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ABSTRACT

Adirectreactionis described to prepare hydrophobic a-aminomethylphosphonic acid as a novel chitosan-
based material. It exhibits chelating properties for polyvalent metal ions such as U(VI) and Nd(III) ions.
The new sorbent was fully characterized using Elemental analysis, scanning electron microscope (SEM)
and FTIR spectra. Different parameters were examined in order to evaluate the optimum conditions for
U(VI) and Nd(III) ions biosorption. Sorption mechanisms of metal ions were investigated using kinetic
and isotherm models. In addition, the sorbent selectivity was tested for both metal ions together in a

binary solution.

Keywords:
Uranium
Biosorption
Chitosan

1. Introduction

Uranium s very essential element because of its strategic impor-
tance in the energy field [1]. Also, it is considered as a long-term
potential environmental hazard as a result of its long half-life [2,3].
Because of its high radiological and biological toxicity, it is neces-
sary reducing its discharge into the environment due to activities
of nuclear industry [4,5].

Rare earth elements (REEs) are widely used in High-technology
and nuclear power industries [6-8]. The trivalent state is the
most thermodynamically stable form of these elements in aque-
ous solutions [9]. Their physical and chemical properties are very
close because of their close electronic configurations. The slight
differences among lanthanide elements are so weak where the
separation requires numerous steps [10]. Nd(III) was selected as
a representative of trivalent lanthanide family. Because an ever-
increasing demand for REEs in the international markets and
limited resources for their production, the recovery of these metals
from non-conventional resources is a strategic target.

Many conventional metal ions removal processes such as pre-
cipitation or solvent extraction processes face economical or
technical limitations for the treatment of contaminated solutions.
Adsorption process using mineral, ion-exchange or chelating resins
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may be more appropriate [11-13]. Recently, biosorbents as cheap
materials have been employed as an alternative to conventional
synthetic resins for the recovery of metal ions from contaminated
solutions [14-16].

Chitosan is a promising polysaccharide resource due to its spe-
cific structure and properties [17]. Attention has been focused on
chitosan and its derivatives because they are abundant biopoly-
mers, renewable and biodegradable. Chitosan can be chemically
modified using cross-linker to have better microbiological and
chemical resistance [18].

Chelating resins with electron donor atoms are interesting
materials for binding metal ions. Chitosan in base material form
does not have significant affinity for Ln(IIl). The chemical grafting
of chitosan was employed to increases the kind of sorption sites in
order to increase sorption capacity and selectivity for target metals
[19]. Chitosan is quite easily modified by chemical grafting where
its backbone is associated to amine and hydroxyl groups.

A previous work has declared that the incorporation of methy-
lene phosphonic groups into chitosan allowed solubility in water
under neutral conditions [20]. To overcome this problem, a direct
reaction was employed for fully substitution of hydrogen atoms
of amino groups on chitosan by methylene phosphonic groups
under drastic conditions. Abundant of methylene groups increases
the hydrophobic property of modified chitosan and leads to its
insolubility under a wide pH range. This resin was applied as a
novel sorbent for uranyl and neodymium ions removal using batch
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processes. Kinetic and isotherm studies were investigated to under-
stand the adsorption behavior of metal ions on the sorbent.

2. Experimental
2.1. Materials and methodology

A quantity of 5g of crystalline phosphorous acid (Fluka) was
dissolved in 100 ml of water and 100 ml of concentrated HCI (30%).
After addition of 4 g of chitosan (M.Wt 138,000 g/mol, 94% deacety-
lation degree, Mahtani chitosan-India), the mixture was heated to
reflux in 250 ml four-necked flask was fitted with thermometer,
mechanical stirrer, condenser, and dropping funnel.

25 ml of aqueous formaldehyde solution (37%, Fluka) was added
dropwise for 1 h and the reaction mixture was kept at reflux tem-
perature for 20 additional hours. The mixture was neutralized using
100 ml of NaOH (10 M) and then precipitation of a brown product
was obtained. The modified chitosan was filtrated and subjected
to a series of intensive washing with water and dried at 30°C then
crushed and sieved to obtain a particle size of 500 p.m.

2.2. Characterization of sorbent

Thermo Finnigan Elemental Analytical Instrument (Italy) was
used to determine the chemical composition of resin represented
by the percentages of C, H, N and S. FTIR spectra were carried
out using a PerkinElmer BX series with a frequency range of
4000-400cm~! after the samples were incorporated in KBr pel-
lets. SEM/EDX analysis was performed on an environmental SEM
(FEI' Quanta 200 FEG) equipped with X-ray microanalyzer (OXFORD
INCA ENERGY 350) to visualize surface morphology of sorbent and
detect the elements and their semi-quantitative analysis.

2.3. Procedures

Adsorption behavior of metal ions on the sorbent was studied
using batch experiments under different parameters. The resultant
data is necessary for understanding the mechanisms of sorption
and plays a fundamental role in assessing the suitability of sorbent
for metal ions removal processes.

Batch experiments were performed by contact of 0.02 g sorbent
with 25 ml of 55 mg L~ U(VI) or 57 mgL~! Nd(IIl) ions solution in
a polypropylene centrifuge tube at 20°C and agitation 150 rpm.

After equilibration and aqueous phase separation, the residual
metal ions concentration in the aqueous phase was estimated by
ICP-AES, while the concentration of adsorbed metal ions on the
modified chitosan was estimated using the mass balance equation:

q= (G~ Ce)V/W (1)

where q (mgg~') is the amount of the adsorbed metal ions on the
sorbent; G; (mgL~1) and Ce (mgL-1) are the initial metal ion con-
centration and the residual metal ion concentration in the aqueous
phase, respectively, V (L) is the volume of metal ions solution and
W (g) is the weight of sorbent dosage.

3. Results and discussion
3.1. Preparation of the grafted biosorbent

The reaction of an amine, formaldehyde and phosphorous acid
proceeds according to the following equation:

RNH, + nCH,0 + nHP(O)(OH); — RN[CH,P(0)(OH), ] +nH,0
(2)

Table 1
Elemental analysis of chitosan and its derivative.

Sample %C %H %N C/N@ H/N?
Chitosan 40.17 7.19 8.9 5.27 11.31
Chitosan derivative 26.5 4.7 3.9 7.93 16.87

2 Molar ratio.

The acidic hydrogen in phosphorous acid has been found to
undergo the mannich type reaction. The reaction with phospho-
rous acid requires a strong acidic medium and as a matter of fact,
does not proceed in neutral or basic solution [21]. No special efforts
have been made to separate the resulting aminomethylphosphonic
acid from the reaction mixture. The grafted chitosan is soluble in
concentrated hydrochloric acid but it is rather poorly soluble in
water and to a great extent precipitate from the reaction mixture
during the neutralization.

Chitosan has been employed successfully in the reaction of Eq.
(2). The resulting chitosan derivative probably exists as zwitterion
with three protons, a strongly dissociated proton and two weak
ones, with the fourth available proton being coordinated to the
central nitrogen atom [21].

3.2. Characterization of sorbent

Fig. 1 illustrates SEM photographs of the materials under
study (magnification: x100). The micrograph of chitosan shows
irregular flakes morphology (Fig. 1a) while the grafted chitosan
displays a rough surface contains small pores and intercon-
nected macro-pores (Fig. 1b). The detection of elements and their
semi-quantitative analysis were performed using SEM-EDX. The
significant difference was represented in the presence of phospho-
rous element peak at 2 keV indicating the sharing of phosphorous
acid in the chemical modification of chitosan.

More analyses were carried out to confirm the new structure
such as elemental analysis and FTIR. The increasing of substitution
degree into amine groups of chitosan was estimated by comparing
the molar ratio of carbon or hydrogen and nitrogen between chi-
tosan and the grafted chitosan using elemental analysis data from
Table 1. The increase of molar ratio after modification indicates the
increase of carbon and hydrogen in chitosan chain with taking into
consideration the constancy of nitrogen percentage in chitosan and
chitosan derivative.

On the other hand, the chemical modification of the chitosan
was proved using FTIR spectra. From Fig. 2, the new structure dis-
plays some peaks are similar to the chitosan peaks but are different
in terms of intensity. The band at 3428 cm~! due to contributions
of stretching vibration of O—H group and stretching vibration of
N—H group. The characteristic peak of C—H group appeared at
2933 cm~!. The change of the peaks intensity can be attributed to
the replacement of hydrogen atoms in amine groups with methy-
lene phosphonic acid groups. A new band appeared at 1210cm™!
and represents a characteristic peak of P=0 group. Fig. 3 shows
the proposed structure of the new sorbent after chemical modifi-
cation of chitosan using phosphorous acid and formaldehyde in a
high acidic medium.

3.3. Adsorption study

3.3.1. Effect of pH and ionic strength

The pH of the contaminated solution may affect the charge of
sorbent surface or the dissociation degree of functional groups such
as hydroxyl, carboxyl and amino groups present on the sorbent
surface [22]. It can also affect the aqueous chemistry of metal ions
and their competition for binding with active sites on the sorbent
surface.
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Fig. 1. SEM-EDX of (a) Chitosan and (b) Chitosan derivative (scale bar: 600 pm).
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Fig. 2. FTIR spectra of (a) Chitosan and (b) Chitosan derivative.

The metal ions removal from aqueous solutions was studied
under non-competitive conditions at different pH as shownin Fig. 4.
The uranyl hydrolysis begins before pH 4 and other hydrolytic
species are formed [23]. On the other hand, neodymium ions pre-
cipitate as neodymium hydroxide above pH 6.

Because of the donor effect of aminophosphonic acid group
—N(CH,P032-),, the sorbent has the tendency to form chelates
in a ring structure with the possibility of different conformations

HO

HO

Fig. 3. The proposed structure of Chitosan derivative.

owing to the metal ion nature [24]. The sorption capacities of the
grafted biosorbent increase significantly with increasing the ini-
tial pH range from 1 to 4.5 and 6 for uranyl and neodymium ions,
respectively. The decreasing of final pH for both metal ions confirms
the releasing of hydrogen ions during metal ions removal. The low
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Fig. 5. Uptake kinetics of U(VI) at pH 4 and Nd(III) at pH 5 using Chitosan derivative
where V/W=1.25Lg ! and (;=55mgUL"! & 57mgNdL-! at 20°C.

adsorbed amounts for both metal ions at acidic media because the
compensation of the negative charges on the sorbent by protons
that suppress the biosorption process [25,26].

Batch experiments for both metal ions were conducted by
adjusting ionic strength from 0.01 to 0.1 mol L~ by addition of NaCl.
It was found that ionic strength has no effect on the biosorption
processes.

3.3.2. Kinetic study

Fig. 5 shows the kinetic profiles of U(VI) and Nd(IIl) ions sorption
on the modified biosorbent in terms of adsorbed amount. Kinetic
uptake was carried out under experimental conditions are com-
prised from optimum pH, an initial concentration of metal ions in
the contaminated solution, 0.02 g of sorbent and agitation speed,
150rpm at 20°C. For U(VI) ions, The initial pH and concentration
were set to 4 and 55mgL-1, respectively. While pH of 57 mgL-~!
Nd(III) ions solution was adjusted to 5.

The kinetic removal for both metal ions was initially rapid due
to the greater concentration gradient and more available sites
for adsorption. A slower removal stage comes after and gradu-
ally approaches equilibrium. U(VI) ions reached equilibrium in 6 h,
while the kinetic profile of Nd(III) ions was slower and the equilib-
rium time was 7 h. Over 82 and 70% of total adsorption of uranyl

and neodymium ions occurred within the first 45 and 6 min, respec-
tively.

Successive steps have been proposed in adsorption process such
as bulk diffusion, film diffusion, intraparticle diffusion and adsorp-
tion uptake. The experimental data have been modeled using some
conventional kinetic models in non-linear form to elucidate either
the diffusion or adsorption is the rate limiting step.

Pseudo-first order rate equation (PFORE) [27]:

e =qe[1 —exp(—k;t)] (3)

where ge and q¢ (mgg~!) are the retention capacities at equilib-
rium and time t, respectively, and k; is the Pseudo-first order rate
constant (min~1).

Pseudo-second order rate equation (PSORE) [28]:

g =kaqe’t/(1+gekat) (4)

where k; is the Pseudo-second order rate constant (g mg=! min=1).
The chemical adsorption processes between metal ions and
active sites were described using Elovich model as follow [29]:

qc= In(abt)/b (5)

where b is constant related to the extent of surface coverage
by metal ions and activation energy for chemisorption process
(gmg~1) and a is the initial adsorption rate (mgg~! min~1).

The analysis of diffusion mechanisms was performed using
Crank equation. It can be used for roughly evaluating the intra-
particle diffusion coefficient, De [30]:

o0

(;Le =1-) 6a(a+1)exp (-Degat/r?) /9+9a+qia®  (6a)
OC n=1

where ris the radius of the particle, while q, and o are the non-zero

roots and the ratio of the volumes of solution and particles from the

following equations:
tan gn = 3qn/ (3 +qp) (6b)
4oo/VCi= 1/(1 + @) (6¢c)

Uranyl ions reach the equilibrium faster than neodymium ions
although the intraparticle diffusion coefficient value of neodymium
ions, (7.77 x 10~ m2 min—') is about two orders of magnitude
larger than uranyl ions, (6.44 x 10~13 m2 min—1). Therefore, the dif-
fusion of metal ions does not control the rate limiting step.

All constants of the sorption kinetic models are estimated
including rate constants and equilibrium adsorbed amounts of
metal ions on the sorbent surface and listed in Table 2. It shows
that the data are better simulated by PSORE in terms of a higher
correlation coefficient value (Ridj) and an equilibrium adsorbed
amount.

3.3.3. Sorption isotherm and thermodynamic study

Fig. 6 shows the adsorbed amount of metal ions on the sorbent
increases with increasing the residual metal ions concentration
till the maximum capacity of the sorbent is reached. To obtain
isotherm data for U(VI) or Nd(IIl) removal, batch experiments were
performed by equilibrating 0.02 g of the sorbent and 25 ml of dif-
ferent initial metal ions concentrations at optimum pH and 20°C.
The experimental data were tested using various isotherm mod-
els to determine the binding nature between metal ions and the
sorbent surface [31]. The constants were evaluated by non-linear
regression method and reported in Table 3.

Freundlich model:

ge=KpCe'/m (7)

where Kr and n are constants related to the adsorption capacity and
the intensity of adsorption, respectively.



Table 2
Kinetics parameters for U(VI) and Nd(III) ions sorption.

Metal Gexp PFORE PSORE Elovich equation
Qe kq R2 " Qe k> R2 4 a b R2 4
(mgg™) (mgg™") (min™") (mgg™) (gmg~' min~') (mgg~'min~')  (gmg™")
u(vI) 54.52 51.92+1.23 0.0289 +0.002 0.99 58.96 £0.59 0.00061 + 0.00003 0.9989 7.08+1.16 0.099 + 0.006 0.9659
Nd(I11) 24.17079 20.06 +£1.07 0.4973+0.16 0.5834 21.01+1.01 0.035+£0.013 0.71 421.294+30.43 0.473 £0.055 0.6506
Table 3
Isotherm constants for U(VI) and Nd(III) ions sorption.
Metal Qexp Ferundlich equation Langmuir equation (D-R) equation
1/n K R, Gmax Ki R2, Gmax Epg R
(mgg™) (mgg™) (Lmg™") (mgg™) (kjmol ")
u(vI) 114.12 0.294+0.03 25.61+3.67 0.966 115.37 £5.05 0.09+0.02 0.9678 276.13+19.39 13.37+043 0.9498
Nd(I11) 30.32 0.334+0.05 55+1.29 0.9216 32.59+0.25 0.054 +0.002 0.9991 73.62+9.26 12.16 £0.73 0.9539
Table 4
Comparison of sorption capacities of different sorbents for U(VI) and Nd(III) ions.
Sorbent Metal pH Adsorption capacity (mgg=') Reference
Magnetite nanoparticles u(vI) 7 5 [33]
Magnetic chitosan U(VvI) 5 42 [34]
Cross-linked chitosan with epichlorohydrin U(VvI) 3 70 [35]
Ethylenediamine-modified magnetic chitosan u(vI) 2-7 82.83 [18]
Magnetic Schiff base U(VvI) 6 94.3 [36]
Amberlite IRA-910 resin U(VvI) 1 64.26 [37]
This work u(vn) 4 114.12
Mordenite containing tuff Nd(III) 3 11.77 [38]
Yeast cells Nd(III1) 1.5 10-12 [39]
microorganisms Nd(III) 1.5 6-25 [40]
This work Nd(IIT) 5 30.32

Langmuir model:
Ge = qmaxK1Ce /[1+ K Ce] (8)

where K; is Langmuir adsorption constant (Lmg~1).
Dubinin-Radushkevich (D-R) model:

e = gmaxeXp(—Kpr&?) (9a)

& (Jmol~1) is the Polanyi potential:

e=RTIn(1 + (1/Ce)) (9b)
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Fig. 6. Sorption isotherms of U(VI) at pH 4 and Nd(IlI) at pH 5 using Chitosan deriva-
tive where V/W=1.25Lg! at 20°C.

The mean-free sorption energy per molecule of adsorbate, Epg
(kJmol=1) is related to Kpg (mol?]~2) and can be calculated from
the following equation:

Epr= 1/(2Kpr)%> (10)

Epr gives information about the nature of sorption process of
metal ions on the surface of sorbent. Epg for uranyl and neodymium
ions is 13.37+0.43 and 12.16+0.73 k] mol~!, respectively; this
indicates that interaction between both metal ions and active sites
comes through a chemisorption mechanism [32].

According to the obtained results, sorption isotherm data are
more fitting with Langmuir model compared with the other models.
Table 4 shows that the experimental maximum capacities of the
sorbent for both metal ions could be competitive when compared
to some other previously prepared sorbents.

Thermodynamic behavior of the sorption processes for metal
ions was evaluated using batch experiments under the same con-
ditions in the range of temperatures from 20 to 50 °C. It was found
that there is no significant variation in the sorption capacities of
the new sorbent for both metal ions.

3.4. Sorbent selectivity

The uptake of metal ions was performed under non-competitive
conditions to obtain the optimum parameters for removal pro-
cesses. The sorbent selectivity was tested for both U(VI) and Nd(III)
ions together in a binary solution at pH 4. The initial concentrations
of U(VI) and Nd(III) ions were 0.47 mmolL~! and 0.64 mmolL~!,
respectively. After the equilibrium was reached, the residual con-
centration of Nd(III) ions about 0.59mmolL-! was higher than
U(VI)ions, 0.21 mmol L~1. This indicates that the sorbent has a high
affinity toward U(VI) ions and the higher initial concentration of



Nd(III) ions confirms it. It could be explained that the 4f orbital of
neodymium is effectively shielded from the strong interaction with
ligand orbitals by electrons in the 5S and 5P orbitals [41].

4. Conclusion

A direct reaction was employed for the optimization of the
sorption performance of chitosan. A novel chitosan-based mate-
rial exhibits a good affinity for binding uranium and neodynium
ions from aqueous solutions. It is attributed to the chelating effect
of aminomethylphosphonic acid group owing to the donor effect of
nitrogen atom and electrostatic attraction of phosphonate group.
For all studied systems, the kinetic and isotherm sorption data fol-
low pseudo-second order rate equation and Langmuir equation,
respectively.

The maximum sorption capacities were 114.12 and
30.32mgg~! for U(VI) and Nd(IV) ions, respectively. The tem-
perature has no a significant effect on the variation in sorption
capacities of the sorbent for both metal ions. Selectivity study
indicates that the chitosan-based material has high affinity to
stabilize uranyl ions over Nd(III) in a binary solution.
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