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Magnetic-chitosan nanoparticles, functionalized with cysteine,
were synthesized and characterized by element analysis, FT-IR,
XRD, TEM, and vibrating sample magnetometry. The sorbent
was tested for U(VI) recovery, considering:
a. pH effect,
b. sorption isotherms (fitted by Langmuir equation), and
c. uptake kinetics (modeled using the PSORE).

Maximum sorption capacity approached 100 mg U g−1. The
nanometric size of sorbent reduces the impact of resistance to
intraparticle diffusion; this may explain the fast kinetics (equili-
brium within 50 min). The reaction is exothermic, spontaneous.
The metal could be desorbed using acidified urea solution and the
sorbent could be recycled for 5 cycles.

Keywords Cysteine-functionalized chitosan; uranium(VI); magnetic
chitosan nano-based particles; sorption isotherm; uptake
kinetics

INTRODUCTION
The most common isotope of natural uranium is 238U,

which has a negligible radiotoxicity, due to its geologically
long half-life (4.5 × 109 years). However, because of its
superior binding affinity toward biomolecules (1), ingestion
and inhalation of uranium could cause certain acute and/or
chronic harmful effects, especially in terms of kidney
damage after drastic and/or long-term exposure to uranium-
based compounds (1, 2). This is a highly bio-toxic metal
while being introduced into fragile ecosystem through the
combination of natural processes and anthropogenic activ-
ities (3). On the other hand, due to limited quantities of

uranium minerals in nature and the intense use for energy
production, shortage of uranium is expected in a few dec-
ades (4) and this makes the recovery of uranium from low-
metal concentration effluents a strategic issue for the future
of nuclear power industry. Recovery of uranium from dilute
aqueous streams may be considered a complementary
resource in addition to mining or recycling of end-of-life
industrial materials (5). These processes may concern both
industrial aqueous waste streams but also acid mine drainage
from metal or coal mines (6), even from seawater (7). There-
fore, separation and recovery of uranium from aqueous solu-
tions are of great practical significance, not only in terms of
reutilization of uranium resources and sustainable develop-
ment of nuclear energy, but also for the protection of both
human health and ecological environment (8).

Metals, such as uranium, may be recovered through
different processes such as solvent extraction, ion-exchange
or chelating resins (7), precipitation (5). The competitive-
ness of the process, its technical efficiency, and environ-
mental effectiveness depend on the range of metal
concentration, the complexity/composition of the solution,
etc. Precipitation processes may produce a huge amount of
contaminated sludge requiring appropriate storing condi-
tions; solvent extraction is only competitive for concen-
trated solutions; conventional resins may be very
expensive (9), and alternative sorbents such as biosorbents
have been suggested for replacing these conventional meth-
ods (10, 11). A great diversity of materials of biological
origin have been investigated for uranium recovery from
dilute solutions; including fungal biomass (12), algal bio-
mass (13), agriculture by-products (14, 15), or biopolymers
issued from marine resources such as alginate (16) and
chitosan (17, 18).

Chitosan, which is commercially produced from crustacean
shells, is very reactive for metal sorption through different
mechanisms such as:
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a. chelation of metal cations on free amine groups in near
neutral solutions, and

b. ion-exchange for metal anions on protonated amine groups
in acidic solutions (19).

In addition, chitosan can be used as a raw material for the
design of chelating and ion-exchange resins by chemical
derivatization (grafting of supplementary or complementary
reactive groups) for improving the density of sorption sites,
the selectivity of reactive groups, changing the sorption
mechanisms, or extending the operative pH (19). The density
of hydroxyl groups on chitosan backbone may explain its
high hydrophilic behavior (especially compared with synthetic
base materials, like polystyrene-divinylbenzene, polyethylene,
and polyurethane); this may enhance sorption kinetic of ionic
species in aquatic media (20, 21). Chelating or coordinating
resins are polymers with covalently bound functional groups
containing one or more donor atoms, which are capable of
forming complexes directly with metal ions. These polymers
can also be used for the specific separation of one or more
metal ions from complex solutions (22). In chelating resins,
the functional group atoms the most frequently used are
nitrogen (e.g., N in amines, azo groups, amides, nitriles),
oxygen (e.g., O in carboxylic, hydroxyl, phenolic, ether, car-
bonyl, phosphoryl groups) and sulfur (e.g., S in thiols, thio-
carbamates, thio-ethers). The anchored molecules may
contribute to the selective extraction of metal cations (23).
Several chelating ligands such as catechol, iminodiacetic acid,
iminodimetyl-phosphonic acid, phenylarsonic acid, or serine
(24) and amino acids moieties (glycine, valine, leucine, and
serine) (25) were used to functionalize crosslinked chitosan
for sorption of uranium(VI) metal ions.

One of the major drawbacks of chitosan-based materials
is associated with the poor porosity (and low specific sur-
face area) of the biopolymer that imparts significant resis-
tance to intraparticle diffusion. This effect can be
minimized using:

a. conditioned materials (preparing chitosan gel beads, mem-
branes, fibers, hollow fibers, and sponges) (26), or

b. decreasing the size of sorbent particles.

The micro- or nano-sizing of sorbent particles may cause
serious problems for managing fixed-bed column systems
(with clogging, head loss of pressure) or batch system
(material recovery and handling at the end of the process).
Nanomaterials have received great attention in other emer-
ging and rapidly growing fields making profit of their good
performance due to high specific surface area and limited
resistance to intraparticle diffusion (20). The difficulty in
recovering the nanoparticles by filtration or centrifugation
may explain the limited development of these processes at
large scale. This problem may be overcome using magnetic
nano-based particles that can be readily handled and recov-
ered using external magnetic field. Magnetic particles are

usually composed of a magnetic core (to ensure a strong
magnetic response) and a polymeric shell to hold favorable
functional groups and feature sorption applications (27).

This work focuses on:

a. the synthesis of magnetic nano-based particles of chitosan
functionalized with cysteine,

b. the characterization of the sorbent with FT-IR, XRD, TEM
and VSM (vibrating sample magnetometer) analyses, and

c. the study of U(VI) sorption properties in slightly acidic
solutions.

MATERIAL AND METHODS
Materials and Analytical Procedures

Chitosan (90.5% deacetylation degree) and diethylenetria-
mine (98%) were supplied by Sigma-Aldrich (France). Epi-
chlorohydrin (> 98%), 1,4-dioxane (99.9%), ethanol, and
arsenazo III (A.R. grade) were purchased from Fluka Chemika
AG (Switzerland). All other chemicals were Prolabo (France)
products and were used as received. Uranium stock solution
was prepared from UO2(OCOCH3)2·2H2O supplied by Sigma-
Aldrich in concentrated sulfuric acid under heating and diluted
with distilled water until final concentration of 1000 g L−1. The
working solutions were prepared by appropriate dilution of the
stock solution immediately prior to use. Uranium concentra-
tions in solution were determined by spectrophotometry
(Arsenazo III colorimetric method) (28) using a “Metertech
Inc” model SP-8001 (UV–Visible spectrophotometer).

Sorbent Synthesis
Preparation of Cross-Linked Chitosan–Magnetic Nano-Based
Particles

Chitosan–magnetic nano-based particles were prepared by
chemical co-precipitation of Fe(II) and Fe(III) ions using
NaOH for pH control in the presence of chitosan, followed
by hydrothermal treatment (29). Chitosan (4 g) was dissolved
in 200 mL (20% w/w) acetic acid solution; FeSO4 and FeCl3
(1:2 molar ratio: 6.62 g FeSO4.7H2O and 8.68 g FeCl3, respec-
tively) were dissolved in the biopolymer solution. The resulting
solution was chemically precipitated at 40oC by addition of
NaOH (2 M) dropwise with constant stirring: the pH was
controlled to 10–10.4. The suspension was heated at 90oC for
1 h under continuous stirring and finally separated by decanta-
tion. Then a solution of 0.01 M epichlorohydrin (containing
0.067 M sodium hydroxide) was prepared (pH close to 10) and
added to the freshly prepared wet magnetic-chitosan particles
(weight ratio of 1:1). The mixture of chitosan-magnetic parti-
cles and epichlorohydrin was heated at 40-50oC for 2 h under
continuous stirring (30). The products were filtered and washed
intensively with demineralized water to remove any unreacted
epichlorohydrin.



Preparation of Cysteine-Functionalized Chitosan–Magnetic
Nano-Based Particles

The amino acid moiety (cysteine) was grafted to crosslinked
magnetic chitosan particles in two steps (25): First, the cross-
linked chitosan (ii) was suspended in 150 mL ethanol/water
mixture (1:1 v/v); then, epichlorohydrin (15 mL) was added to
the suspension, and the mixture was refluxed for 4 h. After the
reaction, the product (iii) was filtered and washed 3 times with
ethanol and with ultrapure water to remove any residual
reagents. Secondly, the washed product (iii) and cysteine (16
g) were suspended in dioxane (200 mL). The mixture was
alkalinized to pH 9.5-10 using 1 M NaOH solution; the mix-
ture was refluxed for 6 h. After the reaction, the final product
was filtered and washed 3 times with ethanol and with ultra-
pure water. Finally, the product was freeze-dried.

The amine content in the sorbent was estimated using a
volumetric method as follows (31): 30 mL of 0.05 M HCl
solution was added to 0.1 g of sorbent and conditioned for
15 h on a reciprocal shaker. The residual concentration of HCl
was estimated through titration against 0.05 M NaOH solution
using phenolphthalein as the indicator. The number of moles of
HCl that interacted with amino group, and consequently the
concentration of amino group in the sorbent (mmol g−1) was
calculated from Eq. (1):

Concentration of amino group

¼ ðM1 �M2Þ � 30=0:1 (1)

where M1 and M2 are the initial and final concentration of HCl,
respectively.

Characterization Methods
The resin was chemically characterized by element ana-

lysis using an automatic analyzer CHNS Vario EL III-ele-
mentar analyzer (Elementar, Germany) for the determination
of carbon, hydrogen, nitrogen, and sulfur elements in the
final sorbent. Powder X-ray diffraction (XRD) patterns were
obtained at room temperature using an X-ray diffraction unit
(Philips model PW 3710/31, with generator PW1830 and
scintillation counter PW 3020) using CuKα radiation in the
range of 2θ = 10–90o. The magnetic properties were mea-
sured on a vibrating sample magnetometer (VSM) (730T,
Lakeshoper, America) at room temperature. The dimension
and morphology of sorbent particles were observed by
atomic force microscopy (AFM) (Shimadzu, Japan) and
high resolution transmission electron microscope-HRTEM
(JEOL-2100, Japan). Functional groups of adsorbent were
analyzed with a Fourier Transform infrared spectroscopy FT-
IR spectrometer Nicolet Nexus 870 FTIR spectrometer
(Nicolet, USA). The scanning range was set between 4000
and 400 cm−1 and samples were conditioned using the KBr
pellet technique.

Sorption and Desorption Experiments
Batch experiments were carried out by contact of a given

mass of sorbent (i.e., m: 0.05 g) with a fixed volume of
aqueous solution (i.e., V: 50 mL) containing a fixed concentra-
tion of uranium (i.e., C0: 110 mg U L−1) in a conical flask. The
sorption experiments were agitated and performed at 200 rpm
at room temperature (i.e., 25 ± 1oC) for 2 h. After equilibrium
and phase separation (magnetic separation), the uranium con-
centration in the aqueous phase (Ceq, mg U L−1) was deter-
mined by the Arsenazo III colorimetric method and the amount
of uranium on the sorbent (qe, mg U g−1) was calculated by the
mass balance equation:

qe ¼ C0 � Ceq
� �

x V=M (2)

The distribution coefficient Kd is obtained by the following
equation:

Kd ¼ C0 � Ceq
� �

=Ceq
� �

x V=M (3)

All the measurements were duplicated and the experimental
dispersion did not exceed 5%.

All experiments were carried out by equilibrating for 50 min
at room temperature (25 ± 1oC) and pH 3.61 ± 0.01 with an
initial concentration C0: 110 mg U L−1; except when the effect
of time, pH, and metal concentration was studied. Detailed
experimental conditions are reported in the caption of figures.

To evaluate the reusability of the sorbent, sorption of ura-
nium(VI) and regeneration of U(VI)-loaded sorbent were per-
formed along five successive sorption–desorption cycles with
the same adsorbent. Fifty mg of sorbent were mixed with 50
mL of a 250 mg L−1 U(VI) solution in a conical flask and
agitating in a shaker for 45 min at 25oC. The sorbent was
separated magnetically; uranium concentration in the super-
natant was estimated. The U(VI)-loaded sorbent, after gentle
washing with demineralized water, was mixed with 50 mL of a
0.5 M solution of acidified urea in a shaker for 45 min, at 25 ±
1oC. After magnetic separation the sorbent was rinsed with
demineralized water and re-used for sorption tests.

RESULTS AND DISCUSSION
Preparation of Magnetic Chitosan Nano-based Particles
and Functionalized Material

A simple one-pot in situ co-precipitation method was used
to synthesize magnetic chitosan nano-based particles. Chitosan
precipitates in alkaline conditions simultaneously to the synth-
esis of magnetic iron particles (reaction between Fe(II) and Fe
(III) under alkaline hydrothermal conditions) resulting in the
formation of composite magnetite-chitosan particles. The drop-
wise addition of NaOH in the mixture controls the formation of
nanometric-size of chitosan-magnetite particles (29). Chitosan-
magnetite particles can be chemically modified to prevent their
dissolution in acidic media; however, aldehyde-crosslinking



may result in the loss of sorption capacity because some amine
groups are involved in the crosslinking reaction (32, 33); so,
epichlorohydrin (also called chloromethyloxirane) had been
used as the crosslinking agent. Indeed, the crosslinking
mono-functional agent is used to form covalent bonds with
the carbon atoms linked to the hydroxyl groups of chitosan,
resulting in the rupture of the epoxide ring and the removal of a
chlorine atom (34). Figure 1 shows the synthesis route for
cysteine functionalized magnetite-chitosan.

Characterization of Sorbents
Element Analysis

The C, H, N, and S contents in the crosslinked chitosan-
magnetic nano-based particles were 14.23%, 2.55%, 1.71%,
and 0%, respectively. After cysteine grafting, the C, H, N,
and S contents increased to 19.84%, 3.93%, 3.14%, and
2.34%, respectively. The increases of carbon, hydrogen, nitro-
gen, and sulfur contents clearly show the successful grafting of
cysteine moiety onto crosslinked chitosan magnetic nano-based
particles (with spacer arm matrix).

FT-IR Spectrometry
FTIR spectra were recorded at each step of the synthesis

to confirm the successive changes in the structure of the
biopolymer (Fig. 2). Several typical bands can be detected.
The band at 568 cm−1 is assigned to Fe-O stretching vibra-
tion of Fe3O4 (29, 33, 35). For the magnetic-chitosan com-
posite (a) a strong and broad band appears around

O

HO
NH 2

O

O H

O

H O
N H 2

O

O H

Fe3O 4

O

ClW ater / E tO H
 3h reflux

O

HO
NH

O

O _C ross linking_

Cl

O H

O

O

H O
N H2

O

O

O

O H
H 2N

O

O

O

H 2C

C HO H

H 2C

N aO H  aq.
D ioxane
6h reflux

H 2N C O O H

CH 2

O

O

O

Cl

n

O

O

HO
NH

O

O _C rosslinking_

S

O H

CH 2

H 2N CO O H

H S

FIG. 1. Scheme for the synthesis of cysteine-functionalized chitosan magnetic nano-based particles.

FIG. 2. FT-IR spectra of (a) chitosan-magnetite nanoparticles, (b) after cross-
linking, (c) crosslinked chitosan magnetite with spacer arm and (d) cysteine-
functionalized chitosan magnetic nano-based particles.



3399 cm−1: this is generally attributed to the contributions
of stretching vibration of –OH group, stretching vibration
of N–H group and hydrogen bonds of polysaccharides.
Another characteristic peak of primary amine –NH2 appears
at 1613 cm−1 (bending vibration). The bands at 1463 and
1364 cm−1 can be attributed to the C–O–C stretching or
amide II and –OH bending vibrations, respectively. The
absorption band at 893 cm−1 corresponds to β-D-glucose
unit (18). The absorption bands around 1320 and
1065 cm−1 are generally assigned to the stretching vibra-
tions of primary –OH group and secondary –OH group,
respectively. After crosslinking (b), the absorption intensi-
ties of –NH2 group and –OH obviously decrease compared
with reference initial material (a): this confirms that the
crosslinking reaction occurred with amino groups and –
OH groups from vicinal polymer chains through epichlor-
ohydrin (18).

The introduction of spacer arms on crosslinked chitosan is
expected to involve the appearance of –CH2–Cl whose
stretching vibration was assigned to a new band at
523 cm−1 (36) and this band is not clearly identified on the
spectrum of the compound bearing epichlorohydrin spacer
arms (c). Actually a new band (which could be assigned to
the stretching vibration of –C-Cl, in the range 800-700 cm−1,
(37)) appears around 792 cm−1 after reaction with epichlor-
ohydrin (cross-linking and grafting of spacer arms; i.e., on b
and c spectra) but almost disappears after cysteine grafting
(spectrum d). After grafting spacer arms (supplementary treat-
ment with epichlorohydrin, spectrum c) and cysteine grafting
(spectrum d) the 1613-1603 cm−1 band is shifted toward
higher frequencies (1629-1631 cm−1). This may be attributed
to a change in the chemical environment of amine groups
(including the formation of amide groups) and/or the grafting
of carboxylic groups (from cysteine) (24, 37). In addition, the
relative intensity of the band at 1387 cm−1 increases in the
spectrum of cysteine-type material; this could be also attrib-
uted to either or both the grafting of amino groups and
carboxylic acid moieties. The band around 1462 cm−1

(ascribed to amide II group (33)) is disappearing after
cysteine grafting on chitosan; new free amine groups are
added on the spacer arm of the sorbent. The values of
amine group concentration of the cysteine adsorbent were
found to be 3.53 mmol g−1: this is about 24% more than in
the spacer-arm-grafted crosslinked material.

X-ray Diffraction
X-ray diffraction pattern of cysteine-functionalized chitosan

magnetic nano-based particles is shown in Fig. 3, together with
the assignments of the different peaks, which are representative
of Fe3O4: (111), (220), (311), (400), (422), (511), (440), and
(622) (appearing at 2θ: 18.0, 30.1, 35.4, 43.0, 53.5, 57.0, 62.5,
and 74.4, respectively). These peaks are consistent with the
assignments reported in database JCPDS file (PDF No.

65-3107) (33, 35, 38). This confirms the presence of iron
oxide particles (Fe3O4) with a spinel structure (usually asso-
ciated with cubic close-packed oxides with one octahedral and
two tetrahedral sites) which has magnetic properties; this
makes the particles ready for magnetic separation. The half
width at half maximum was used for calculating the particles
size using the Debye-Scherrer equation (39):

D ¼ kλ = β cos θ (4)

where D is the average diameter of nanoparticles, λ is the
wavelength of X-ray radiation (1.5418 Å), θ is the diffraction
angle, k = 0.9 (shape parameter) and β is the full width at half
maximum of X-ray diffraction peaks. The crystal size has been
found to be close to 13.5 nm using the (311) index.

Transmission Electron Microscopy
The TEM image of the sorbent (Fig. 4) shows that

a. particles have a spherical morphology, and
b. they are homogeneously distributed in size.

The structure of the adsorbents was monodisperse, character-
ized by a partial aggregation that led to an average diameter
of 15–40 nm. This is probably due to the self-association of
nanoparticles caused by the dipole-dipole attraction of mag-
netic cores. In addition, TEM photograph shows that the
particles are “bi-color”;

a. dark central area corresponding to the magnetic core
(crystalline Fe3O4), and

b. peripheral bright zone, which is associated with
cysteine-functionalized chitosan.

These changes in color can be explained by the difference in
electron-absorbing behavior of dense and heavy structure of
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mineral core and the light biopolymer coating. The coating of
magnetic cores with chitosan appears to be thick and
homogeneous.

Magnetic Properties: Vibrating Sample Magnetometry
Figure 5 shows the typical magnetization loop for cysteine-

functionalized chitosan magnetic nano-based particles. There
was no remanence and coercivity (no hysteresis loop). This
means that chitosan–Fe3O4 nanoparticles are superparamag-
netic. The saturation magnetization was calculated to be
about 21.51 emu g−1 (21.51 A m2 kg−1). This value is signifi-
cantly higher than the value (5.8 emu g−1) reached with chit-
osan encapsulation of pre-formed magnetic nanoparticles (40).
Therefore, the magnetic chitosan nanoparticles can be easily
separated with the help of an external magnetic field. This may

be very helpful for solid/phase separation or for handling the
material in a hazardous environment.

Sorption Properties
Effect of pH on Sorption Properties

The pH of the aqueous solution plays an important role in
the whole sorption process and particularly on the sorption
capacity, influencing the surface charge of the sorbent, the
degree of ionization of the materials, through the dissocia-
tion of functional groups such as carboxyl, hydroxyl, and
amino groups. It can also influence the aqueous chemistry of
uranium (41). The influence of initial solution pH was
investigated within the range 1-5-6.7, controlled using either
0.5 M H2SO4 or 0.5 M NaOH. At pH higher than 6.7,
precipitation of uranyl ions as UO2(OH)2 may spontaneously
occur (depending on metal concentration), making difficult
the interpretation of sorption for high relative metal concen-
trations. On the opposite hand, the inorganic magnetic mate-
rial may also dissolve at pH below 1.6.

Figure 6 shows the influence of initial pH on U(VI)
sorption capacity using cysteine-functionalized chitosan
magnetic nano-based particles. The figure also shows pH
variation during metal uptake. The pH remains constant in
the range 1.6-2.5, and then it significantly increases in the
range 2.5-5 before tending to remain unchanged (pHi:
5-6.7); for pHi varying between 3.6 and 5.0, the equili-
brium pH (pHf) stabilized in the range 5.0-5.7. The sorp-
tion capacity progressively increases with pH in the range
pHi 1.6-3.6 (i.e., pHf: 1.6-4.9) from 20 to 80 mg U g−1.
Above pHi 3.6 (i.e., pHf 5) the sorption capacity stabilizes
around 80 mg U g−1. Above pHi 6.5 (i.e., pHf 7), a new
slight increase in sorption capacity is observed, probably
associated with hydrolysis and precipitation effects. Above
pH 6.5 uranyl ions form colloidal species that can

FIG. 4. TEM micrographs of cysteine-functionalized chitosan magnetic nano-based particles (the bars represent 50 and 100 nm, respectively).

FIG. 5. Magnetization curves of cysteine-functionalized chitosan magnetic
nano-based particles.



precipitate in the solution or at the surface of the sorbent
making complex the interpretation of sorption performance.

The pH effect on U(VI) sorption may be explained by the
contribution of different factors, and different mechanisms
associated to different sorption sites. The presence of amine
groups and carboxylic groups with their proper acid-base prop-
erties and with their proper ability to bind metal ions through
chelation and ion-exchange mechanisms offer a wide range of
possibilities for sorbent interaction with U(VI). Amino groups
may bind uranyl ions through chelation and the competition of
protons in acid solutions (amine protonation) limits U(VI)
binding. Counter anions of the acid used for pH control enter
in competition with uranyl species for metal binding. The pH
increase improves metal sorption. In addition, increasing the
pH favors the formation of polynuclear hydrolyzed uranyl
species such as UO2(OH)

+, (UO2)2(OH)2
2+, (UO2)3(OH)5

3+,
which were reported to be favorable for uranyl sorption on
fungal biomass (12). Hydrolysis reactions were described by
the following equations (41):

UO2
2þ þ 2H2O $ UO2 OHð Þþ1 þH3O

þ

pK1 ¼ 5:8
(5a)

2UO2
2þ þ 4H2O $ UO2ð Þ2 OHð Þ22þ þ 2H3O

þ

pK2 ¼ 5:62
(5b)

3UO2
2þþ10H2O � UO2ð Þ3 OHð Þ5þþ5H3O

þ

pK3¼ 15:63
(5c)

where pKs are the logarithms of the equilibrium constants.
On the other hand, in acidic solutions the protonation of

amino groups allows the binding of metal anions through ion-
exchange mechanisms. The control of the pH with sulfuric acid

leads to the possible formation of uranyl sulfate anions such as
UO2.(SO4)2

2- and UO2.(SO4)3
4- (42), which, in turn, can bind

to protonated amine groups through anion exchange. Car-
boxylic groups may also interact with U(VI), though weakly
than amino groups; for example, calcium alginate gel beads
were used for U(VI) recovery from acid solutions (16). Opti-
mum conditions were found, in this case, close to pH 3.

From these results it appears that U(VI) sorption may pro-
ceed through a combination of interactions of UO2

2+ with
protonated amino groups (anionic uranyl sulfate species) and
carboxylic groups in acid solutions (pH 2-3) while in near
neutral solutions (around pH 5) chelation may predominate
on amino groups by chelation involving uranyl species (free
or under the form of polynuclear hydrolyzed species). Next,
experiments were performed at initial pH 3.6 (with equilibrium
pH close to 5).

Uptake Kinetics
The uptake kinetics for U(VI) recovery using cysteine-func-

tionalized chitosan magnetic nano-based particles is shown in
Fig. 7 (sorption capacity vs. time). Three sections can be
identified:

a. initial steep slope within the first 5 minutes of contact with a
sorption that represent about 50% of total sorption,

b. a second stage (5-50 min time range) where the sorption
capacity progressively increases (to reach about 97% of
total sorption), and

c. a third step where the sorption is much slower and that
represents 3% of total sorption.

This last section is probably associated with the progressive
and slow swelling of biopolymer layer with limited effect of
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resistance to intraparticle diffusion. The fast sorption (com-
pared with other sorption systems based on chitosan flakes),
especially in the initial stage, can be explained by:

(a) the high specific surface area of nano-based sorbent
particles, and

(b) the limited effect of resistance to intraparticle diffusion
(20, 27).

The second stage is probably controlled by the combination
of reaction rate and the swelling effect of cysteine-functiona-
lized chitosan layer. As the sorption sites become progressively
covered, the rate of sorption decreased. Basically, 50 min of
contact appears to be sufficient for roughly achieving
equilibrium.

Actually, most sorption reactions take place through a series
of mechanisms such as (43):

i. external film diffusion,
ii. intra-particle diffusion, and
iii. reaction between sorbate and active site (physisorption

and/or chemisorption).

The contribution of resistance to film diffusion to kinetic
control can be easily reduced by providing a sufficient
agitation with an agitation speed of 250 rpm the effect of
film diffusion can be neglected. This is confirmed by the
steep initial slope of kinetic curve; film diffusion is usually
considered the most significant during the first minutes of
contact. Uptake kinetics has been modelled using four mod-
els: the so-called pseudo-first and pseudo-second order rate
equations, the Elovich model, and the simplified model of
resistance to intraparticle diffusion (43).

The linear forms of pseudo-first order rate equation
(PFORE) and pseudo-second order rate equation (PSORE)
are reported in Eqs. (6) and (7), respectively:

log qeq�q tð Þ
� �

¼ log qeq � k1=2:303ð Þt (6)

t=q tð Þ ¼ 1= k2 qeq
2

� �
þ 1=qeq

� �
t (7)

where qeq and q(t) (mg U 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 pseudo-first-order and
the rate constant of pseudo-second-order of adsorption,
respectively.

The Elovich model is generally associated to chemisorption
and is based on the same assumption as the Temkin isotherm
model. It is commonly used for describing the kinetics of
chemical sorption of gases, but it is frequently extended to
liquid phase sorption:

q tð Þ ¼ AE þ BE Lnt ¼ 1=β Ln αβð Þþ1=β Ln t: (8)

where AE (mg g−1) and BE (mg g−1) are both the Elovich
constants; α (mg g−1 min−1) is the initial sorption rate and β

(g mg−1) is a constant related to the surface coverage and the
activation energy for chemical sorption.

The resistance to intraparticle diffusion can be approached
by a simplified equation (IDSM):

q tð Þ ¼ kint :t
0:5 þ c (9)

where kint. (mg g−1 min−0.5) is the intraparticle diffusion constant.
The experimental data have been fitted by the aforementioned

kinetics models, and their specific parameters (together with
their respective correlation coefficients, R2) are reported in
Table 1. Experimental uptake kinetics was plotted after linear-
ization using the different models (See Additional Material
Section, Fig. AM1). The PSORE clearly fits better experimental
data than the other models (including PFORE, Figure AM1a) as
shown in both Table 1 and Fig. AM1b (see Additional Material
Section). The plot of q(t) vs. square root of time shows non-
linear distribution of modelled points (Fig. AM1c, See Addi-
tional Material Section). This is another confirmation that the
resistance to intraparticle diffusion is not playing a key role in
the control of uptake kinetics. The nano-size of sorbent particles
and the thin layer of active polymer at the surface of magnetic
cores can easily explain this conclusion.

These results mean that the uptake kinetics is controlled by
the rate of chemical sorption that involves valence forces
through the sharing or exchange of electrons (complexation,
coordination, chelation between reactive groups on modified
chitosan, and uranyl species) with negligible effect of mass
transfer resistance.

Sorption Isotherms
Figure 8 shows U(VI) sorption isotherm at pH 3.6 (initial

pH shifted to 5 ± 0.2 after metal sorption) using cysteine-
functionalized chitosan magnetic nano-based particles. The
sorption isotherm is characterized by a steep initial slope; the
sorption capacity reaches a sorption capacity close to 67 mg U

TABLE 1
Kinetics parameters and values of R2 for U(VI) ions sorption

Pseudo first-order rate equation (PFORE)
K1 (min−1) qe, (mg/g) R2

5.9 x 10−2 58.3 0.952
Pseudo second-order rate equation (PSORE)
K2 (g mg−1 min−1) qe, (mg/g) R2

31.1 x 10−4 82.6 0.999
Intraparticle diffusion simplified model (IDSM)
C (mg g−1) Kp (mg g−1 min−0.5) R2

27.3 5.65 0.726
Elovich equation
BE (mg g−1) AE (mg g−1) R2

15.7 11.3 0.926



g−1 (i.e., about 70% of the maximum sorption capacity) for a
residual metal concentration of 14 mg U L−1. The sorption
capacity then progressively increases with increasing metal
concentration up to 97.5 mg U g−1 (or 0.41 mmol U g−1) for
a residual concentration close to 200 mg U L−1. Taking into
account the content of inactive magnetic core in the sorbent
that represent about 50% of total sorbent mass the sorption
capacity tends to 200 mg U g−1 (cysteine-functionalized mass),
or 0.83 mmol U g−1(biopolymer).

The sorption equilibrium data have been analyzed using
different equations, such as Langmuir, Freundlich, and Dubi-
nin–Radushkevich (D–R) isotherm models (44). The asympto-
tic shape of the sorption isotherm (Fig. 8) suggests that the
Langmuir equation is probably more appropriate for fitting
experimental data than the other equations (e.g., the exponen-
tial trend of the Freundlich equation is not consistent with the
profile of the curve).

The Langmuir model is based on the assumption that sorp-
tion sites are identical and energetically equivalent, and that
sorption occurs at monolayer coverage (44, 45). The equili-
brium relationship is described by Eq. (10a) (and its linearized
form, Eq. 10b):

q ¼ qm:b:Ceq= 1þ b:Ceq
� �

(10a)

Ceq=q ¼ 1=qmax:

� �
Ceq þ 1= b:qm:ð Þð Þ (10b)

where q is the amount of metal ions sorbed at equilibrium (mg
U g−1), Ceq is the equilibrium metal ion concentration in the
aqueous (mg U L−1), qm is the maximum adsorption capacity
of the sorbent (mg U g−1), and b is the Langmuir sorption
constant (L mg−1), respectively.

According to the Langmuir model, the experimental data
were plotted as Ce/ qe versus Ce (Figure AM2b, See

Supplemental material section). The values of Langmuir
constants qm and b were obtained by linear regression
method (Table 2). The high value of the correlation coeffi-
cient confirms the suitability of the Langmuir equation for
describing the distribution at equilibrium of the sorbate
between the solution and the sorbent. Providing that physical
characterization method could support the hypotheses of the
Langmuir model, the sorption process can be assimilated to
monolayer sorption onto a surface with finite number of
identical sites, which are homogeneously distributed over
the sorbent surface. This hypothesis is probably not sup-
ported by the presence of different possible sorption
sites such as amino groups and carboxylic groups with not
necessarily identical sorption energies. On the other hand,
the contribution of carboxylic groups at equilibrium pH 5
may be negligible compared to the contribution of amino
groups.

The dimensionless constant, RL, reflects the favorability of
the sorption process using the affinity constant of the Langmuir
equation, b, according to Eq. (11) (44).

RL ¼ 1= 1þ bCoð Þ (11)

where Co is the initial concentration of the U(VI) ions for
selected experiment. Regardless of the initial concentration
the value of RL varies in the range 0.035 to 0.026; this
means much smaller than 1.0, and that the sorption is very
favorable whatever the concentrations range.

The Freundlich isotherm model is based on the assump-
tion of an exponentially decaying sorption site energy dis-
tribution (44, 46). It is applied to describe heterogeneous
system characterized by a heterogeneity factor of n. The
Freundlich model is given by Eq. (12a), and its linearized
form, Eq. (12b):

q ¼ kf Ceq
1=n (12a)
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FIG. 8. U(VI) sorption isotherm using cysteine-functionalized chitosan mag-
netic nano-based particles (pHi: 3.6; time: 50 min; T: 25 ± 1 oC; SD: 1 g L−1;
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TABLE 2
Isotherm constants and values of R2 for U(VI) ions sorption

Langmuir isotherm constants
qm b (L mg−1) R2

101.0 0.132 0.999
Freundlich isotherm constants
n KF (mg g−1) R2

8.16 52.0 0.875
Temkin isotherm constants
AT (mg g−1) BT (mg g−1) R2

83.7 10.2 0.900
D-R isotherm constants
qm. Ead (kJ mol−1) R2

99.3 8.51 0.903



ln q ¼ ln kfþ1=n ln Ceq (12b)

where kf is the Freundlich isotherm constant, and n (dimen-
sionless) is the heterogeneity factor. The parameters are
obtained from the slope (1/n) and the intercept (ln kf) of the
plot of ln q versus ln Ceq (Table 2). The value of 1/n gives an
indication of the affinity of the sorbent for target solute (and the
“favorability” of the sorption process), when 1/n < 1 the sorp-
tion is very favorable on the entire range of concentration,
while 1/n > 1 means that the sorption is favorable only at
high solute concentration. In this study, the value of 1/n
being less than 1.0 the sorption can be considered as favorable
over the entire concentration range.

The Dubinin-Radushkevich isotherm model is usually
employed for characterizing the physical or chemical nature
of the sorption process. The D-R equation is defined by Eq.
(13) (44, 47).

ln q ¼ ln qD - KDR ε2 (13)

where qD is the theoretical saturation capacity, and ε is the
Polanyi potential is equal to [ε = RT ln(1 + 1/Ceq)]. KDR is
related to the mean free sorption energy per molecule of
sorbate, R is the universal gas constant (8.314 J mol−1K−1)
and T is the absolute temperature, K.

The D-R constant (KDR) give valuable information on the
mean energy of sorption EDR (kJ/mol), which quantify the free
energy exchanged for the transfer of one mole of solute from
the infinity (i.e., the solution) and the sorbent surface. EDR

provides information about chemical and physical sorption,
and can be determined according to EDR = (-2KDR)

−1/2; in the
range 1-8 kJ mol−1EDR describes a physical sorption, while
chemical sorption corresponds to a mean energy higher than 8
kJ mol−1 (44, 47).

The plot of ln q versus ε2 gives a straight line with a slope
(KDR) and an intercept (ln qD) as shown in Fig. AM2b (See
Supplemental Material Section). The parameters are reported in
Table 2. The value of the mean sorption energy (EDR) is in the
range of 8–16 kJ mol−1 indicating that the sorption is predo-
minantly a chemisorption process. Furthermore, this is consis-
tent with the strong interaction between the metal ion and the
ligand on sorbent surface.

The Temkin equation was also used to model the sorption
isotherm. The Temkin isotherm takes into account the interac-
tions between sorbent particles and metal ions assuming that
the free energy of sorption is a function of the surface coverage
(44, 48). The isotherm is described by Eq. (14):

q ¼ BT ln Ceq þ BT ln AT (14)

where AT is the equilibrium binding constant corresponding to
the maximum binding energy, BT is a constant related to sur-
face heterogeneity of the adsorbent, T is the temperature (K),
and R is the ideal gas constant (8.314 J mol−1 K−1). Thus the
constants can be obtained from the slope and intercept of a
straight line plot of q versus ln Ceq. The constants of the
Temkin model are listed in Table 4. The constant AT reflects
the initial sorption heat of the sorbent: the greater AT value the

TABLE 3
Comparison of sorption capacity for UO2

2+ ions with various sorbents

Sorbent material
Initial
pH

Time
(min)

T
(oC)

SD (g
L−1)

C0 (mg U
L−1)

qm (mg U
g−1) Isotherm model

Kinetic
model Ref.

Magnetite nanoparticles 7 360 27 1 50 5 ———– ——- (50)
Magnetic chitosan 5 40 27 10 500 42 Langmuir ——– (51)
Cross-linked chitosan with
epichlorohydrin

3 120 25 10 90 49.05 Langmuir +
Freundlich

PSORE (18)

Amberlite IRA-910 (mono
tertiary amine)

1.39 120 25 1 185.6 64.27 Freundlich PSORE (52)

Ethylenediamine/ magnetic
chitosan

3 30 30 2 200 82.83 Spis PSORE (33)

Diethylenetriamine/ magnetic
chitosan

3.5 120 25 0.2 80 62.75 Spis PSORE (53)

Tetraethylenpentamine/
magnetic chitosan

4 30 25 1 1428.17 397.52 Langmuir PSORE (54)

Cysteine/chitosan magnetic
nanoparticles

3.61-5 50 25 1 250 97.5 Langmuir + D-R
model

PSORE This work

Magnetic Schiff base 6 360 25 1 100 94.3 Langmuir PSORE (35)
Salicylideneimine/
hydrothermal carbon

4.3 120 15 0.5 120 261.8 Langmuir + D-R
model

PSORE (8)



higher the sorption heat and the greater the affinity of the
sorbent for the sorbate. This value confirms the strong interac-
tion between U(VI) and the reactive groups at the surface of the
sorbent.

Comparison of Sorption Capacity for UO2
2+ with other

Sorbents
Table 3 compares the maximum sorption capacities of dif-

ferent sorbents for UO2
2+ ions. Although these data were

obtained under different experimental conditions, they repre-
sent a useful criterion for the comparison of sorption perfor-
mance. This table confirms that the resin exhibit good sorption
performance comparable with other chitosan-based materials or
synthetic resins; the resin combines both good sorption capa-
cities and fast kinetic characteristics. This may be attributed to
the formation of an extended polymeric film of modified chit-
osan at the surface of magnetic particles; this induces a larger
number of exposed active sites for interaction with UO2

2+ ions.
The grafting of cysteine moiety brings additional functional
groups that may:

i. increase the density of sorption site,
ii. change the sorption sites and mechanisms (depending on

the pH), which, in turn, increase sorption capacity and
selectivity for UO2

2+ ions.

In addition, the incorporation of a magnetic core contributes to
improving the ready recovery of the particles at the end of the
sorption process through an external magnet making easier the
management of the system in hazardous operational conditions.

Other sorbents using amidoxime/acrylic acid composites
have been recently tested for the sorption of uranium from
seawater. Very high sorption capacities were reported under
very different experimental conditions: a simulated seawater
(containing more than 10 g L−1 of Na+, more than 15 g L−1 of
Cl- and up to 140 mg L−1 of HCO3

-) was spiked with uranyl
ions (at a concentration close to 6 mg U L−1) at pH 8 (49). At
long contact times (42-56 days) sorption capacities up to
161-179 mg U g−1 were obtained (with sorption efficiencies
close to 55-62%). Even in the presence of carbonate ions
(which may influence metal speciation and uranyl availability)
the sorption capacity remains very high. This is a very compe-
titive property compared to conventional materials. Uranyl
sorption in the presence of carbonate has not been tested with
the present sorbent; however, based on the mechanisms sup-
posed to be involved in metal binding, a decrease in sorption
properties is expected.

Effect of Temperature on U(VI) Sorption-Thermodynamics
To study the effect of temperature on sorption of UO2

2+ ions,
experiments were carried in the range 298-323 ± 1°K. Uranyl
sorption decreases with increasing the temperature from 175 mg
U g−1 to 123 mgU g−1 (between 298 K and 323 K, 25-50°C). The
sorption process is exothermic. The thermodynamic parameters

(i.e., Gibbs free energy change, ΔGo; enthalpy change, ΔHo; and
entropy change, ΔSo) were obtained and derived from the van’t
Hoff equation (52):

lnKd ¼ -ΔH�=Rð Þ 1=Tþ ΔS�=R (15)

ΔG� ¼ ΔH� � TΔS� (16)

where Kd is the distribution coefficient, R is the universal gas
constant (8.314 Jmol−1 K−1), and T is the absolute temperature (K).

The enthalpy change and the entropy change are deduced
from the slope (-ΔH°/R) and the intercept (ΔS°/R) of the linear
regression of ln Kd versus 1/T (Fig. 9). The values of ΔHo

(-11.85 kJ mol−1) and ΔSo (59 J mol−1 K−1) are reported together
with the Gibbs free energy, ΔGo in Table 4. The negative value of
ΔHo confirms the exothermic nature of the sorption process; the
reaction becomes more favorable at room temperature. The
exothermic nature of sorption has also been reported for U(VI)
sorption on ethylenediamine-modified magnetic chitosan (33),
magnetic Schiff base (35), and ion-imprinted and non-imprinted
magnetic chitosan resins (55). The study of U(VI) sorption on
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FIG. 9. Van’t Hoff plot of ln Kd against 1/T for U(VI) sorption using
cysteine-functionalized chitosan magnetic nano-based particles.

TABLE 4
Thermodynamic parameters of U(VI) ions sorption

Temp.
(K)

ΔHo ΔSo ΔGo TΔSo,

R2
(kJ

mol−1)
(J mol−1

K−1)
(kJ

mol−1)
(kJ

mol−1)

298 –11.845 59.0 –29.5 17.7 0.975
308 –30.1 18.3
313 –30.4 18.6
318 –30.7 18.9
323 –31.0 19.2



tetraethylenepentamine/GMA (56), and salicylideneimine–func-
tionalized hydrothermal carbon (8), Amberlite IRA-910 resin
(52) showed a different trend; these materials exhibited endother-
mic sorption. The values of enthalpy are coherent with chemical
nature of the interaction, which confirms the formation of a
complex between active sites and UO2

2+ ions. The negative
values of ΔGo indicate the spontaneous nature of sorption pro-
cess, and the decrease in the values of ΔGo with increasing
temperature suggests that the sorption process becomes more
spontaneous at low temperature (8). At the highest temperatures
the interactions between the sorbent and metal ions become
weaker, leading to lower sorption capacities (35, 57). Also, the
data showed that │ΔH°│<│TΔS°│in the studied temperature
range. This indicated that the sorption process was dominated by
entropy changes rather than enthalpy changes (52). The positive
value of entropy change means that the randomness of the
system increased during sorption (increase in the disorder of
the system associated to a possible release of water molecules
from hydration spheres).

Metal Desorption and Sorbent Recycling
In most cases, the desorption of metal ions loaded on

biosorbents is processed by pH change to reverse the bind-
ing mechanism. Using concentrated acid (molar solutions of
nitric or hydrochloric acid, for example) is thus generally
sufficient for eluting sorbed metals from the sorbent matrix,
providing the matrix remains stable under selected condi-
tions. In the present case, excessive acidity may cause the
chemical degradation (dissolving) of the magnetic core of
sorbent particles (i.e., Fe3O4). Generally, the sorbed metal
ions can be desorbed and concentrated by eluant. It is pre-
ferable using a chelating agent, such as ethylenediamine
tetraacetic acid (EDTA), thiourea, and urea, which are very
efficient for metal complexation in a broad range of pH. A
solution of urea (0.5 M) acidified with a few drops of H2SO4

(0.2 M) was chosen as the eluant for uranyl. The recycling
was repeated for five successive cycles and the results are
shown in Table 5. Though the sorption capacity and effi-
ciency progressively decrease with the number of operating
cycles, even after five cycles the sorption performance
remains very high, the sorption efficiency decreases from

100% to little less than 92% while the sorption capacity
decreases by less than 9% in the fifth cycle.

CONCLUSIONS
Cysteine-functionalized chitosan magnetic nano-based par-

ticles has been successfully synthesized, characterized and
tested for uranium sorption from synthetic acid solutions (pH
being controlled with sulfuric acid). Despite a small aggrega-
tion (40-50 nm) of nanoparticles (about 13.5 nm in size) under
the effect of dipole-dipole attraction, the sorbent maintains a
sub-micronic size. The magnetic properties have been quanti-
fied and have been used for solid-liquid separation.

The maximum sorption capacities were found to be 97
mg g−1 for uranium ions at pH 3.6. Temperature shows a
negative effect on UO2

2+ ions sorption. The reaction is
exothermic (ΔH= -11.85 kJ/mol), spontaneous, and leads to
an increased randomness. The Langmuir equation fits well
the sorption isotherms while the uptake kinetics are con-
trolled by the pseudo-second order rate equation. The
nano-size of sorbent particles and the thin layer of active
biopolymer at the surface of magnetic core particles make
negligible the impact of resistance to intraparticle diffusion.
Finally, the sorbent can be regenerated with high efficiency
using acidified urea (0.5 mol L−1) as the eluent; and the
sorbent can be recycled for at least 5 sorption/desorption
cycles.
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