function of the
metal ion concentration at a certain temperature, a so-called
adsorption isotherm is obtained. It can be observed that
adsorption evolves to a certain plateau value. An adsorption
isotherm thus provides information about the maximal loading
capacity of an adsorbent at that specific pH and temperature.
The adsorption isotherms could be fitted well with the Lang-
muir model. The Langmuir adsorption model is one of the most
commonly used models for describing solute (metal ion) sorp-
tion to chitosan.”?**>*® This model is based on the fact that a
solid surface has a finite number of sorption sites. It is further
assumed that adsorption is a dynamical process. At equilib-
rium, the number of adsorbed ions equals the number of ions
that are released by the adsorbent surface. The Langmuir
equation is:

Kads Ce

e 2
1+ Kadsce ( )

qd = qmax X
In this equation, g is the amount of adsorbed metal ions
(mg g~ adsorbent), gmax is the maximal adsorption capacity of
the adsorbent at that specific pH, K,qs is the adsorption equi-
librium constant (L mg™") and c. is the equilibrium metal ion
concentration of the aqueous solution (mg L™'). By fitting the
experimental data to this non-linear equation, values for the
loading capacity of the chitosan and the adsorption equilibrium
constant can be obtained.

Separation experiments

The potential of DTPA-chitosan for the chromatographic sepa-
ration of rare-earth ions was tested and compared with the
performance of the commercially available chelating cation
exchange resin Chelex® 100 (Bio Rad Laboratories). This resin is
a styrene-divinylbenzene copolymer containing iminodiacetic
acid groups. Chromatographic separation experiments were
carried out by medium pressure liquid chromatography
(MPLC). The setup was composed of a Biichi chromatography
pump B-688 to control the pressure and the eluent delivery flow
and a glass Blichi BOROSILIKAT 3.3 column tube, N° 17988 with
dimensions 9.6 mm x 115 mm (bed volume = 8.3 mL). The
stationary phase was a mixture of DTPA-chitosan and silica in a
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1:5 mass ratio. It has been observed by other authors that
chitosan-silica hybrid materials have better mechanical prop-
erties than pure chitosan.*** We found that without the use of
silica, no smooth liquid flow through the column could be
obtained. In addition, highly viscous chitosan has to be avoi-
ded. DTPA-chitosan was prepared starting from low-viscous
chitosan from shrimp shells. The MPLC column was packed
with a slurry, made by homogeneously mixing 1 g of chitosan
gel, swollen in an aqueous HNOj; solution at pH 3, with 5 g of
silica gel 60 (particle size between 0.015 and 0.040 mm). Flow
rates up to 20 mL min ™" could be reached without exceeding the
maximum pressure, which was set at 10 bar. Each experiment
was preceded by a thorough washing of the column with 50 mL
of demineralized water, followed by conditioning of the column
with 25 mL of an acetate buffer at pH 3. After each experiment,
the column was stripped with 50 mL of an aqueous 1 M HNO;
solution, followed by washing with 50 mL of demineralized
water. In order to avoid degradation, the Chelex® 100 resin had
to be reconverted to the sodium form after each experiment by
rinsing the column with 50 mL of an aqueous 1 M NaOH
solution. Separated compounds were collected with the aid of a
Biichi Automatic Fraction Collector B-684. Fraction collection
was monitored by ex situ analysis of the fractions by UV/VIS
spectroscopy to determine the respective metal ion concentra-
tions. This method was selected because it is much faster than
TXRF as no time-consuming sample preparation is required.
The separation experiments were done with Pr**, Nd** and
Ho*". The original focus of this work was on separations rele-
vant to magnetic recycling (NdFeB magnets), so that praseo-
dymium, neodymium and dysprosium are the most relevant
elements for a separation study. However, although both Pr**
and Nd** show intense absorption bands in the visible region of
the electromagnetic spectrum, the absorption bands of Dy’
were too weak to be useful for concentration determination by
UV/VIS spectroscopy. Therefore, it was decided to use holmium
(Ho®") instead. Holmium is the lanthanide element following
dysprosium in the periodic table and it has strong absorption
bands in the visible region. The difference in ionic radius
between Dy*" and Ho®" is very small so that no significantly
different complex formation behavior is expected. Based on the
absorbance spectra, appropriate wavelength values for analysis
were chosen, being 444.0 nm for Pr**, 740.5 nm for Nd** and
536.5 nm for Ho>" (see ESI, Fig. S1t). For Pr*", it was hard to find
an appropriate wavelength since each peak overlaps with a peak
of either Nd** or Ho®". An interference test confirmed that, at
444.0 nm, the tail of the Ho®>" absorption peak can be assumed
to be negligible. A calibration curve could be made for the
respective wavelengths by analyzing aqueous solutions of
different concentrations, ranging from 10 to 1000 ppm (see ESI,
Fig. S27).

Results and discussion

Synthesis of chitosan derivatives and characterization of
lanthanide complexes

Chitosan was functionalized with EDTA and DTPA by reaction
with the corresponding bisanhydrides.” The binding of
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lanthanide ions to EDTA- or DTPA-functionalized chitosan can
be observed by measuring FTIR spectra. This was done for the
adsorption of Nd*" ions. In the absence of chelate rings the
wavenumber of the C-H absorption peak is 2875 cm . The shift
to a higher wavenumber (to 2945 cm™ ') by chelating Nd**,
suggests that the metal ion has an effect on the vibration of the
C-H bond and must be attached to the COO™ groups of the
EDTA/DTPA functional groups.®® The shift to the highest
possible wavenumbers for the C-H stretch (approaching 3000
em™") suggests that the chelating complex is rather strong.
Further, the presence of absorption bands at 1582 cm ™' and
1379 cm ™!, arising from the asymmetric and the symmetric
vibration of carboxylate, respectively, can be observed in the
Nd(m)-chelated chitosan spectra, whereas these absorption
bands were not observable before complex formation with
Nd(m). Hence, these species contain COOH groups instead.
Moreover, the observation of the asymmetric carboxylate
vibration at a wavenumber lower than 1610 cm™ " indicates that
the metal ion is bonded electrostatically to the carboxylate
groups of EDTA and DTPA. Finally, the disappearance of the N-
H bond of the amide was observed in the spectra of the metal-
chelated chitosans, probably due to conformational reasons.
After having performed an adsorption experiment with EDTA-
chitosan in an aqueous solution containing Eu®", it was possible
to record a luminescence spectrum of the europium(m)-EDTA-
chitosan complex (Fig. 2). The pattern, shape and relative
intensities of the peaks can provide information about the
environment of the Eu®" ion. Since the excitation spectrum was
dominated by a peak at 395 nm (corresponding to the "F, — >Lg
transition), the emission spectrum was recorded by irradiation
of the sample at this wavelength. The transitions in the lumi-
nescence spectrum originate from the °D, level and terminate at
various "F; levels (J = 0-4): °D, — ’F, at 580 nm, D, — 'F; at
595 nm, °D, — 'F, at 615 nm, °D, — ’F5 at 650 nm and °D, —
’F, at 700 nm. The D, — ’F, hypersensitive transition is the
most intense transition in the europium-coordinated EDTA-
chitosan complex. The presence of the °D, — ’F, transition
indicates that the point group symmetry of the Eu®" site is Cy,
Cny Or Cs.** The fact that this transition appears as a single peak
in the luminescence spectrum indicates that the Eu®' ions

180000
150000
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90000

counts

60000

30000

T T T T T T T
580 600 620 640 660 680 700
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Fig. 2 Emission spectrum of an europium(i)—EDTA-chitosan
complex (Aexe = 395 nm, room temperature).
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occupy no more than one site of symmetries C,, Cp, or Cs.
Unfortunately, the crystal-field fine structure was not suffi-
ciently resolved to assign the exact symmetry of the Eu’” site.
The hydration number g of Eu®*" ion in europium(um)-coor-
dinated functionalized chitosan complexes was determined by
recording the decay time of the °D, excited state (measured by
monitoring the luminescence intensity of the hypersensitive
Do — ’F, transition at 613.50 nm) for the europium(u)-coor-
dinated functionalized chitosan complexes suspended in H,O
and D,0, and by applying the Horrocks-Supkowski equation:**

g=111 x (L b 70.31) (3)
TH,0 D,0

The hydration number g is the number of water molecules in
the first coordination sphere of the Eu** ion. Th,0 and 1p o are
the luminescence decay times measured in water and heavy
water, respectively. The Horrocks-Supkowski formula is a
modification of the original Horrocks-Sudnick equation.*
From three independent measurements, an average lifetime
value was calculated. For EDTA-chitosan, the average lifetime of
the coordinated europium(m) was 0.671 ms in D,O, whereas it
was 0.186 ms in H,O. For DTPA-chitosan, the average lifetime of
the coordinated europium(m) was 1.502 ms in D,O, whereas it
was 0.518 ms in H,O. The hydration number for the adsorbed
Eu®*" ion was therefore calculated from eqn (3) to be 3.98
(rounded to 4) for EDTA-chitosan, and 1.06 (rounded to 1) for
DTPA-chitosan. Assuming that europium(m) coordinates with
five atoms of the EDTA-moiety (two nitrogen atoms and three
oxygen atoms), four water molecules lead to a coordination
number of nine. In DTPA-chitosan, seven atoms are available
for coordination (three nitrogen atoms and four oxygen atoms).
With one additional water molecule coordinated, europium(m)
would be 8-coordinate in DTPA-chitosan.

Batch adsorption studies

Batch adsorption experiments were first carried out with
aqueous solutions of Nd(NO;); to find the optimized adsorption
parameters. The influence of the contact time on the adsorption
amount was investigated for both EDTA- and DTPA-chitosan.
The experiment was carried out twice with a chosen metal ion
concentration of 200 ppm and no pH adjustments were made.
The adsorption equilibrium conditions were reached for both
EDTA-chitosan and DTPA-chitosan after about 4 hours of stir-
ring (Fig. 3). As a consequence of this observation it was decided
to perform all further adsorption experiments for 4 hours.
Adsorption equilibrium seems to be reached faster for EDTA-
chitosan in comparison with DTPA-chitosan. This observation
is attributed to the smaller particle size of EDTA-chitosan (more
like a powder) than that of DTPA-chitosan (more grain-like
particles), which promotes faster swelling of the chitosan
particles. However, the loading capacity (plateau value) is
comparable for both materials. Since it is expected that the
immobilized functional groups are mainly responsible for the
complexation of metal ions, the adsorption amount is sug-
gested to be merely a thermodynamic aspect of the adsorption
process. It is therefore hypothesized that differences in particle
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Fig. 3 Influence of contact time on the amount of Nd** adsorbed by
EDTA-chitosan and DTPA-chitosan (aqueous feed concentration: 200

ppm).

size will not have significant consequences for later adsorption
experiments in which affinity and selectivity differences will be
investigated (thermodynamics versus kinetics).

The influence of the equilibrium metal ion concentration in
solution on the metal ion adsorption amount was investigated
for EDTA- and DTPA-chitosan and compared with non-modified
chitosan (Fig. 4). No pH adjustments were made. The total
amount of Nd*" adsorbed by the original, non-functionalized
chitosan is very small (<10 mg Nd** per g chitosan). The
adsorption capacities of EDTA- and DTPA-chitosan are very
similar. Langmuir fitting gives a maximum loading capacity of
74 mg g~ ' for EDTA-chitosan and 77 mg g~ for DTPA-chitosan.
However, the adsorption equilibrium constant K (obtained from
Langmuir modeling) of DTPA-chitosan (0.19) is larger than that
of EDTA-chitosan (0.04). In analogy, the stability constant of
Nd** with DTPA (21.6) is larger than with EDTA (16.6).® The
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1000 1500
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Fig. 4 Effect of equilibrium Nd** ion concentration on the adsorption
performance of modified and unmodified chitosan.
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Fig. 5 Influence of equilibrium pH on the amount of Nd** adsorbed
by EDTA-chitosan and DTPA-chitosan (aqueous feed concentration:
300 ppm).

graph thus confirmed the assumption that DTPA-chitosan is a
stronger complex former for Nd** than EDTA-chitosan.

The influence of equilibrium pH on the adsorption amount
was investigated for EDTA-chitosan and DTPA-chitosan. The
experiment was performed with a metal ion concentration of
300 ppm. Adjustments of the pH were made with a concentrated
HNO; solution for lowering the pH and a concentrated NaOH
solution for raising the pH. The equilibrium pH of the metal ion
solution was approximately 3 when no pH adjustments were
made, while the pH of the initial feed solution was approxi-
mately 6. This lowering of the aqueous pH during the adsorp-
tion experiment is attributed to ion exchange with chitosan.
Carboxyl protons on functionalized chitosan are exchanged for
trivalent rare-earth ions in solution, thus lowering the pH. The
observation that adsorption already occurs from a pH of 1 is
quite surprising (Fig. 5). Based on the speciation curves of
aqueous EDTA and DTPA, their carboxyl groups are still
protonated at this pH (pK,3(EDTA) = 2.0).%® Also, the optimum
adsorption value is reached in the pH range of 3-4, where EDTA
and DTPA are not expected to be fully deprotonated
(pKas(EDTA) = 6.1).°° These observations can be partly
explained by the absorption effect of chitosan besides the ion
exchange process. Some lanthanide ions are probably caught in
the dense chitosan network without being complexed by the
functional ligands on it. However, it should also be noted that
the chelating ability of immobilized EDTA and DTPA functional
groups at low pH values has been observed elsewhere. This can
be assigned to inductive effects that decrease pK, values of
immobilized EDTA/DTPA-carboxylate groups.”” Although it can
be observed that maximal adsorption occurs for pH > 4 for both
EDTA- and DTPA-chitosan, the interesting pH region is situated
in the lower pH range of pH 1-3. In this pH region, differences
in adsorption capacity exist for different pH values. Also affinity
differences between distinct lanthanide ions can thus be pre-
dicted in this pH region. With the eventual separation of rare
earths in mind, all the following adsorption experiments
focused, therefore, on the lower pH region (1 < pH = 2).
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It was investigated whether differences exist in the amount
of different lanthanide ions adsorbed as a function of the
equilibrium pH of the metal ion solution (pH 1-2). This is
illustrated in Fig. 6 for DTPA-chitosan and for the lanthanides
Pr’*, Nd** and Dy*". In this figure, the distribution coefficient is
plotted as a function of the equilibrium pH of the aqueous
solution. In the context of adsorption processes, a distribution
coefficient D is defined as:

D:lOOOm—LL x 4 (4)

Ce

Here g is the amount of solute (metal ions) adsorbed onto
the adsorbent (functionalized chitosan) (mg ¢~') and c, is the
equilibrium metal ion concentration in solution (mg L™ '). Fig. 6
shows that the three lanthanides are effectively adsorbed on
DTPA-chitosan, even at very low pH values. The order of affinity
among the metal ions is: Dy** > Nd** > Pr’". However, this
difference in affinity is only pronounced in the region where the
chitosan loading is relatively low. At pH > 2, no affinity differ-
ences can be observed. The limiting behavior in the low pH
region can be attributed to the competition between protons
and metal ions for the available sorption sites. By analogy with
the experiments performed by Inoue and co-workers,* a linear
fit with a fixed slope of three was plotted for the three elements.
Being the valence state of the rare-earth ions, a slope of three
indicates the exchange of three DTPA-chitosan protons for one
trivalent metal ion (notice the logarithmic scale of the Y-axis,
since also the pH is logarithmically correlated with the H;0"
concentration). The results for EDTA-chitosan are very compa-
rable with the results obtained for DTPA-chitosan (see ESI,
Fig. S51).

Since the separation of Nd*" and Dy*" is industrially relevant
for the recycling of rare earths from end-of-life permanent
magnets (as Nd and Dy are both present in neodymium-iron-
boron magnets),*® the batchwise adsorption of these two
elements was further investigated in binary solutions as this is a
better way to investigate the effective selectivity for both
elements due to the competition that occurs between both
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Fig. 6 DTPA-chitosan distribution coefficient for some lanthanides as
a function of equilibrium pH.
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Fig. 7 Selective adsorption amount for DTPA-chitosan as a function
of equilibrium pH.

metal ions. A binary solution of Nd** and Dy** with a 1 : 1 molar
ratio of Nd** to Dy** was prepared. The influence of the equi-
librium pH on the selective adsorption amount was investigated
for EDTA-chitosan and DTPA-chitosan. In Fig. 7, the more
selective adsorption of Dy** in comparison with Nd*" is pre-
sented for DTPA-chitosan as a function of the equilibrium pH of
the aqueous solution, containing 0.693 mmol Nd** and
0.708 mmol Dy*". A higher adsorption amount (and thus
selectivity) is observable for Dy** in comparison with Nd**. It
also becomes clear from Fig. 7 that this difference in selectivity
increases by lowering the pH. At pH = 1, Nd*" is barely adsor-
bed. Contrarily, a significant amount of Dy*" stays complexed to
the functionalized chitosan at this low pH value. This observa-
tion is consistent with previous observations in one-component
systems. Analogous observations resulted from the experiments
with EDTA-chitosan (see ESI, Fig. S21). The adsorption results
from these experiments were used to calculate enrichment
factors of Dy*" in comparison with Nd** as a function of equi-
librium pH. Enrichment factors quantify the higher adsorption
of Dy** in comparison with Nd*" by taking the ratio of the
portion of Dy*" on the chitosan to the portion of Dy** in the
initial solution. An enrichment factor of 3 thus means that
the portion of Dy*" (compared to Nd**) on the adsorbent surface
is three times higher than in the initial solution. The results are
depicted in Fig. 8. An enrichment factor of 1 actually means that
no enrichment occurs. Since there is no selectivity at the
respective pH, equal amounts of Nd*" and Dy’" are adsorbed.
However, it is evident from Fig. 8 that enrichment in Dy**
increases with decreasing pH values. Furthermore, Fig. 8 shows
that DTPA-chitosan gives better separation of Nd** and Dy*":
enrichment factors up to 4 can be reached with DTPA-chitosan,
compared to a value of 2.5 with EDTA-chitosan.

Experiments have been carried out to investigate the reus-
ability of the functionalized chitosan materials after stripping
of the adsorbed metal ions. Nd*" was first adsorbed from a
Nd(NOs3); stock solution having a Nd concentration of 985 ppm.
To desorb the metal from the adsorbent surface after an

This journal is © The Royal Society of Chemistry 2014
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Fig. 8 Enrichment of Dy3Jr in comparison to Nd** (1 : 1 molar ratio) as
a function of the equilibrium pH.

adsorption experiment, the used chitosan was shortly stripped
with 2 M HNO;. After filtering the chitosan and washing it
several times with demineralized water, the swollen chitosan
was dried in a vacuum oven at 40 °C until a constant weight was
achieved. Then it could be reused in another adsorption
experiment. The whole procedure was repeated three times,
resulting each time in an adsorption amount that was compa-
rable with the adsorption amount of DTPA-chitosan when used
for the first time. It was observed that each stripping step lowers
the efficiency of the chitosan by about 2% (see ESI, Table S17). A
possible explanation for this observation is that damage occurs
(like amide hydrolysis) by treating the chitosan with highly
concentrated acid during the stripping step. Notice that non-
functionalized chitosan dissolves in an acidic environment. The
loss of efficiency for metal ion adsorption after regeneration can
probably be minimized by stripping with less concentrated acid
solutions. It is suggested that 1 M HCI should be acidic enough.

Chromatographic separation of rare earths

The first separation experiments were carried out on Nd**/Ho>"
mixtures. The solutions were made from the corresponding
nitrate salts. For the first aqueous solution, concentrations of
Nd** and Ho®" were analyzed by UV/VIS spectroscopy to be
1240 ppm and 1250 ppm, respectively (ratio 1 : 1 wt/wt). The pH
of the aqueous solution was adjusted to a value of 3. A first
experiment was carried out with the commercially available
Chelex® 100 resin. A sample solution (5 mL) was introduced on
the top of the chromatography column after conditioning of the
column to a pH of 3. Next, the column was eluted with 200 mL
of an aqueous HNO; solution at pH 3. Since no migration of
metal ions was observed at this pH, pH was lowered gradually.
First, 200 mL of an aqueous HNO; solution at pH 2.75 was
pumped through the column, followed by 200 mL of pH 2.50,
200 mL of pH 2.25 and eventually 1000 mL of pH 2 as migration
of the ions through the column only started at this pH. At higher
pH values, the lanthanide ions seemed to be bound too strongly

to the Chelex® 100 resin. The flow rate was 6.2 mL min ..
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Fractions of 20 mL were collected. The resulting chromatogram
is shown in the ESI (Fig. S71). No actual separation of Nd** and
Ho®" was observed on the chromatogram with Chelex® 100.
Although Nd** eluted from the column with a small time delay,
the two peaks can be largely considered to be overlapping. This
observation is not surprising. At a pH of 2, Chelex® 100 is no
longer functional, due to the positive charge of the resin at this
pH. However, a low pH was needed to break the strong inter-
actions between the resin and the lanthanide ions, inhibiting
their movement. Given the strong affinity of Chelex® 100 for
rare-earth ions, it can be concluded that this system could be
useful to separate them from other elements, but not to
mutually separate them from each other under these experi-
mental conditions. It was not tried to improve the separation
with Chelex® 100 by eluting the column with a solution of a
complexing agent (such as EDTA, citric acid or a-hydroxy iso-
butyric acid). The column separation experiment was repeated
with the resin containing a mixture of DTPA-chitosan (lowly
viscous) and silica, homogeneously mixed in a 1 : 5 mass ratio.
Again 5 mL of the Nd**/Ho*" sample solution was added on the
top of the column after conditioning the column to a pH of 3.
Making use of the knowledge gained from the batch adsorption
experiments, it was decided to immediately elute the lanthanide
ions with an aqueous HNOj solution at pH 1. The resulting flow
rate of 2 mL min ' was lower compared to the Chelex® 100
system because of the higher viscosity of the chitosan-silica
packing. Fractions of 10 mL were collected. A distinct
improvement with respect to Chelex® 100 was observed. The
peaks of Nd** and Ho®" are no longer lying on top of each other
(see Fig. 9). Partial overlap of the peaks can still be observed
although a large part of the fractions is completely pure in Nd**
while these ions become negligibly present in the last Ho*"
fractions. An attempt was made to optimize the separation
further. Therefore, the experiment was repeated with a lower
flow rate (1 mL min~"') and a different eluent pH. As the strip-
ping effect is significant at pH 1, it was decided to increase the
pH of the aqueous HNO; solution to 1.25. At this pH it was
observed that initially only Nd** ‘broke through’ as is visualized
in the breakthrough curve (Fig. 10). After a while, also low
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Fig. 9 Chromatogram Nd**/Ho®* separation (1:1 mass ratio) with
DTPA-chitosan/silica at pH 1.
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amounts of Ho>" started to elute, but only small amounts and
not in the usual bell-shaped elution band. Next, the column was
stripped with an aqueous 1 M HNO; solution (pH 0). In fact, this
is done after each experiment, but this time, the resulting
fractions were also collected and analyzed by UV/VIS spectros-
copy. In the elution curve (see ESI, Fig. $81), all remaining Ho>"
was collected from the column in a few fractions, with negli-
gible contamination of remaining Nd*" ions.

Also the effect of a Nd** excess on the separation perfor-
mance of the chitosan column was investigated. In NdFeB-
magnets, for example, Nd*" is present in large excess with
respect to Dy>*.® An aqueous solution with a mixture of Nd**/
Ho*" was made with a Nd** concentration of 5410 ppm and a
Ho*" concentration of 555 ppm; thus the ratio is considered to
be about 10 : 1 wt/wt. The pH of the solution was adjusted to a
value of 3. As in the experiment with the 1 : 1 ratio, 5 mL of the
sample solution was added on the top of the chromatography
column after conditioning the column to a pH of 3. The column
was eluted with 200 mL of an aqueous HNO; solution at pH
1.25. The flow rate was again 1 mL min . Fractions of 10 mL
were collected. Despite changing the composition of the
sample, the same trend as before was observed: Nd** completely
eluted from the column at a breakthrough pH of 1.25 (see ESI,
Fig. S91). When all Nd*" was considered to be collected, an
elution curve of Ho®" resulted by stripping the column with an
aqueous 1 M HNO; solution. Despite being present in much
smaller amounts than Nd**, the Ho®" stripping fractions con-
tained only traces of Nd**. In practice, all fractions collected
after the breakthrough of Nd** could be subjected to another
separation cycle to get more pure Nd*" and Ho*'. By further
optimization, an efficient separation method for the two
elements could be developed on an industrial scale.

The neighboring elements praseodymium and neodymium
are very difficult to separate. However, since both elements are
found in NdFeB magnet mixtures, their separation is relevant.
Given the challenge of the Pr**/Nd*" separation, the resulting
chromatogram can be seen as a worst case scenario for the
separating ability of the DTPA-chitosan/silica resin. An aqueous
solution containing a mixture of Pr’* and Nd*" was made,
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Fig.10 Breakthrough curve for Nd**/Ho** separation (1 : 1 mass ratio)
with DTPA-chitosan/silica at pH 1.25.
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starting from the corresponding nitrate salts. The concentra-
tions of Pr’* and Nd*" were measured to be 1060 ppm and
1020 ppm, respectively. The resulting ratio of the binary solu-
tion is thus considered to be 1 : 1. The pH of the solution was
adjusted to a value of 3. 5 mL of the sample solution was
introduced to the top of the chromatographic column after
conditioning the column to a pH of 3. To find the breakthrough
pH, the column was eluted consecutively with 50 mL of an
aqueous HNO; solution at pH 1.50, 1.45, 1.40, 1.35, 1.30 and
1.25. The flow rate value was 0.75 mL min ™. Fractions of 10 mL
were collected. Since Pr** and Nd** are so similar in chemical
properties, it was not possible to distinct the breakthrough of
Pr*" and elution of Nd**. Nevertheless, the resulting separation
of the peaks in the chromatogram is quite reasonable, taking
into account the difficulty of this separation (see ESI, Fig. S10%).
The two peaks overlap partially, but are clearly separated from
each other. The DTPA-chitosan/silica chromatography column
shows a higher selectivity for Nd** compared to Pr**.

The column separation performance was ultimately investi-
gated by subjecting the DTPA-chitosan/silica column to a
ternary mixture of the ions Pr’*, Nd*" and Ho*". An aqueous
solution of Pr**/Nd*/Ho’" was prepared starting from the cor-
responding nitrate salts. The concentrations were measured to
be 490 ppm for Pr**, 510 ppm for Nd*" and 490 ppm for Ho*";
thus, the ratio of the resulting solution is considered to be
1:1:1 on a mass basis. 5 mL of the sample solution was
brought on the top of the column after conditioning of the
column. With the knowledge of previously derived break-
through pH values, it was decided to elute the column consec-
utively with 50 mL of an aqueous HNO; solution at pH 1.50
(breakthrough of Pr**), pH 1.25 (breakthrough of Nd**) and pH
1.00 (breakthrough of Ho®"), followed by stripping with 1 M
HNO;. The flow rate was 1.25 mL min~'. Fractions of 10 mL
were collected. The chromatogram is presented in Fig. 11. The
three elements are not completely separated from each other,
though at least an important enrichment occurs by applying
this ion-exchange method with functionalized chitosan to the
mixed metal-ion solution. The chromatogram clearly shows that
the elements Pr and Ho could be separated from each other in a
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Fig. 11 Chromatogram for the separation of a Pr**/Nd**/Ho®*
mixture (ratio 1: 1: 1) with DTPA-chitosan/silica.
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first cycle, with both fractions still containing a lot of Nd. In a
second cycle, both fractions could be subjected on their turn to
a separation cycle in order to mutually separate Pr/Nd and
Nd/Ho, respectively.

Besides the promising separation results obtained with
DTPA-chitosan, several other advantages of using functional-
ized chitosan instead of Chelex® 100 became evident during the
separation experiments. The first advantage is related to the
swelling behavior in aqueous solutions. Whereas it is well
known of chitosan to swell significantly by going from a powder
to a gel by soaking it with water, the amount of swelling did not
seem to be dependent on the ions present in the aqueous
solution. The volume of the chitosan packing in the column
thus did not change by changes in the pH of the eluent. The
volume of Chelex® 100 on the other hand was strongly depen-
dent on the type (size) of ions bound to the resin. By going from
the sodium form to the lanthanide form, the Chelex® 100 cation
exchanger significantly increased in volume. By decreasing the
pH, nothing happened at first instance, because the lanthanide
ions were bound too strongly to the resin, until the point that
the resin functional groups became positively charged by
protonation. The exchange of large lanthanide ions for small
protons caused a dramatic volume decrease of the resin. This
collapse of the resin probably explains partly the poor separa-
tion that was observed for Chelex® 100. Another advantage of
DTPA-chitosan is the faster separation rate. This is probably due
to the fact that by proper packing with silica, places of rapid ion
exchange with chitosan are well combined with open pathways
for the ions to move through the column along the silica. With
the suitable pH conditions, the sample ions immediately start
to migrate down the column with a retention that is dependent
on the type of ion. With Chelex® 100, it took a much longer time
before the ions were eluted from the column despite the higher
flow rates were used. An assumption is made that this again can
be attributed to the swelling behavior of Chelex® 100. The local
swelling of the resin with the downward movement of large
lanthanide ions through the resin could prevent a smooth
passage of the ions through the column. It has to be mentioned
also that Chelex® 100 degrades when it is not in the sodium
form. After each experiment, the column with a packing of
Chelex® 100 had to be rinsed with a NaOH solution, whereas the
performance of chitosan is not influenced by the form in which
it is stored, either it is in a wet, a dry, an acidic or an alkaline
environment. Another advantage of DTPA-chitosan is the
effective reusability of the DTPA-chitosan/silica packing. The
adsorption/desorption behavior of DTPA-chitosan did not
change during consecutive experiments. The final advantage is
that a good separation of rare-earth ions is possible by simply
eluting with a simple dilute acid solution like nitric acid,
whereas the separation of rare-earth ions with cation exchange
columns requires elution with solutions of chelating agents
such as EDTA, citric acid or a-hydroxy isobutyric acid.>*

Conclusions

Chitosan was modified with EDTA and DTPA groups and the
resulting material was used for the adsorption of trivalent
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rare-earth ions from acidic nitrate solutions. The performance
of the modified chitosan was studied by batch adsorption tests
with neodymium(m). Different parameters such as loading
capacity, adsorption kinetics and pH of the aqueous feed
solution were tested. It was shown that adjustment of the pH of
the aqueous solution could be used to achieve selectivity in
adsorption of different rare-earth ions. DTPA-functionalized
chitosan was used as stationary phase for chromatographic
separation of rare-earth ions by medium pressure liquid chro-
matography (MPLC). It was shown that the type of chitosan
(with a high or low viscosity) is an important parameter for
designing efficient chromatographic separation procedures
with functionalized chitosan packed into a column, because the
flow rates of the eluent can be much too low to be of practical
use with highly viscous chitosan. The best type of stationary
phase was obtained by using the functionalized chitosan
(made of chitosan with a low viscosity) in a more rigid matrix of
silica gel. It was shown that the functionalized chitosan could
be used for separation of mixtures of rare-earth ions with a
dilute nitric acid solution as eluent, without the need for
chelating agents. The separation was investigated for
Nd**/Ho*", Pr**/Nd*" and Pr*'/Nd*'/Ho*" mixtures. The results
show that upon optimization of the chromatographic procedure
and upscaling, separation of mixtures of rare earths with
columns filled with EDTA- or DTPA-functionalized chitosan
would be feasible.
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