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Abstract The recovery of three rare earth (RE)

metals ions [Yb(III), Dy(III) and Nd(III), belonging to

heavy, mild and light REs, respectively] was investi-

gated using hybrid chitosan-magnetic nano-based

particles functionalized by diethylenetriamine

(DETA). The effect of pH on sorption performance

was analyzed: the optimum initial pH value was found

close to 5 (equilibrium pH value close to 6.5). The

nanometric size of sorbent particles (30–50 nm)

minimized the contribution of resistance to intraparti-

cle diffusion on the control of uptake kinetics, which is

efficiently modeled using the pseudo-second order rate

equation: under selected experimental conditions the

contact time required for reaching equilibrium was

less than 1 h. Sorption isotherms were efficiently

modeled using the Langmuir equation: maximum

sorption capacities reached about 50 mg metal g-1,

regardless of the RE. The temperature had a very

limited effect on sorption capacity (in the range

300–320 K). The thermodynamic parameters were

determined: the sorption was endothermic (positive

values of DH�), spontaneous (negative values of DG�)
and contributed to increasing the disorder of the

system (positive values of DS�). The three REs have

similar sorption properties on DETA-functionalized

chitosan magnetic nano-based particles: the selective

separation of these elements seems to be difficult. The

sorbed metal ions can be removed from loaded

sorbents using thiourea, and the sorbent can be

recycled for at least five sorption/desorption cycles

with a limited loss in sorption performance (by less

than 6 %). The saturation magnetization was close to

20 emu g-1; this means that nano-based superparam-

agnetic particles can be readily recovered by an

external magnetic field, making the processing of

these materials easy.
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alternative to conventional ion exchange or chelating

resins: the biosorbents may bear similar reactive

groups as those present on synthetic resins. Agricul-

ture and fishery residues, subproducts and industrial

waste may thus be used for metal binding. Another

important challenge in these processes consists of the

selectivity of the materials and their capacity to

separate target metals from complex effluents.

The group of rare earth elements (REEs) comprises

the lanthanide series plus scandium and yttrium. Their

most thermodynamically stable form is the trivalent

form, M(III). Their physicochemical properties are

very close because of their close electronic configu-

rations. The electronic configuration of each lan-

thanide element is constituted of an inner shell with

electrons in the 4fn orbital, shielded by an outer shell

composed of electrons in orbitals 5s2, 5p6, 5d1–10 and

6s2. The slight differences among lanthanide elements

are only caused by the electrostatic effect associated

with the increase of the shielded nuclear charge

through electrons’ partial supply of the 4f orbital

(which results in lanthanide contraction of the atomic

and ionic radius along the lanthanide series). This

contraction effect makes possible the separation of

REE metals by fractionating methods (Martins and

Isolani 2005). However, these differences are so weak

that the separation requires numerous steps. Actually,

the series of lanthanides can be divided in three

families: (1) light REEs, which include La(III),

Ce(III), Pr(III), Nd(III) and Sm(III), (2) mild REEs,

which include Eu(III), Gd(III), Tb(III) and Dy(III),

and (3) heavy REEs, comprised of Ho(III), Er(III),

Tm(III), Yb(III), Lu(III) and Y(III) (Cotton 2006;

Greenwood and Earnshaw 1997; Sui et al. 2013). The

challenge for the REE industry is, in a first step, the

separation of REEs from base metals and, in a second

step, the separation of individual REEs (Sui et al.

2013). Based on Pearson’s theory (hard and soft acid

and base theory, HSAB) (Pearson 1966), hard acids

(metal ions with high oxidation states, low polariz-

ability and small radii, and the lowest unoccupied

molecular orbitals of high energy) react preferentially

with hard bases (high electronegativity, highest occu-

pied molecular orbitals of low energy), while, recip-

rocally, soft acids preferentially react with soft bases.

It is possible to use this concept for predicting the

reactive groups having an affinity for REEs (Diniz and

Volesky 2005a). REE trivalent ions have the behavior

Introduction

High-technology industries are requiring increasing 
amounts of precious (noble metals, platinum group 
metals) and strategic metals (such as rare earth 
metals). More specifically, rare earth elements (com-

prising lanthanides plus yttrium and scandium) are 
widely used in electronic devices, metallurgy and the 
nuclear power industry (Xu and Peng 2009; Zhou et al. 
2007). The rarefaction of the resource (for some 
metals, the horizon of production is limited to a few 
decades) and monopole for the production of some of 
these critical metals (which implies geopolitical 
constraints) is driving research but also political 
strategies and regulations (Waste Electrical and Elec-

tronic Equipment, WEEEs, Directive for European 
Community, 2002/96/EC, for example) to develop 
new processes for metal recovery from dilute effluents 
(uranium leachates, metallurgy effluents) and from 
secondary resources (coal and phosphate ore residues, 
etc.) (Sapsford et al. 2012). The circular economy 
includes the recycling of strategic metals from waste 
materials: the car industry (plastics and heavy metals), 
WEEEs (rare earth metals, indium, PGMs, etc.) and 
municipal solid waste (Innocenzi et al. 2014; Morf 
et al. 2013).

Metal recovery from solid waste or minerals may 
consist of pyrometallurgy or hydrometallurgy (chem-

ical leaching or bioleaching) (El-Didamony et al. 
2012; Qu and Lian 2013; Yoon et al. 2014; Zhang et al. 
2013). The extraction of metals from these leachates 
or waste streams can be processed by precipitation 
(Rabatho et al. 2013), solvent extraction (Abreu and 
Morais 2014; Tunsu et al. 2014; Vander Hoogerstraete 
and Binnemans 2014; Xie et al. 2014), ion exchange 
and chelating resins (Abdel-Rahman Adel et al. 2010; 
Barron et al. 2008; Lokshin et al. 2013; Xiong and 
Zheng 2010), extractant-impregnated resins (Lee et al. 
2010) and biosorption (Das and Das 2013; Hosomomi 
et al. 2013; Oliveira et al. 2012, 2011; Wu et al. 2011). 
The selection of the appropriate process depends on 
the composition of the effluents (i.e., metal concen-

tration, metal speciation, presence of competitor ions) 
and may face some critical problems: the production 
of huge amounts of contaminated sludge, difficulty to 
reach target discharge levels (precipitation) and eco-

nomic limitations (poor competiveness of solvent 
extraction at low metal concentration; cost of sophis-

ticated resins). Biosorption is frequently cited as an



of hard acids, and then they have a higher affinity for

hard bases (electron donors with high electronegativity

and low polarizability, such as hydroxide, alkoxide,

ammonia, carboxylate, carbonate or hydrazine). Hence,

chelating agents with O, N and S groups are highly

efficient for the selective sorption of lanthanides.

Chitosan has been extensively studied for metal

biosorption (Guibal 2004), benefiting from the presence

of hydroxyl and amino groups. Chitosan is a

heteropolymer comprised of D-glucosamine units and

acetyl-D-glucosamine units linked by b(1 ? 4) bonds.

The amine groups on chitosan are responsible for metal

binding through different mechanisms, including (1)

metal cation chelation on free amino groups (via the

free electron doublet of nitrogen) at near neutral pH and

(2) electrostatic attraction/ion exchange of metal anions

on protonated amino groups (in acidic solutions).

However, the affinity of the sorbent strongly depends

on the intrinsic properties of metal cations (HASB

theory): for example, in the case of REEs pristine

chitosan has limited sorption capacities, and it is

generally necessary to graft new functional groups

and/or increase their density at the surface of the

sorbent to reach appreciable sorption capacities. Sev-

eral chelating ligands such as catechol, iminodiacetic

acid, iminodimethylphosphonic acid, EDTA and

DETPA (and similar functional groups, Elwakeel

et al. 2009), phenylarsonic acid or serine (Elwakeel

and Atia 2014; Elwakeel et al. 2014; Hakim et al. 2007;

Oshita et al. 2009; Ren et al. 2013; Repo et al. 2013;

Roosen and Binnemans 2014), and amino acid moieties

(glycine, valine, leucine and serine) (Oshita et al. 2007)

were used to functionalize crosslinked chitosan for the

sorption of uranium, PGMs, REEs and associated metal

ions. Grafting supplementary amino groups onto the

chitosan backbone may contribute not only to an

increase in the density of sorption sites, but also to the

enhancement of sorbent affinity by appropriate steric

distribution of reactive groups (Wang et al. 2011):

increasing the number of chelate rings increases the

stability of complex formed by polyamine. Hence,

diethylenetriamine (DETA) exhibits different kinds of

coordination modes for interacting with metal ions: for

example, five-membered chelating rings increase the

metal sorption capacity (Xu et al. 2013). Zhao et al.

reported the modification of chitosan with EDTA,

DTPA and EGTA [ethylene glycol-bis(2-aminoethy-

lether)-N,N,N0,N0-tetraacetic acid] for the manufactur-

ing of magnetic and nonmagnetic sorbents for the

recovery of heavy metals (Zhao et al. 2013, 2015). They

pointed out the double effect of EDTA, DTPA and

EGTA, which contribute to both the crosslinking of

chitosan and the chelation of metal ions.

Chitosan can be considered a very interesting base

material for the development of chelating and ion-

exchange resins, benefiting from the easy functional-

ization of hydroxyl groups and amino groups and of the

hydrophilic behavior associated with the presence of

numerous hydroxyl groups (more hydrophilic than

conventional synthetic materials, such as polystyrene-

divinylbenzene, polyethylene and polyurethane) (Gao

et al. 2002). However, the solubility of chitosan in acid

media (with the remarkable exception of sulfuric acid

solutions) is a serious drawback that can be overcome

by crosslinking for improving chemical and/or mechan-

ical properties (Jayakumar et al. 2005). Depending on

the crosslinking method, the sorption affinity for the

target metal may be strongly affected (and sometimes

completely inhibited) because of the modification of the

availability and reactivity of functional groups and the

modification of crosslinked chitosan with chelating

moieties (Oshita et al. 2009). Therefore, novel chitosan

resins possessing chelating moieties have been devel-

oped by using a crosslinked chitosan resin as a base

material. A huge number of chitosan derivatives have

been used for the sorption of metal ions by grafting new

functional groups onto the chitosan backbone. Another

important drawback of chitosan-based materials is

associated with the poor porosity properties of chitosan

(microporosity, reduced specific surface area, etc.). This

means that material must be modified to improve the

uptake kinetics by physical modification (designing

hydrogels, foams, etc.) (Allouche et al. 2014; Ruiz et al.

2002a, b) or playing with the size of sorbent particles.

Decreasing the size of particles contributes to increas-

ing the surface area and decreasing the resistance to

intraparticle diffusion (at the macroscale). However,

reducing the size of sorbent particles (to the submicron

size) leads to difficulties in recovering spent materials

by conventional settling, filtration or centrifugation

processes at the end of the sorption process. To

minimize this drawback, a solution may be to design

magnetic nano-based particles by coating them with

chitosan (which can be further functionalized by

grafting new reactive groups) (Xue et al. 2013; Zhou

et al. 2010). An external magnetic field allows separat-

ing spent sorbent particles at the end of the sorption

process.



was reacted with a 1:2 molar ratio solution of iron(II)

sulfate and iron(III) chloride before being precipi-

tatated at pH 10.2 with NaOH at 40 �C and then at

90 �C under reflux. A crosslinking treatment was

operated using an alkaline epichlorohydrin solution at

40–50 �C (Wan Ngah et al. 2002). The grafting of

DETA was performed in two steps: (1) grafting of

spacer arms and (2) immobilization of DETA (Oshita

et al. 2007). The materials were systematically rinsed

with demineralized water after each step, and the

sorbent was finally freeze-dried for 214 h.

Sorption experiments

Batch experiments were carried out by contact of

20 mg functionalized chitosan sorbent (m, g) with

100 ml aqueous metal ion solution (V, l) of 100 mg l-1

(C0, mg metal l-1) in a polypropylene centrifuge tube.

The suspension was agitated on a reciprocal shaker

(agitation speed: 300 rpm) for 4 h. After phase

separation, the residual concentration (Ceq,

mg metal l-1) was determined by ICP-AES, and the

sorption capacity (qeq, mg metal g-1) was determined

by the mass balance equation:

qeq ¼ C0 � Ceq

� �
V=m ð1Þ

The effect of pH was analyzed by the same

experimental procedure: the value of the initial pH

was varied between 1 and 7; the pH was not controlled

during the sorption but was monitored at the end of the

experiment. For the study of sorption isotherms, the

initial pH was set to 5, and the concentration of the

metal was varied between 0 and 300 mg metal l-1. The

temperature was systematically set to 27 ± 1 �C,

except for the specific study of temperature effect

(thermodynamic study) where three temperatures were

used (i.e., 17 �C, 27 and 37 �C). Uptake kinetics were

obtained by withdrawing samples at a given contact

time (magnetic separation) and analysis of the residual

concentration in a function of time over 4 h. The study

of sorption/desorption performance followed basically

the same procedure: a given amount of sorbent was

mixed for 4 h with a 100 mg metal l-1 solution at pH

5; after being magnetically separated and rinsed, the

sorbent was mixed with 100 ml of thiourea aqueous

solution (0.5 M, slightly acidified with sulfuric acid) for

1 h. After magnetic separation and rinsing, the sorbent

was recycled (using the same procedure).

Previous studies have reported the synthesis and 
characterization of a hybrid material made of DETA-

functionalized chitosan deposited on magnetic nano-

based particles (Fe3O4) and their application to uranium 
recovery (Mahfouz et al. 2015). This material was used 
in the present study for the recovery of three REEs 
belonging to light [Nd(III)), mild (Dy(III)] and heavy 
[Yb(III)] REE families in batch tests. The sorption 
experiments evaluated the influence of pH, investigated 
sorption isotherms and uptake kinetics, and calculated 
the thermodynamic parameters. Finally, REE desorp-

tion from loaded sorbent was also investigated with the 
objective of recycling the sorbent.

Experimental

Reagents and analysis

Chitosan (90.5 % deacetylation degree) was supplied 
by Sigma-Aldrich (France). Diethylenetriamine 
(98 %) was obtained from Sigma-Aldrich; epichloro-

hydrin ([98 %), 1,4-dioxane (99.9 %) and ethanol 
were purchased from Fluka Chemika (Switzerland). 
Sodium hydroxide solution (30 %) was supplied by 
Chem-Lab. NV and all other chemicals were Prolabo 
products and were used as received.

NdCl3, DyCl3�xH2O and YbCl3�6H2O salts were 
purchased from Sigma-Aldrich. The salts were burned 
off at 900 �C for 3 h. Stock solutions of the rare earth 
ions Nd(III), Dy(III) and Yb(III) were prepared by 
mineralization of the corresponding salts in concen-

trated sulfuric acid under heating before being diluted 
with demineralized water to a final concentration of 
1000 mg l-1. The working solutions were prepared by 
appropriate dilution of the stock solutions immedi-

ately prior to use. The metal concentrations in both 
initial and withdrawn samples were determined by an 
inductively coupled plasma atomic emission spec-

trometer (ICP-AES JY Activa M, Jobin-Yvon, Long-

jumeau, France).

Preparation of sorbent

Hybrid magnetic chitosan magnetic nano-based par-

ticles were prepared by chemical coprecipitation of 
Fe(II) and Fe(III) ions by NaOH in the presence of 
chitosan followed by hydrothermal treatment (Mah-

fouz et al. 2015; Namdeo and Bajpai 2008). Chitosan



Results and discussion

Preparation and physicochemical characteristics

of the sorbent

The synthesis and characterization of the sorbent were

already described (Mahfouz et al. 2015). Detailed

information is available in the Additional Material

Section. The purpose of this section is only to report

the main conclusions on the properties of this material

obtained from (1) the one-pot synthesis of chitosan-

coated magnetic nanoparticles and (2) DETA-grafted

magnetic composite (see the Additional Material

Section, Figure AM1) (Mahfouz et al. 2015).

The weight loss of the sorbent was determined at

different temperatures to evaluate the residual water

content (about 4 % at 110 �C) and the fraction of

magnetite in the final product (about 47 % at 600 �C).

Elemental analysis showed an increase in nitrogen

content in the hybrid material after DETA grafting

from 1.7 to 4.8 % (Mahfouz et al. 2015) (i.e., 1.21 and

3.43 mmol N g-1 sorbent). This significant change

proves the efficiency of the immobilization of the

polyamine compound at the surface of the chitosan-

magnetite composite. Based on the magnetite content

in the final sorbent (i.e., 49 %), the mole amounts of

nitrogen in the organic compartment of the sorbent are

2.38 and 6.72 mmol N g-1, respectively. The increase

in nitrogen content (about 2.82 times) is quite close to

the stoichiometric increase in the nitrogen content

based on the proposed structure (Figure AM1, See

Additional Material Section). This means that more

than 90 % of nitrogen on crosslinked chitosan has

been substituted with DETA. This is also confirmed by

the FTIR analysis where the intensity of the charac-

teristic bands of amino groups substantially increased

(identified at 1387 cm-1), while the presence of a

band at 568 cm-1 was assigned to the presence of

magnetite (Fe3O4) (i.e., Fe–O, stretching vibration)

(see the Additional Material Section, Figure AM2)

(Mahfouz et al. 2015).

The presence of magnetite was confirmed by the

analysis of XRD patterns (see the Additional Material

Section, Figure AM3): the peaks were observed at

2h = 30�, 35�, 43�, 53�, 57� and 63� for indices (220),

(311), (400), (422), (511) and (440), respectively.

These peaks are characteristic of Fe3O4 magnetite

nanoparticles with a spinel structure and high mag-

netic properties. However, some additional small

peaks at 2h = 21�, 33� and 41� may be indicative of

the presence of some impurities in the form of a- or c-

Fe2O3 (i.e., maghemite) (Russo et al. 2012). The

Debye-Scherrer equation was used [on index (311),

the highest and largest peak] for calculating the crystal

sizes: this was about 6.5 nm. The TEM photographs

showed a kind of aggregation phenomenon to form

agglomerates of sizes ranging between 10 and 30 nm

(see the Additional Material Section, Figure AM4)

(Mahfouz et al. 2015). This agglomeration is associ-

ated with a magnetic dipole-dipole attraction mecha-

nism reinforced by the small particle sizes. These

nano-based particles remained small in size, suggest-

ing limited resistance to intraparticle diffusion.

The magnetic properties were tested with a vibrat-

ing sample magnetometer, and the saturation magne-

tization was found close to 20 emu g-1 with no

remanence or coercivity (see Additional Material

Section, Figure AM5): this means that the materials

have the properties of superparamagnetic particles.

These materials will be readily collected when apply-

ing an external magnetic field (Mahfouz et al. 2015).

Sorption properties

Sorption as a function of the pH

The pH is a critical parameter in the sorption of metal

ions on ion exchange and chelating resins because it

may affect the chemistry of metal ions (changing

metal speciation) and the surface properties of the

resin (acid-base properties, charge of functional

groups), which, in turn, influence the affinity of the

resin for target metal ions. Figure 1 reports the

progressive increase of the sorption capacity with

increasing pH: the curves for Nd(III), Dy(III) and

Yb(III) overlap (in molar units). Changing the pH will

not contribute to improving the selective separation

among these metals representing the three REE

families. The sorption increases with pH up to 5 and

tends to stabilize above this equilibrium value. When

the pH increases, the protonation of the amino groups

decreases: their capacity to chelate/complex REE

cations is enhanced. Actually, a great dispersion of

values appears around equilibrium pH 6. Figure AM1

(in Additional Material Section) reports pH variation

with metal sorption. Within a pH range of 1–3, the

equilibrium pH remains close to the initial pH value,

while in the range of initial pH 3–5, the equilibrium pH



acidic solutions) may involve competition effects: the

formation of complexes with lower affinity for amine

groups influences the sorption efficiency (Elyamani

and Shabana 1985). Based on the sorbent stability,

precipitation issues (above pH 6–6.5), pH variation

and sorption increase with pH, further experiments

were performed at initial pH 5.

The sorption of Eu(III) with chitosan has been

reported to involve contributions of amine and

hydroxyl groups from parallel chains of the biopoly-

mer (Cadogan et al. 2014). By analogy, it is possible to

suggest that trivalent cations interact with either

chitosan amino groups or amino groups held on the

DETA substitutes with the contribution of hydroxyl

groups of the chitosan backbone. Multidentate

N-donors interact with lanthanides by the formation

of complexes with 6, 7, 8 and 9 (and more) donor

atoms (Greenwood and Earnshaw 1997). The presence

of vicinal nitrogen groups (held by neighbor chitosan

chains and DETA substitutes) is thus important for

enhancing REE sorption.

Effect of contact time and kinetic studies

Figure 2 shows the kinetic profiles for Nd(III), Dy(III)

and Yb(III) sorption using the DETA-functionalized

chitosan magnetic nano-based particles. The sorption

capacity increases with time in two steps: (1) a first

very steep initial section that represents about 80 % of

total sorption occurs within the first 10 min of contact;

(2) a second slow phase lasts for 3–4 h to reach
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Fig. 2 Uptake kinetics for the sorption of Nd(III), Dy(III) and

Yb(III) using DETA-functionalized chitosan magnetic nano-

based particles (C0: 100 mg metal l-1; pH: 5; T = 27 �C;

sorbent dosage, SD 0.2 g l-1)

Fig. 1 Effect of pH on Nd(III), Dy(III) and Yb(III) sorption 
using DETA-functionalized chitosan magnetic nano-based 
particles. (C0: 100 mg metal l-1; T = 27 �C; contact time: 
4 h; sorbent dosage, SD 0.2 g l-1)

tends to increase by 1 or 2 pH units. At pH 6, the 
equilibrium pH tends to stabilize. This may be 
attributed to the buffering effect of amine functions 
(especially from chitosan support): with a pKa close to 
6.3–6.7, amine groups of chitosan (and probably from 
DETA) bind protons (leading to pH increase). A slight 
decrease in sorption is observed for initial pH 6 (and 
higher) (and equilibrium pH close to 6.3). This is 
probably due to a change in metal speciation: metal 
ions begin to form hydrolyzed products with a 
probable loss of affinity for amino groups. These 
phenomena of hydrolysis (at high pH values associ-

ated with precipitation) and the weak stability of 
magnetite particles in acidic solutions (dissolving of 
Fe3O4, especially at pH lower than 1.5–2) allow 
concluding that the sorbent should be preferentially 
operated in the pH range 2–5. For further experiments, 
the pH was initially set at pH 5 (not controlled during 
sorption but monitored at the end of the experiment). 
Maximum sorption capacities are obtained for the 
three REEs at initial pH 5 with sorption capacities 
close to 47–50 mg metal g-1 (i.e., in the range 
0.29–0.33 mmol metal g-1). In these preliminary 
results, the DETA-functionalized chitosan magnetic 
nano-based particles can be ranked according to 
Nd(III) [ Dy(III) [ Yb(III) in molar units, although 
the differences are not very marked.

The protonation of amino groups may explain the 
decrease in sorption performance. However, the 
impact of the dissociation of sulfuric acid (which is 
used for pH control) can also influence the sorption 
properties. Indeed, the presence of HSO4

- (in weakly



equilibrium. About 90 % of the total sorption occurs

within the first 30 min of contact. Sorption kinetics are

generally controlled by a series of coupled mecha-

nisms including the proper reaction rate but also

diffusion mechanisms. The bulk diffusion (diffusion

in the solution) is generally not limiting, providing the

solution is perfectly agitated. The external diffusion

(or diffusion in the film surrounding the particle) is

mainly active in the first minutes of contact, while the

intraparticle diffusion is especially active for poorly

porous materials (depending on the sorbent particle

size, pore size, etc.). Chitosan is generally a poorly

porous material with a low specific surface area (a few

m2 g-1). The sorption kinetics usually require several

hours (24–48 h, depending on the experimental con-

ditions) to reach equilibrium. Decreasing the size of

sorbent particles or elaborating alternate conditionings

(gel beads) is necessary for achieving fast kinetics

(Ruiz et al. 2002a, b). Elaborating nano-based parti-

cles, which consist of nanoparticles of magnetite

coated with chitosan, allows reducing the diffusion

thickness and decreasing the resistance to intraparticle

diffusion. The two-step profile of uptake kinetics can

thus be interpreted as the successive phases of (1)

surface sorption associated with the resistance to film

diffusion (within the first 10 min of contact), followed

by (2) the swelling of the DETA-functionalized

chitosan coating and the contribution of the resistance

to intraparticle diffusion (which is, however, limited

by the small size of sorbent particles).

Different models have been tested for fitting the

experimental uptake kinetics; the pseudo-first order rate

equation (PFORE), pseudo-second order rate equation

(PSORE) and simplified resistance to the intraparticle

diffusion equation (sRIDE) were employed to examine

the kinetics data (Qiu et al. 2009). The linear forms of

PFORE and PSORE are reported in Eqs. (2) and (3),

respectively:

log ðqe � qðtÞÞ ¼ log qe �
k1

2:303
t ð2Þ

t

qðtÞ ¼
1

k2q2
e

þ 1

qe

t ð3Þ

where qe and q(t) (mg g-1) are the sorption capacities

at equilibrium and time t (min), respectively. k1

(min-1) and k2 (g mg-1 min-1) are the rate constant

of PFORE and PSORE, respectively.

The simplified model of resistance to intraparticle

diffusion (sRIDE, the so-called Weber and Morris

equation) is reported in Eq. (4):

qðtÞ ¼ kint:t
0:5 þ c ð4Þ

where kint. (mg g-1 min-0.5) is the intraparticle diffu-

sion constant.

Table 1 reports the parameters of the PFORE and

PSORE models: the analysis of the correlation coef-

ficients (which is confirmed by the regression plots of

experimental data; see the Additional Material Sec-

tion, Figure AM7) shows that the PSORE model fits

the experimental data much better than the PFORE

model. Figure AM7 and Table AM1 (Additional

Material Section) show that the simplified RIDE

model (Weber and Morris equation) does not fit the

experimental data. Two sections can be identified

corresponding to the two phases of the process.

The PSORE model is frequently associated with the

chemical sorption mechanism (involving valence

forces such as the sharing or exchange of electrons,

complexation, coordination and chelation) (Hu et al.

2011). The general sorption process can thus be

described as the combination of the physical and fast

sorption of metal ions for the first minutes of contact

followed by the slow uptake mechanisms involving

chemical bonding and contribution of the swelling

effect and resistance to intraparticle diffusion.

Table 1 Modeling of uptake kinetics using the PFORE and PSORE models for Nd(III), Dy(III) and Yb(III) sorption (at 27 �C and

pHi 5)

Metal ion qmax,exp. (mg g-1) PFORE PSORE

k1 (min-1) qeq (mg g-1) R2 k2 9 103 (mg g-1 min-1) qeq (mg g-1) R2

Nd(III) 47.4 0.012 11.7 0.851 3.39 48.3 0.999

Dy(III) 50.4 0.0198 11.4 0.932 4.34 50.8 0.999

Yb(III) 50.7 0.0150 11.7 0.882 2.76 50.5 0.986



Figure 3 shows the sorption isotherms for Nd(III),

Dy(III) and Yb(III) using DETA-functionalized chi-

tosan magnetic nano-based particles at initial pH 5 and

at three different temperatures, 27, 37 and 47 �C (300,

310 and 320 K). The superimposition of the curves at

the three different temperatures shows that the tem-

perature has a limited effect on the sorption properties.

The curves are represented by a sharp initial increase

in sorption capacity: for a residual concentration of

10–15 mg metal l-1, the sorption capacity reaches

40 mg metal g-1; this means about 80 % of the

maximum sorption capacity. The sorption capacity

progressively increases up to a maximum sorption

capacity close to 50–52 mg metal g-1, regardless of

the type of sorbent and the temperature. The asymp-

totic plateau is consistent with a phenomenon of

monolayer saturation. Sorption isotherms can be

modeled using different equations (Foo and Hameed

2010): Langmuir (Langmuir 1918), Freundlich (Fre-

undlich 1906), Temkin (Temkin 1940) and Dubinin–

Radushkevich (Dubinin et al. 1947), for example.

The Langmuir model is based on the assumption

that sorption sites are identical and energetically

equivalent, and that sorption occurs as a monolayer

coverage (Foo and Hameed 2010; Langmuir 1918). It

can be represented, in its linearized form, by Eq. (5):

Ceq

qeq

¼ Ceq

qmax

þ 1

bqmax

ð5Þ

where qmax is the maximum sorption capacity of the

sorbent (mg metal g-1), and b is the Langmuir

sorption constant (L mg-1), respectively.

The Freundlich isotherm model is based on the

assumption of a heterogeneous distribution of the

sorption sites (basically corresponding to heteroge-

neous material in terms of reactive groups) (Foo and

Hameed 2010; Freundlich 1906). The Freundlich

equation (linearized form) is represented by Eq. (6):

ln qe ¼ ln Kf �
1

n
ln Ce ð6Þ

where Kf is the Freundlich isotherm constant, and

n (dimensionless) is the heterogeneity factor.

The Dubinin–Radushkevich (D–R) model is usu-

ally employed for discriminating the nature of sorption

processes as a physical or chemical mechanism. The

D-R equation is given by Eq. (7) (Dubinin et al. 1947;

Foo and Hameed 2010).
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Fig. 3 Sorption isotherms of Nd(III), Dy(III) and Yb(III) 
sorption isotherms using DETA-functionalized chitosan mag-

netic nano-based particles at different temperatures (C0: 
100 mg metal l-1; pH: 5; T = 27 �C; contact time: 4 h; sorbent 
dosage, SD 0.2 g l-1)

Sorption isotherms and thermodynamics

The sorption isotherms [qeq = f(Ceq)] represent the 
distribution of the solute (at different initial concen-

trations, C0, but at the same temperature and pH)

between the liquid phase (Ceq) and solid phase (qeq).



ln qe ¼ ln qD � Ke2 ð7Þ

where qD is the theoretical saturation capacity, and e is

the Polanyi potential [given by e = RT ln(1 ? 1/

Ceq)]. K is related to the mean free sorption energy per

molecule of sorbate, EDR (kJ mol-1). EDR provides

information about the chemical and physical sorption

(the discriminating value being physical\ 8 kJ

mol-1\ chemical sorption) and can be determined

according to Eq. (8):

EDR ¼ 2Kð Þ�1=2 ð8Þ

Tables 2 (for the Langmuir and Freundlich models)

and 3 (for the Temkin and Dubinin–Radushkevich

models) show the parameters of the models and the

quality of their fit (through the comparison of their

correlation coefficients). In addition, Figures AM8

and AM9 (see Additional material Section) show the

linear plots of the Langmuir and D-R fits of

experimental data. Table 2 confirms that the Lang-

muir equation fits the experimental data better than

the Freundlich equation: this is consistent with the

asymptotic trend of the isotherm (compared to the

exponential form of the Freundlich equation).

Table 3 shows that both qmax and b slightly increase

with temperature: the sorption is thus expected to be

slightly endothermic. The ‘‘favorability’’ of the

sorption can be evaluated using the coefficient RL

(dimensionless) (Foo and Hameed 2010), which is

calculated by Eq. (9):

Table 2 Modeling of sorption isotherms using the Langmuir and Freundlich equations for Nd(III), Dy(III) and Yb(III) sorption (at

different temperatures)

Metal ion T (K) qmax,exp. (mg metal g-1) Langmuir model Freundlich model

qmax,calc. (mg metal g-1) b (L mg-1) R2 1/n KF R2

Nd(III) 300 49.2 50.8 0.132 0.999 11.6 31.0 0.934

310 50.3 51.8 0.151 0.999 11.6 32.0 0.924

320 50.9 52.1 0.197 0.999 12.7 33.8 0.878

Dy(III) 300 50.3 51.2 0.091 0.996 12.2 32.8 0.923

310 51.0 52.1 0.201 0.999 13.1 34.3 0.914

320 51.5 52.4 0.240 0.999 16.8 37.6 0.938

Yb(III) 300 51.2 52.4 0.191 0.999 12.6 33.8 0.903

310 51.5 52.4 0.255 0.999 15.6 36.8 0.900

320 51.9 52.6 0.331 0.999 19.1 39.6 0.894

Table 3 Modeling of sorption isotherms using the Dubinin–Radushkevich and the Temkin equations for Nd(III), Dy(III) and Yb(III)

sorption (at different temperatures)

Metal ion T (K) D-R isotherm Temkin isotherm

qs (mg metal g-1) Kad 9 105 (mol2 kJ-2) EDR (kJ mol-1) R2 AT (L mg-1) BT (J mol-1) R2

Nd(III) 300 48.9 5.83 0.112 0.924 7.26 3.90 0.935

310 50.2 5.00 0.129 0.982 7.43 3.96 0.930

320 51.1 3.77 0.129 0.978 8.55 3.70 0.885

Dy(III) 300 50.4 4.11 0.112 0.941 8.15 3.75 0.929

310 51.0 3.32 0.129 0.961 9.08 3.56 0.928

320 51.5 2.93 0.129 0.952 12.69 2.87 0.939

Yb(III) 300 51.4 4.25 0.112 0.970 8.57 3.70 0.905

310 51.7 2.96 0.129 0.947 11.53 3.07 0.902

320 52.0 2.10 0.158 0.943 15.12 2.55 0.896



RL ¼ 1

1 þ bC0

ð9Þ
Nd(III), Dy(III) and Yb(III) ions on DETA-function-

alized chitosan magnetic nano-based particles are

systematically below 8 kJ mol-1: metal binding

essentially proceeds by physical sorption (consistent

with conclusions proposed for uptake kinetics). In

addition, the positive values of EDR indicate that the

sorption process is endothermic: a higher temperature

slightly enhances sorption.

The Temkin model assumes that the free energy of

sorption is a function of the surface coverage (Foo and

Hameed 2010; Temkin 1940). The isotherm is

described by Eq. (10):

qq ¼ BT ln Ceq þ BT ln AT ð10aÞ

BT ¼ RT=bT ð10bÞ

where AT is the equilibrium binding constant corre-

sponding to the maximum binding energy, BT is a

constant related to the surface heterogeneity of the

sorbent, R is the universal gas constant (8.314 J K-1

mol-1), bT is a constant related to adsorption heat, T is

the temperature (K), and R is the ideal gas constant

(8.314 J mol-1 K-1). The constants of the model can

be obtained from the slope and intercept of the linear

plot of qeq versus ln Ceq. Table 3 summarizes the

values of these parameters. The constant AT reflects

the initial sorption heat for the sorbent: the greater the

AT value is, the higher the sorption heat, and the

greater the affinity of the sorbent for the sorbate. The

AT values for Yb(III) were higher than the values of

Dy(III) and Nd(III) ions: Yb(III) ions are more likely

to be bound on the sorbent than Dy(III) and Nd(III)

ions. Furthermore, the affinity of the surface-reactive

groups for metal ions increases with temperature. The

order of affinity follows the trend: Yb(III)[
Dy(III)[Nd(III); however, this should be considered

as indicative, since the Temkin model fits the exper-

imental data less accurately than the Langmuir

equation.

Figure 4 shows the effect of increasing temperature

on Nd(III), Dy(III) and Yb(III) sorption using DETA-

functionalized chitosan magnetic nano-based parti-

cles. The maximum sorption capacity slightly

increases with temperature. The thermodynamic

parameters [i.e., Gibbs free energy change, DG�
(kJ mol-1), enthalpy change, DH� (kJ mol-1) and

entropy change, DS� (J mol-1 K-1)] can be obtained

from the van’t Hoff equation, Eqs. (11) and (12):

where C0 is the initial concentration of the metal ion in 
the relevant experiment. The calculated values of the 
dimensionless factor RL for DETA-functionalized 
chitosan magnetic nano-based particles lie between 
0.02 and 0.26 for Nd(III), between 0.01 and 0.29 for 
Dy(III) and between 0.01 and 0.17 for Yb(III), 
regardless of the concentration and temperature range. 
All RL values being smaller than 1.0, the sorption of 
Nd(III), Dy(III) and Yb(III) ions on the designed 
sorbent is very favorable. The Langmuir model 
assumes that the sorption process occurs as a mono-

layer on a surface with a finite number of identical 
sites, which are homogeneously distributed over the 
sorbent surface. Although the fact that the equation 
mathematically fits the experimental data does not 
necessarily means that that the hypotheses of the 
model are verified, this is a first indication of possible 
characteristics of the phenomenon (which must be 
verified by physical observations). The composition of 
the chemically modified surface of the sorbent is 
heterogeneous because of the presence of free amino 
groups of chitosan and DETA, which may have 
different affinities for metal ions. Despite these 
differences, the sorption isotherm does not show 
heterogeneities.

Table 2 also reports the values of the parameters of 
the Freundlich model: the correlation coefficients are 
lower than those found with the Langmuir equation. 
When the heterogeneity factor (i.e., n) is higher than 1, 
the sorption is favorable in the whole range of 
concentrations, while when n is below 1, the sorption 
is only favorable at high solute concentrations (Foo 
and Hameed 2010). In the present case, the hetero-

geneity factor was systematically below 0.1: the 
sorption is only favorable at a high residual metal 
concentration.

In the case of the Dubinin–Radushkevich (D–R) 
isotherm, the plot of ln qeq versus e2 gives a straight 
line with a slope K and an intercept ln qD as shown in 
Figure AM9 (see Additional Material Section). 
Table 3 reports the values of the parameters of the 
D-R equation for the different systems. The mean 
sorption energy (EDR) represents the free energy 
necessary for transferring 1 mole of solute from 
infinity (in solution) to the surface of the sorbent. The 
mean sorption energies (EDR) for the sorption of



ln b ¼ �DH�

RT
þ DS�

R
ð11Þ

DG� ¼ DH� � TDS� ð12Þ

where T is the absolute temperature (Kelvin). The

values of enthalpy change (DH�) and entropy change

(DS�) were obtained by the slope and the intercept of

the plot of ln b versus 1/T (Fig. 4); the constants are

reported in Table 4. The positive values of enthalpy

change (DH�) and the decrease in Gibbs free energy

change with the increase of the temperature confirm

that the sorption mechanism is endothermic: the

reaction is slightly enhanced at higher temperature.

On the other hand, the positive values of the entropy

change (DS�) mean that the ‘‘disorder’’ of the system

increases after metal sorption. This increase in the

entropy is probably associated with the water release

during metal sorption of rare earth metal ions (which

are initially hydrated in solution). The fact that

systematically DH�j j is lower than TDS�j j means that

the sorption process is controlled by entropic rather

than enthalpic changes (Rahmati et al. 2012). Marcus

(1997) reports the thermodynamic parameter of

hydrated ions. The entropy changes of sorption (like

other thermodynamic data) do not follow a clear trend

regarding the classification of REEs (light, mild and

heavy), and it is not possible to correlate these values

to the thermodynamic values of hydrated species. The

lower dispersion of data was obtained comparing

entropy changes of sorption with the enthalpy of

formation of hydrated species (DHf
hydr:, kJ mol-1),

which varies according to the sequence: Dy(III)

(-699)–Nd(III) (-696)–Yb(III) (-675).

Comparison of sorption properties with other

sorbents

The sorption of different materials for Nd(III), Dy(III)

and Yb(III) is compared to the sorption capacities

obtained with DETA-functionalized chitosan mag-

netic nano-based particles (Table 5). Different exper-

imental conditions make the comparison of sorption

performance complex. However, the table shows that

the sorbent has comparable sorption properties for the

binding of selected REEs in slightly acidic to neutral

solutions. Some materials have significantly higher

sorption properties, such as activated charcoal for

Dy(III) (Qadeer and Hanif 1995), phosphorous func-

tionalized sorbent for Nd(III) (Park and Tavlarides

2010), and iminodiacetic resin (Xiong et al. 2006) or

Sargassum biomass (Diniz and Volesky 2005a) for

Yb(III). However, in most cases the DETA-function-

alized chitosan magnetic nano-based particles have

comparable sorption properties for selected REEs. The

main advantage of the present sorbent is the fast

kinetics of sorption associated with its nano-/micro-

metric size and the easy recovery of spent material at

the end of the sorption process through magnetic

attraction.

Metal desorption and sorbent recycling

Metal desorption and sorbent recycling are important

issues for the competitiveness of sorbent materials.

Frequently, the eluent selected for metal release is
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nano-based particles: variation of qmax with temperature and
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320 K; contact time: 4 h; sorbent dosage, SD 0.2 g l-1)



such as EDTA. In the present case, both the biopoly-

mer and magnetic core can be very sensitive to acidic

solutions: the crosslinking of chitosan prevents its

dissolving at pH 1; however, a significant fraction of

Fe3O4 may dissolve at pH below 1.5. For these

reasons, acidic chelating solutions were chosen for the

recovery of REEs from the loaded sorbent: thiourea

Table 4 Thermodynamic parameters for Nd(III), Dy(III) and Yb(III) sorption

Metal ion DH� (kJ mol-1) DS� (J mol-1 K-1) T (K) DG� (kJ mol-1) TDS� (kJ mol-1) R2

Nd(III) 15.8 134 300 -24.5 40.3 0.954

310 -25.9 41.7

320 -27.2 43.0

Dy(III) 10.9 122 300 -25.6 36.6 0.967

310 -26.9 37.8

320 -28.1 39.0

Yb(III) 21.9 160 300 -26.0 47.9 0.999

310 -27.6 49.5

320 -29.2 51.1

Table 5 Comparison of Nd(III), Dy(III) and Yb(III) sorption performance for different sorbents

Sorbent Metal pH

range

qm

(mg metal g-1)

Reference

EDTA and DTPA functionalized chitosan Nd(III) 3–6 55 Roosen and Binnemans (2014)

Phosphonic acid functionalized silica microspheres Nd(III) 2.8 45 Melnyk et al. (2012a)

Ion imprinted polymer particles Nd(III) 7.5 33 Krishna et al. (2005)

Phosphorus functionalized adsorbent Nd(III) 6 160 Park and Tavlarides (2010)

Yeast cells Nd(III) 1.5 10–12 Vlachou et al. (2009)

Mordenite containing tuff Nd(III) 5.5–6.5 13 Kozhevnikova and

Tsybikova (2008)

DETA-functionalized chitosan magnetic

nano-based particles

Nd(III) 5 49–51 This work

Oxidized multi-walled carbon nanotubes Dy(III) 4–6 78 Koochaki-Mohammadpour

et al. (2014)

11-Molybdo-vanadophosphoric acid supported

on Zr modified mesoporous silica SBA-15

Dy(III) 4–5 42–53 (Aghayan et al. 2013)

Activated charcoal Dy(III) 4 294 Qadeer and Hanif (1995)

Phosphonic acid-functionalized porous microspheres Dy(III) 4.8 32–49 Melnyk et al. (2012b)

DETA-functionalized chitosan magnetic

nano-based particles

Dy(III) 5 51–52 This work

Sargassum Yb(III) 5 160 Diniz and Volesky (2005a)

Turbinaria conoides Yb(III) 4.9 34 Vijayaraghavan et al. (2011)

Pseudomonas aeruginosa Yb(III) 6–7 56 Texier et al. (1999)

Imino-diacetic acid resin Yb(III) 5.1 187 Xiong et al. (2006)

DETA-functionalized chitosan magnetic

nano-based particles

Yb(III) 5 51–52 This work

based on the effect of pH on sorption: acidic pH is used 
for desorption when the optimal sorption pH is close to 
neutral (sorption of metal cations by chelation) or the 
reciprocal alkaline solutions for desorbing metal 
anions (bound in acidic conditions by ion-ex-

change/electrostatic attraction). Alternatively, metal 
ions can be desorbed using strong chelating agents



(acidified with a few drops of 0.2 M sulfuric acid

solutions, i.e., pH 2–3) was used for metal desorption.

Sorbent rinsing between each sorption and desorption

step was performed with demineralized water. Table 6

reports the variation of sorption capacity and sorption

yield at each sorption cycle. The sorption efficiency

progressively decreases but at the firth cycle the

variation does not exceed 6 %. The decrease may be

attributed to a partial degradation of the sorbent and/or

an incomplete desorption of the sorbed metal ions.

However, the sorption performance remains quite

good for allowing supplementary sorption/desorption

cycles. Acidic thiourea solution is efficient at remov-

ing loaded REEs (by complexation and destabilization

of ion-exchange interactions between the sorbent and

metal cations) and recycling the spent sorbent.

Selective sorption

Both equilibrium and dynamic experiments show that

the sorbent has very similar sorption properties for the

three REEs belonging to different families (i.e., light,

mild and heavy REEs); a selective separation of

individual REEs appears difficult. A complementary

experiment was performed on a binary REE solution

containing equimolar concentrations of light REE

[i.e., Nd(III): 0.23 mmol Nd L-1; 59.5 mg Nd L-1]

and heavy REE [i.e., Yb(III): 0.25 mmol Yb L-1;

53.8 mg Yb L-1]. At metal-binding equilibrium, the

sorption capacities reach 29.6 mg Yb g-1 (i.e.,

0.17 mmol Yb g-1) and 20.6 mg Nd g-1

(0.14 mmol Nd g-1), respectively. In the solution,

the molar ratio Yb(III)/Nd(III) was initially close to

1.087; after metal sorption, the molar ratio Yb(III)/

Nd(III) in the sorbent increased to 1.21. A slight

concentration effect in the sorbent was observed for

Yb(III), while Nd(IIII) was enriched in the solution.

However, these differences were not very marked and

would have required numerous enrichment steps for

achieving metal separation. The total sorption capac-

ity was close to 50 mg metal g-1: this means a value

close to the maximum sorption capacities found for the

binding of REEs (see Table 3; Fig. 3). As expected,

the metal ions competed for the same reactive groups.

Actually, the effect of counter anions on metal

sorption was not tested. Previous studies on other

sorbents showed that the type of anion (chloride,

nitrate and sulfate) present in the solution did not

significantly affect the binding of La(III), Eu(III) and

Yb(III) on Pseudomonas aeruginosa (Texier et al.

1999). On the contrary, Diniz and Volesky (Diniz and

Volesky 2005b) observed a decrease in the La(III)

sorption capacity in the presence sulfate anions

compared to chloride and nitrate solutions on Sargas-

sum polycystum (biomass). The complexation of

La(III) with sulfate anions led to monovalent cations

with a lower affinity for the biosorbent. The process

used for preparing metal solutions (involving sulfuric

acid dissolution of the salt) may thus induce a slight

decrease in sorption properties.

Conclusion

The incorporation of a magnetic core (Fe3O4) in nano-

based chitosan particles allows producing very small

sorbent particles (a few tens of nm) that can be readily

recovered by an external magnetic field: the particles

are superparamagnetic. By chemical modification and

grafting of DETA through immobilization on

epichlorohydrin spacer arms, it is possible to introduce

new reactive groups (such as supplementary amino

Table 6 Sorbent recycling: sorption capacity and sorption efficiency for five successive sorption/desorption cycles

Cycle Nd Dy Yb

qe (mg Nd g-1) S. eff. (%) qe (mg Dy g-1) S. eff. (%) qe (mg Yb g-1) S. eff. (%)

Cycle I 47.4 100.0 49.3 100.0 50.1 100.0

Cycle II 46.2 97.6 47.9 97.3 48.5 96.7

Cycle III 45.7 96.4 47.5 96.4 48.0 95.7

Cycle IV 45.3 95.7 47.1 95.5 47.6 95.0

Cycle V 45.1 95.1 46.7 94.7 45.6 94.1



groups). The sorbent, whose binding performance

increases with pH, has sorption capacities close to

47–50 mg metal g-1, regardless of the type of REE

(i.e., no change in sorption performance for light, mild

and heavy REEs). The sorption isotherms are well

fitted by the Langmuir equation. The small size of

sorbent particles allows reducing the impact of

resistance to intraparticle diffusion on the control of

uptake kinetics, which is correctly fitted by the

pseudo-second order rate equation. The thermody-

namic parameters have been determined: the reaction

is endothermic, spontaneous and controlled by entro-

pic rather than enthalpic constraints. The randomness

of the system increases with REE sorption (hydration

water released from metal ions during metal sorption

contributes to increased disorder). Metal desorption

can be performed using acidic thiourea solutions: the

sorption efficiency decreases by less than 6 % at the

fifth cycle. In addition, the competitive sorption of

REEs from binary Nd(III)/Yb(III) solutions shows that

the sorbent slightly concentrates Yb(III), while Nd(III)

is enriched in the residual solution. However, the

selective separation of Nd(III) from Yb(III) is not

sufficent for reaching full separation of REEs from

different families (i.e., light from heavy metal ions).

These materials were initially tested with the

objective of separating light, middle and heavy REEs.

These results show that these sorbents are more

appropriate for the unselective recovery of REEs from

dilute solution (as an enriching pretreatment) in batch

systems. More conventional processes [using other

specific sorbents (Roosen et al. 2014) or chromato-

graphic-like long columns with specific ligands for

improving the selectivity of separation] should be used

for the separation of the different metals in the REE

family.
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