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Abstract

The in situ formed magnetite nanoparticles was encapsulated by maleated chitosan to synthesize a novel magnetic chitosan
nano-sorbent (MCN-MA) for the effective sorption of uranium. The sorption kinetics could be described by the pseudo-
second-order model, whereas the sorption isotherms could be fitted to the Langmuir model (g, = 187.9 mg/g). The MCN-
MA showed higher U(VI) sorption capacities (compared to MCN) due to high affinity of carboxylate groups introduced
from grafting maleic anhydride. Thermodynamic parameters indicate that U(VI) sorption is endothermic and feasible. The
nano-size and magnetic property of the MCN-MA allow its efficient U(VI) sorption and facile magnetic separation from

wastewaters.
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Introduction

The mining of uranium ores and their hydrometallurgical
processing produce aqueous waste streams which contains
different kinds of radionuclides. Also during the chemical
leaching of uranium from waste ores using sulfuric acid, a
part of uranium is inevitably released into the natural
environment [1]. The pollution of U(VI) concentrated in
spent fuel or dispersed in mine tailings has become a
worldwide concerned problem. Meanwhile, the uranium
resources are rather limited and the expected shortage of
uranium in the near future contribute to make the recovery/
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separation of uranium a strategic issue [2]. A number of
processes have been developed for U(VI) removal/recov-
ery, including reductive precipitation [3], solid-phase
extraction [4], membrane separation [5], solvent extraction
[6], ion exchange [6, 7], and sorption [1, 2, 8-11]. Among
these methods, adsorption, a simple and mild reaction
process, has been considered as the most effective and
potential treatment method for environmental pollutants, it
is easy to operate and can be applied in large scale for
possible practical applications [9, 10].

The sorption using natural polymer (such as chitosan)
has attract great attention for researchers in recent years
[2, 8, 12, 13]. Chitosan is an abundant biopolymer which
has some unique properties such as biodegradability, bio-
compatibility, and non-toxicity. This material is widely
used in water treatment and purification. The amino and
hydroxyl functional groups in chitosan are responsible for
metal sorption since they are able to form complexes with
many heavy metal ions [12-17]. Therefore, chitosan
reveals a very promising starting material for manufactur-
ing chelating resins [13].

Magnetic chitosan sorbents (MCS) are a significant
improvement over conventional sorbents that have been
used to treat polluted water. Chitosan, the basic matrix
material comprising MCS, is biocompatible and economic.
Chitosan can also be modified with various chelating
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ligands for selective and efficient binding to particular
pollutants. Traditional adsorbents, such as activated car-
bon, ion exchange resins, and biosorbents, require complex
separation techniques. The advantages of MCS include:
(i) low-cost natural polymer as the matrix material; (ii) fast
adsorption rate; (iii) high efficiency; (iv) high capacity for
specific target pollutants; (v) environmentally friendly; and
(vi) easy magnetic separation.

The poor porosity of traditional chitosan-based sorbents
is the limiting property of these sorbents for the sorption of
metals. To improve mass transfer properties, an efficient
way is to decrease the size of the particles or change the
conditioning of the biopolymer (such as gel or foams).
Nano-sorbents possess excellent sorption performance due
to their high specific surface area and the absence of
resistance to intraparticle diffusion [13]. However, the
nano-sorbents are difficult to be separated from treated
effluents for recovering the spent materials; this problem
can be solved by associating magnetic cores (immobilized
in polymeric shell) to the nano-sorbents: the spent mate-
rials can thus be recovered after sorption by magnetic
separation (using a magnet) [18].

In order to enhance the sorption capacity or selectivity
for target metals, a highly efficient method is to graft new
functional groups on the backbone of chitosan [2, 8]. The
O/N containing groups (Lewis base) are reported to be very
efficient for complexing metal ions (Lewis acid). Different
O/N-containing chemicals such as diethylenetriamine [14],
tetracthylenepentamine [15], methacrylamide [16], poly
(itaconic acid) [17], poly(acrylic acid) [19], and amino
acids [8] have been grafted onto chitosan for enhancing
sorption. Maleic anhydride (MA) has been used for the
modification of different supports (such as styrene—di-
vinylbenzene [20], chitosan/TiO, [21], and cellulose [22])
to improve metal sorption properties. The advantages of
maleic anhydride as a modifier include: (i) easy introduc-
tion of carboxylate groups as the sorption sites; (ii) a rel-
atively cheap cost for the modifier; (iii) facile modification
of chitosan under mild reaction conditions. Moreover, in
this work, the MA is grafted onto the MCN sorbents using
homogeneous grafting method, in this way more functional
groups could be uniformly introduced onto the chitosan
matrix. The common post-modification for the preparation
of the sorbents can only introduce functional groups on the
surfaces of the sorbents.

In this work, the magnetic chitosan nano-sorbents
functionalized with maleic anhydride (MCN-MA) were
synthesized and used for efficient U(VI) sorption. The
functionalized magnetic sorbents bear chelating O/N-con-
taining groups (Lewis base) which are responsible for
U(VD) (Lewis acid) sorption. The sorption isotherms,
uptake kinetics and thermodynamic properties of MCN-
MA for U(VI) sorption were investigated. The isothermal
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and kinetic parameters are important for the scaling up of
the process before investigating sorption properties in
continuous systems.

Experimental
Chemicals and reagents

Chitosan (deacetylation degree of 90%) was supplied by
Aoxing Bio-technology Co., Ltd (Zhejiang, China).
Dimethyl sulfoxide (DMSO), epichlorohydrin, acrylamide,
FeSO,4-7H,0, FeCl; and ethanol were Aldrich products.
UO,(NO3),-6H,0 were supplied by Jinan Uranium Com-
pany (Fuzhou, China). The U(VI) solutions were prepared
by appropriate dilution of the stock solutions (1000 mg/L)
which were prepared by dissolving amounts of
UO,(NO3),-6H,O in distilled water, after adding some
drops of HNO; for the acceleration of its dissolution.

Preparation of sorbents

Preparation of maleated chitosan by homogeneous
grafting of maleic anhydride

The graft of maleic anhydride onto chitosan was conducted
by a similar method reported in Ref. [23]. 2.0 g of chitosan
was treated with 90 mL of DMSO and constantly stirred at
room temperature. Then, amount of maleic anhydride
(1.04.0 g) in DMSO solution was added to perform the
required reaction at 60 °C for 8 h. The reaction product
was cooled to room temperature and subsequently precip-
itated in 250 mL acetone. Finally, the solid product was
filtered, washed with acetone and diethyl ether and then
lyophilized for 3 days and dried under vacuum to get the
maleated chitosan.

Preparation of magnetic maleated chitosan nanoparticle
(MCN-MA)

Magnetic chitosan nanoparticles were prepared by chemi-
cal co-precipitation of Fe(Ill) and Fe(II) under base con-
dition in the presence of maleated chitosan followed by
hydrothermal treatment. Maleated chitosan (2 g) was dis-
solved in 100 mL (20%) CH3COOH before adding of
FeCl; (3.86 g) and FeSO4-7H,O (3.31 g) salt-solutions
(under 2:1 molar ratio). The black magnetite nano-particles
were in situ formed at 40 °C by adding 2 M NaOH drop-
wisely with constant stirring (the pH was maintained at
10-10.4.) The mixture was heated at 90 °C for 1 h under
stirring and separated by decantation. Then, 12 mL of
0.01 M epichlorohydrin (containing 0.067 M NaOH at pH
10.0) was mixed with the freshly prepared wet magnetic
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chitosan nanoparticles. The mixture was heated to 50 °C
for 2 h under stirring. After reaction, the products were
magnetically separated, and rinsed with ethanol and
deionized water. For comparison, the magnetic chitosan
nanoparticle (MCN) was also synthesized in the same
procedure using chitosan (instead of maleated chitosan) as
the raw material. The molecular structure and brief syn-
thetic route for MCN-MA are shown in Scheme 1.

Characterization of the sorbents

The chemical composition of the sorbents was conducted
using CHNS Vario EL Ill-elementary analyzer (Elemen-
tary, Germany). The morphology of the sorbent was ana-
lyzed by a Hitachi H-800 transmission electron
microscopy. X-ray diffraction (XRD) patterns were
obtained on a XRD-2000 X-ray diffractometer with Cu K«
radiation, in the range 20 = 5-80 °C. The magnetic
properties were determined on a Lakeshoper, 730T
vibrating sample magnetometer at room temperature. The
FTIR spectra were measured on a Nicolet, Magna-550
spectrometer, and the scanning range was set between 4000

VLA

HO 0O
Z
7

and 400 cm™'. Thermal gravimetric analysis of the sor-
bents was conducted on Shimadzu TGA-50H in the nitro-
gen flow (heating rate 10 K/min). The zeta potential
measurements were performed using a Zeta Potential
Analyzer 2000.

Sorption/desorption experiments

The pH effect, sorption isotherms and uptake kinetics for
U(VI) sorption onto the sorbents were investigated. The pH
of the suspension was adjusted with 0.1-0.4 mol/L HCI or
NaOH. The sorption isotherms were conducted at pH 4.5 to
avoid possible precipitation. The suspensions containing
sorbents and U(VI) solution at a fixed pH and temperature
were shaken for 1 h to ensure the sorption equilibrium. The
solid was separated from aqueous solution by a magnet,
and the residual U(VI) concentration in solution was
determined by Arsenazo III spectrophotometric method.
In order to investigate the effect of co-existed ions, the
sorbents were mixed with multi-ion solution containing
U(V]D) ion as well as other co-existed ions (La3+, Ce*t
Ba®", Sm*t, Gd**, Nd**, Mn**, Co®™, Sr*T, and Ni*™) at
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pH 4.5 and 298 K, after being shaken for 1 h, the solutions
were separated. The concentrations for the metal ions were
determined by inductively coupled plasma atomic emission
spectroscopy (ICP-AES, Thermo Elemental, USA).

The desorption of U(VI) from the sorbents was conduct
by using acidified thiourea (0.5 M thiourea after adding
some drops of HNO;) as the eluent. The U(VI)-loaded
sorbents were mixed with 0.5 M acidified thiourea (pH 2.5)
and stirred for 1 h. After magnetic separation, U(VI) con-
centration in the eluate was determined. The U(VI) sorp-
tion/desorption was conducted for consecutive five cycles
with the same sorbents to evaluate the reusability of the
sorbents.

Results and discussion
Preparation and characterization of the sorbents

Magnetic chitosan nano-based particles were synthesized
by a simple one-step method: Fe(Il) and Fe(IIl) ions in
chitosan solution was simultaneously precipitated with
chitosan after adding NaOH solution. In this procedure
magnetic chitosan nano-particles were produced [8, 13].
Chitosan is soluble in acidic solutions due to the protona-
tion of the amine groups; thus it needs to be cross-linked to
prevent its dissolving [24]. Glutaraldehyde was not chosen
as a crosslinking agent since the amine groups (involving
in crosslinking reaction) of chitosan have been already
occupied by maleate during the modification of chitosan.
Accordingly, epichlorohydrin was selected to crosslink
chitosan since it reacts with hydroxyl groups of chitosan.
Meanwhile, the maleic anhydride modification of chitosan
may increase active sites (such as carboxylate groups) and
thus improve the U(VI) sorption capacity. The synthesis
route for the magnetic chitosan nano-sorbents are shown in
Scheme 1.

The comparison of elemental compositions for both
MCN and MCN-MA particles clearly show the effective
modification of the sorbents. Indeed, C, H, N contents
varied from 29.81, 4.93 and 6.31% for MCN to 28.12, 3.08
and 5.28% for MCN-MA, respectively. The decrease in
contents of C, H, and N is due to the grafting of MA onto
MCN, which introduces a great number of O-containing
groups (-COOH). The —COOH in the MCN-MA is deter-
mined to be 2.96 mmol/g for MCN-MA (using the method
described in Ref. [25]).

The TEM images (Fig. 1a, b) show the spherical mor-
phology of the sorbents (MCN and MCN-MA): the dark
areas correspond to Fe;O,4, while the bright ones are
associated with chitosan (and MA modified chitosan). The
magnetic particles are essentially homogeneous in both
size and shape. The sorbents were finely dispersed, but

@ Springer

some particles tend to form 10-30 nm agglomerate due to
the strong magnetic dipole—dipole attraction.

The FTIR spectra of MCN and MCN-MA are shown in
Fig. 1c. The characteristic peaks of MCN are identified at
3402 cm™' (overlapped O-H stretch and N-H stretch),
2901 and 2847 cm ™! (C-H stretch), 1648 cm™' (NH-CO
(D) stretch), 1434 cm™' (N-H bend), 1139 cm ™! (bridge —
O- stretch), and 1058 cm™! (C-O stretch). The band at
599 cm ™! is related to the Fe-O stretching in Fe;O,4 [13].
The FTIR spectra of MCN-MA presents additional bands:
the strong bands at 1720 and 1190 cm™' are assigned to
C=0 and C-O stretching vibrations of —COOH from
maleic acid. Meanwhile, the absorption peak intensity of
primary amine (NH,) groups decreases and shifts to the
peak at 1407 cm™' for MCN-MA, indicating the
amidization reaction on chitosan amine groups.

The graft of maleic anhydride onto chitosan could be
further confirmed in '"H NMR spectra of chitosan and
maleated chitosan (Fig. S1). The '"H NMR spectra of chi-
tosan shows the typical peaks at 3.44-3.86 ppm, which are
attributed to glucosamine unit (H3, H4, HS, H6) of chi-
tosan, the peaks at 3.15 ppm is assigned to H2 and at
2.17 ppm is assigned to the methyl protons of its N-acetyl
group, respectively. In the spectra of maleated chitosan, the
new peaks at 6.27 and 5.84 ppm are assigned to the
methylene protons (—CH=CH-) of N-maleated group,
indicating the graft reaction of maleic anhydride onto
chitosan.

The XRD patterns for the sorbents (Fig. S2) show eight
characteristic peaks corresponding to (111), (220), (311),
(400), (422), (511), (440), and (622) indices for Fe;O4
nano-particles, this confirms the spinel structure Fe;O,
nano-particles encapsulated by chitosan matrix in the sor-
bents [13, 22]. The sizes of the magnetic nanoparticles
were 11.8 and 10.7 nm (calculated from Debye—Scherrer
equation [8]) for MCN and MCN-MA, respectively. The
magnetization curves (Fig. S3) show typical magnetization
loops with no exhibition of remanence and coercivity. The
saturation magnetization is 26.5 emu/g for MCN and
22.1 emu/g for MCN-MA, respectively, which is enough
for the magnetic separation of the sorbents from the solu-
tion [22]. However, these values are much lower than the
saturation magnetization of bulk magnetite (about 82 emu/
g) due to the embedment of the magnetic cores into a non-
magnetic matrix. The difference in the saturation magne-
tization for the sorbents is due to the different thickness of
polymer shell. The magnetic properties of the sorbents
make them easy to be separated form solution, and this is
very helpful for their use in hazardous environment.

Thermal properties of the sorbents were determined by
TGA. As shown in Fig. 1d, MCN exhibits two degradation
stages. The initial weight loss of about 10% below 150 °C
is due to the loss of free water adsorbed to the material. In
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Fig. 1 a TEM of MCN, b TEM
of MCN-MA, ¢ FTIR of the
sorbents, d TG curves of the
sorbents
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the second stage, the weight loss of 47.9% (started at
245 °C) is attributed to the degradation of glycosidic bond
of chitosan [16]. Meanwhile, MCN-MA shows three dis-
tinct decomposition stages. The first stage (below 265 °C)
with weight loss of 13.1% is due to the evaporation of free
water. The second stage (265-370 °C) with weight loss of
17.8% corresponds to the depolymerization of chitosan
backbone chain. The third stage (above 370 °C) with
weight loss of 32.8% is due to degradation of side chain of
MCN-MA. The final weigh loss at 700 °C is 50.9% for
MCN and 62.3% for MCN-MA, respectively. The higher
weight loss of MCN-MA (compared to MCN) is due to the
decomposition of MA which is grafted onto chitosan.

Optimization of maleic anhydride (MA) dosage

The MA dosage has a significant effect on the grafting
parameters. To study this, MA dosage was varied from 1.0
to 4.0 g for grafting of chitosan (2.0 g) and the results were
presented in Fig. 2. It can be seen that the grafting effi-
ciency sharply increases with increasing MA dosage before
reaching a slow increase stage. It can be explained by the
fact that as the MA dosage increased, the grafting of the
MA on chitosan also increased and this caused higher
grafting efficiency and yield. However, beyond a critical
value (MA 2.0 g), the grafting efficiency only slightly
changed since most of the reactive sites were occupied.
Meanwhile, the yield of MA sharply decreases when MA
dosage is above 2.0 g. In addition, the preliminary results
have shown that the U(VI) sorption capacity is linearly
increased with the grafting efficiency (Fig. S4). For
simultaneously achieving relatively high grafting effi-
ciency, MA yield, and U(VI) sorption capacity, the MA
dosage is optimized as 2.0 g for the preparation of the
sorbents.
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Fig. 2 Effect of MA dosage on the grafting parameters
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Adsorption of U(VI)
Effect of pH

The solution pH may influence the dissociation of func-
tional groups (such as carboxyl, amino and hydroxyl
groups), the surface charge of the sorbent, and the aqueous
chemistry of uranium [13]. The initial solution pH was
adjusted by using either 0.1-0.4 M HCl or NaOH solutions.
Figure 3 shows the effect of initial pH on U(VI) sorption
capacity and equilibrium pH. Apparently, pH has strong
impact of on U(VI) sorption: the U(VI) sorption capacity
increases from 17.3 to 114.9 mg/g (for MCN) and 41.3 to
178.1 mg/g (for MCN-MA) when the pH increases from
1.5 to 6.5. The variation of the pH during metal sorption
(probably due to the acid—base properties of the sorbent) is
also shown in this figure: while the pH slightly decreased at
pH below 2.0, it sharply increases at pH above 2.5 and
stabilizes around pH over 5.0.

In strong acidic solutions, the active sites of the sorbents
(amine groups and carboxylate groups) are protonated. In
this case, probably U(VI) sorption onto the sorbents is
mainly through ion-exchange mechanism:

2R-NH; 4 UO3" — (R-NH,),-UO3" + 2H" (1)
2R-COOH + UO3" — (R-COO™),-UO3* + 2HT (2)

The results of zeta potential measurement for MCN-MA
(Fig. S5) indicate that the point of zero charge (pzc) of
MCN-MA occurs at pH 4.73. At pH < 4.73 the surface
charge of MCN-MA is positive, thus the positive surface of
the sorbents enhanced the electrostatic repulsion toward
uranyl ions. Besides, the abundant H" presented in solution
(partly from non-ionized carboxylate groups) also led to a
strong competition with uranyl ions for binding sites.

210 37
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150 5
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Fig. 3 Effect of initial pH on U(VI) sorption capacity and equilibrium
pH (Co=100mg/L; T =298K; t¢t=1h; sorbent dosage,
SD = 0.25 g/L)
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Therefore, U(VI) sorption reduced greatly at low pH. At
pH > 4.73 the surface charge of the resin becomes nega-
tive, thus the positively charged uranyl ions are adsorbed
by electrostatic interaction at pH > 4.73.

In almost neutral condition, the active groups deproto-
nated and the repulsive forces weakened, thereby enhanc-
ing U(VI) adsorption through complexation. The possible
complexation mechanism for uranyl ions sorption by
MCN-MA is proposed in Scheme 2. The N/O containing
groups such as amine and carboxylate groups of the sor-
bents have a good chelating ability for uranyl ions: the lone
pair on N/O atoms (Lewis base) could be supplied to the
empty atomic orbital of uranyl ions (Lewis acid), which
results in the formation of N/O-UO,>" complexes. The
affinity of MCN-MA for U(VI) sorption is improved
through the grafting of MA since it increases the com-
pactness and the volumetric density of O-containing
functional groups for chelating sorption. Simsek et al. [26]
investigated uranyl sorption on amine-modified maleic
anhydride containing terpolymers and proposed the chela-
tion sorption of metal through amine groups as well as
carboxylate groups. The rapid increase of sorption capacity
at pH > 6.0 probably due to the formation of
uranyl hydroxides, including polynuclear and polyhy-
drolyzed species (such as UO,(OH)™, (UO,)>(OH)3", and
(UO,)3(OH)?) and colloidal species (UO,),(OH),) which
can precipitate in the solution or at the surface of the sor-
bent [2, 8].

cosslinking —

AR

U0 5’;
UO2*

N A

----- ionic bond

At pH > 6.5, precipitation of uranyl ions in the form of
UO,(OH), would occur spontaneously, and at pH < 1.5,
the inorganic magnetic substance (Fe;0,4) in the MCN-MA
tends to dissolve.

Sorption kinetics

The effect of contact time on U(VI) sorption is shown in
Fig. 4. The sorption can be described as a two-stage pro-
cess: the first stage (contact time < 40 min) which
accounts for more than 90% of the total sorption amount,
and the second stage that lasts till 180 min of contact. The
initial fast sorption stage is attributed to the strong affinity
of the reactive groups (amine and carboxylate groups)
towards uranyl ions and the small size of magnetic chitosan
nano-sorbents which decreases the resistance to intra-
particle diffusion and increases the contact of the active
sites with adsorbate [8, 13]. The second slow sorption step
is due to the strong decrease in the availability of sorption
sites since most of them are occupied when the sorption
approaches to saturation. The sorption equilibrium was
achieved at a contact time of about 40 min: the sorption
capacity is stable for longer contact time.

Generally, the sorption process includes successive steps
including bulk diffusion, external film diffusion, intra-
particle diffusion, and sorption reaction on the active sites
[22]. In order to determine the rate-controlling step for
U(VID) sorption. The kinetic data were modeled using

M uo 22+
/ ; U022+
(0] 1‘71'1
NH OH NH, OH

cosslinking —

~ww covalent bond

Scheme 2 The possible complexation mechanism for uranyl ions sorption by MCN-MA
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Fig. 4 The sorption kinetic curves for the uptake of U(VI) by MCN-
MA and MCN (Cp = 100 mg/L; T = 298 K; initial pH = 4.5;
SD = 0.25 g/L. The scattered points represent experiment data, the
solid lines represent the PSO model and the dash lines represent the
PFO model)

kinetic models, such as pseudo-first order model (PFO)
(Eq. 3), the pseudo-second order model (PSO) (Eq. 4), and
the resistance to intraparticle diffusion (RID) model (Eq. 5)
[27, 28]:

4 =qe(1—e™") (3)
2
q kot
—_de™2" 4
q: 1+ qokot (4)
g = kint'* + C (5)

where g, and g, (mg/g) are U(VI) sorption capacities at
time ¢ (min) and equilibrium, respectively; k; (min™Y), k,
(g mg_l min_l), and k;,, are the rate constant of PFO, PSO
and RID models, respectively.

The parameters of the kinetic models are shown in
Table 1. Table 1 clearly shows that the PSO give the best
fit of experimental data for both sorbents, indicating
chemisorption as the rate-controlling step which involves
valence forces for sharing or exchanging electrons through
complexation, coordination and chelation between sorbent
surface and metal ions [22]. In most cases, the rate con-
stants of PFO and PSO are considered to be ‘apparent’

parameters since they integrate the contribution of external
and intraparticle diffusion. However, for the magnetic
nano-sorbents (MCN and MCN-MA), the thin chitosan
shell on the magnetic cores considerably reduces the
impact of intraparticle-diffusion resistance. For this reason,
RID is not expected to be the rate-controlling step, and this
is confirmed by the poor fit of kinetic data for this model.

Sorption isotherms and thermodynamics

Figure 5 shows the U(VI) sorption isotherms for the sor-
bents (MCN and MCN-MA). The U(VI) sorption capacity
increases with increasing U(VI) concentrations, gradually
reaching the saturation of the sorbents. The U(VI) sorption
isotherms are characterized by the typical “L-shape”
curves, indicating that the monolayer sorption for U(VI)
ions. The shape of the sorption isotherm with a saturation
plateau is consistent with the Langmuir equation, contrary
to the Freundlich equation which is characterized by a
power-type equation. The U(VI) sorption capacities
increase from 151.3 to 174.9 mg/g for MCN-MA with
increasing the temperature from 298 to 323 K, indicating
that the sorption is endothermic. The sorption equilibrium
data were analyzed by various isotherm models including
Langmuir, Freundlich, and Dubinin—Radushkevich (D-R)
equations [13, 20].

The Langmuir model (Eq. 6) is applied to describe the
monolayer sorption which assumes that all the sorption
sites are identical and energetically equivalent; whereas the
Freundlich isotherm model (Eq. 7) is suitable for hetero-
geneous sorption, and this model is based on the assump-
tion of an exponential diminution of sorption site energy.

_ KLQmCe
1+ K.Ce (©)
(7)

ge = ke C/"

where C. (mg/L) is U(VI) equilibrium concentration, g,
and g, (mg/g) are U(VI) equilibrium sorption amount and
saturation sorption capacity, respectively; K; (L/mg) the
Langmuir constant, K (mg' ™ L" g~') and n are the Fre-
undlich constants.

qe

Table 1 Kinetic parameters of the sorption of U(VI) onto MCN and MCN-MA

Sorbents PFO PSO RID
qe exp kl (minil) qe cal R2 K2 X 10% ge cal R2 Ki X R2
(mg/g) (mg/g) (¢/mg/min)  (mg/g) (mg/g min~*?)
MCN 84.7 0.196 84.6 0.973 4.25 89.4 0.995 8.10 81.21 0.487
MCN-MA 151.3 0.174 151.4 0.976 2.02 161.1 0.993 4.37 47.03 0.460
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Fig. 5 The Langmuir sorption isotherms for U(VI) sorption onto the
sorbents (7' = 298-318 K; initial pH = 4.5; SD = 0.25 g/L. The
scattered points represent experiment data, the solid lines represent
the Langmuir model and the dash lines represent the Freundlich
model)

The D-R isotherm model (Eq. 8) is usually used to
determine the physical/chemical sorption nature of the
sorption process:

2
ge = gpre % (8)

where gpg is the saturation sorption capacity for the D-R
model, ¢ is the Polanyi potential [¢ = RT In(1 + 1/C,)].
Kpr is the constant.

Epr (kJ/mol) is defined as the mean-free sorption energy
per molecule of sorbate, this parameter can be determined
by:

E 1
DR = —F—=p—

The parameters for different isotherm models are sum-
marized in Table 2. The simulated curves close to experi-
mental points (Fig. 5) confirms the suitability of the
Langmuir (correlation coefficient close to 1) for fitting
sorption isotherm. For Freundlich model, the exponential
term (i.e., 1/n) is less than 1, indicating that the system is
favorable; however, the R? values are much lower than

©)

those for Langmuir model. The values of mean energy of
adsorption (Epr = 11.50-12.02 kJ/mol) are higher than
8 kJ/mol, indicating that sorption proceeds through a
chemisorption mechanism [13]. Similarly, Xu et al. [14]
proposed the chemisorption mechanism for U(VI) sorption
on diethyleneamine-functionalized magnetic chitosan with
Epr slightly higher than 9 kJ/mol. In addition, the positive
Epr values also indicates the endothermic nature of the
sorption process, which is consistent with the positive
effect of temperature on U(VI) sorption. The comparative
U(VI) adsorption performance by various sorbents are
shown in Table 3. It confirms that MCN-MA exhibits rel-
atively high sorption capacity and especially fast uptake
kinetics, and this sorbent can be used in new potential
adsorption systems.

The thermodynamics parameters, such as Gibbs free
energy change (AG®), enthalpy change (AH®) and entropy
change (AS°), can be derived from van’t Hoff equation
[20].

—AH® AS°
InKy = 1
n Ky, RT + R (10)
AG® = AH® — TAS® (11)

where K is the Langmuir constant and 7 is absolute
temperature (K).

The values of AH® and AS° were obtained by plotting In
ki versus 1/T (Fig. S6). The thermodynamic parameters are
given in Table 4. The positive AH® value (7.37 kJ/mol)
confirms the endothermic nature of the sorption process.
The endothermic nature of U(VI) sorption has also been
reported for other sorbents, such as Amberlite IRA-910
resin [28], tetracthylenepentamine/glycidyl methacrylate
chelating resin [35], and salicylideneimine—functionalized
hydrothermal carbon [36]. It is possible that some metal
ions have to be dehydration before sorption, and this pro-
cess is endothermic [1, 22]. The negative AG° values
indicate that the sorption is spontaneous. Moreover, AG®
decreases with increasing the temperature, confirming the
positive effect of high temperature on U(VI) sorption. The
positive AS° value indicates that the increase in random-
ness, possibly due to dissociation of complexes, release of

Table 2 Isotherm model parameters for adsorption of U(VI) by MCN-MA and MCN

Sorbents Temp (K) Temkin Freundlich D-R
gm (mg/g) k. (L/mg) R? ke (mg/g) (L/mg)'" n R? Kpr % 10° (0%/mol®) E (kKJ/mol) R>
MCN-MA 318 213.0 0.088 0.992 374 248 0964 3.46 12.02 0.960
308 201.9 0.081 0.996 339 247 0952 352 11.91 0.942
298 187.9 0.073 0.987 306 246 0936  3.69 11.64 0.943
MCN 298 104.2 0.049 0.998 14.1 239 0983 3.78 11.50 0.980
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Table 3 Sorption capacities and equilibration time for U(VI) sorption by different sorbents

Adsorbents Equilibration time Sorption capacity (Mg U/g) References
Crosslinked chitosan 180 73.7 [29]
Ion-imprinted chitosan/PVA 150 155.8 [30]
Chitosan—tripolyphosphate 4320 235.6 [24]
Cross-linked chitosan with epichlorohydrin 180 49 [31]
Magnetite nanoparticles 300 5 [32]
Magnetic Schiff base 360 94.3 [33]
Magnetic chitosan 40 42 [34]
Magnetic chitosan composite 120 666.7 [10]
Ethylenediamine-modified magnetic chitosan 30 83.8 [11]
Amberlite IRA-910 resin 120 11.9 [28]
Maleic anhydride-functionalized magnetic-chitosan nanoparticles (MCN-MA) 40 187.9 This work
Magnetic-chitosan nanoparticles (MCN) 40 104.2

Table 4 Thermodynamic

AH°® (kJ/mol) AS° (J/mol K) TAS® (kJ/mol) R?

parameters of U(VI) by MCN- Temp (K) AG® (kl/mol)
MA 318 — 2631

308 —25.25

298 — 24.19

7.37 105.91 33.68
32.62

31.56

0.9836

exchangeable ions etc. [22]. In addition, IAH®l < ITAS®|
indicates that the adsorption process was dominated by
entropy instead of enthalpy changes.

Effect of co-existed ions

To evaluate the sorption selectivity of both MCN and
MCN-MA for U(VI) sorption, the sorption experiments
were performed in a simulated nuclear industrial effluent
with U(VI) and other co-existed ions (Fig. 6). In the
presence of competing cations, the total sorption capacity

80

70 [ MCN

60 I MCN-MA

50

40

q (mg/g)

30

20

10

0

U La Ce Ba Sm Gd Nd Mn Co Sr Ni

Fig. 6 Competitive adsorption capacities of coexistent ions on MCN

and MCN-MA (Cy = 100 mg/L for each metal, 7 = 298 K; initial
pH = 4.5; SD = 0.25 g/L). (Color figure online)

@ Springer

of MCN is 179.1 mg/g for all ions, in which the sorption
capacity for U(VI) reaches 41.1 mg/g and is 22.9% of the
total sorption amount. As for MCN-MA, the sorption
capacity for U(VI) increases to 76.2 mg/g, and the total
sorption capacity reaches to 221.3 mg/g, thus resulting in
an increase of the selectivity toward U(VI) (34.3% of the
total sorption amount). It is reasonable to speculate that the
increase in the selectivity for U(VI) is mainly due to the
introduction of carboxylic groups onto MCN-MA.

Regeneration studies

The desorption of metal ions from U(VI)-loaded sorbents
was conducted by using acidified thiourea (0.5 M thiourea
acidified with a few drops of HNO;, at pH 2.5) as the
eluent. Thiourea is known as a strong chelating agent for
many metal ions. Preliminary tests showed that the acidi-
fied thiourea (0.5 M) could efficiently desorbed uranyl
ions: 1 h of contact were sufficient for desorption equi-
librium. The mechanism of desorption is related to elec-
trostatic and chelation reactions. The desorption efficiency
was more than 85% and further increase in thiourea con-
centration only show negligible improvement for U(VI)
desorption. The pure acids such as HCl or HNO; are not
suggested since these acids may cause the dissolving of the
magnetic core of sorbents. The sorption/desorption cycles
were repeated for five times. Figure 7 shows the sorption
capacity and the sorption efficiency at different cycles: a
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Fig. 7 Different sorption/desorption sorbents

(Cp = 100 mg/L for sorption)

cycles for the

progressive decrease in the sorption capacity and the des-
orption efficiency was observed. However, the sorption
capacity decreased by less than 12% at the fifth cycle for
MCN-MA. The facile recovery of the sorbent by external
magnetic field contributes to make these nano-sorbents
very interesting for applications in hazardous environment.

Conclusions

The maleated chitosan magnetic nano-particles (MCN-
MA) have been synthesized, characterized and tested for
efficient U(VI) sorption from aqueous solution. The inter-
est in using MCN-MA for removal/recovery of U(VI) from
aqueous solutions is associated to its unique characteristics,
such as relatively high sorption capacities, fast sorption
kinetics, and facile magnetic separation. The maximum
monolayer sorption capacity obtained from Langmuir
model is 187.9 mg/g at 298 K. The sorption kinetics could
be modeled with the pseudo-second order model, indicat-
ing chemisorption as the main mechanism. The contribu-
tion of resistance to intraparticle diffusion is negligible
since the nano-size of magnetic sorbents offer large surface
areas for U(VI) sorption. The U(VI) sorption on MCN-MA
is spontaneous and endothermic. Finally, the sorbents can
be efficiently desorbed by acidified thiourea as the eluent
and regenerated for several cycles.
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