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ABSTRACT

Xanthated chitosan (XC) beads, an efficient adsorbent to recover precious rare earth Ce(IIl) ions
were prepared, characterized, and applied in this study. Factors that influence the performance in
adsorption of Ce(Ill), which were pH of the solution, stirring rate, adsorbent dosage, and contact
time, were investigated. Results revealed that the optimum conditions for adsorption of Ce(III) to
be at a temperature of 300 K and pH 4, with a dosage of 0.02 g. A rapid adsorption process with
only 10 min to achieve equilibrium was observed, regardless of the initial concentrations in Ce(III).
Chemisorption was suggested as the rate-limiting step because of the correlation between Ce(III)
adsorption process with the pseudo-second-order kinetic model. Langmuir model was found to
fit well with the experimental isotherm data, and the maximum adsorption capacity of XC beads
was 555.6 mg g at 300 K. Based on the thermodynamic study, the enthalpy and entropy recorded
were —6.18 k] mol™ and 130.36 ] K mol”, respectively. The nature of adsorption was exothermic
as more Ce(Ill) ions were adsorbed at a lower temperature. Ion exchange, ionic attraction, and

complexation were identified as the dominant mechanisms involved in Ce(III) adsorption.

Keywords: Adsorption; Ce(IIl); Xanthated chitosan; Kinetics; Isotherm

1. Introduction

In the periodic table, rare earth elements (REEs) are
grouped into lanthanides series, based on the similar phys-
ical and chemical properties as well as their close electronic
configuration. These elements are essential resources in
various high technology industries, which include chem-
ical engineering, information storage, energy conversion,
electronic, and nuclear power industries. Cerium is one
of the most abundant REEs and applied in various sectors
such as steel, ceramic, catalyst, and pyrophoric alloys

* Corresponding author.

industries. The radioisotope from cerium is also fundamen-
tal in nuclear facilities and fission products [1-5].
Nonetheless, extensive use of REEs through mining,
refining, and recycling can disrupt the ecological cycle of the
environment. As such, waste management of REEs is vital
and resolve any pressing environmental issues. Researches
have been carried out on various methods to remove
REEs from aqueous solutions, which include adsorption,
membrane filtration, chemical precipitation, coagulation
and flocculation, ion exchange, electrochemical treatment,
and solvent extraction [2,3,6-8] to manage waste efficiently.
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However, these methods are found to have several issues
such as being less effective at low concentration (<100 mg L),
generating a large amount of toxic sludge, incomplete metal
removal, and being non-economic. Due to all these reasons,
adsorption is thought to be the most effective treatment
processes for waste management, as the adsorption does
not produce sludge, is technically feasible, and effective in
cost since materials are locally available [1,2,6].

The focus in adsorption is the application of biomate-
rials. Previous findings have found adsorption using raw
chitosan record low adsorption capacity and solubility in
acidic medium, which limits the application. Several mod-
ifications have been performed on chitosan, which includes
introducing various functional groups or ligands to the
chitosan chain [9-14]. Xanthate modification or xantha-
tion is quite prominent as xanthate contains sulfur, which
offers a strong affinity toward metal ions. Contaminants are
removed while metal ions such as chitosan that originates
from deacetylated chitin, are recovered. Xanthate can be
synthesized by reacting with organic hydroxyl-containing
biomaterial with carbon disulfide (CS,) in a strongly alkaline
solution. Modification of chitosan with xanthate is expected
to enhance the adsorption performance when a new cleating
group is formed on the chitosan backbone [15-17]. Chitosan
exhibits good ability to adsorb metal ions due to the pres-
ence of hydroxyl (-ROH) and amino (-RNH,) groups, apart
from being abundant in nature, cheap, biodegradable,
biocompatible, non-toxic, and anti-bacterial.

Raw materials, which had undergone xanthation are
orange peel [6,16], activated carbon [18], de-oiled spice
husk [19], sugarcane bagasse [20], rubber leaves [21], and
chitosan [17,22,23]. Recently, studies have reported that the
use of xanthated chitosan to remove Nd(III) produces a high
amount of fast adsorption of Nd(II) [24]. However, there
is still within this study, a lack of report on the mechanism
of Ce(Ill) adsorption onto xanthated adsorbent, especially
involving chitosan. Previous studies have focused on com-
mon heavy metals ions such as Zn(II), Cd(II), Cu(II), Pb(II),
Ni(Il), and Cr(VI) [6,16-23]. As such, the main objective of
this study is to evaluate the effectiveness of xanthated chi-
tosan (XC) beads in adsorbing Ce(III). The effects of physi-
cochemical parameters such as pH, stirring rate, XC dosage,
initial Ce(III) concentration, and contact time on adsorption
of Ce(Ill) were investigated. The mechanisms of Ce(III)
adsorption were proposed based on spectroscopic analyses,
quantitative adsorption data, as well as hard and soft acids
and bases (HSAB) theory.

2. Materials and methods
2.1. Materials

All chemicals in this study were analytical reagent
grade and used without any purification. The Chitosan
((1,4)-2-amino-2-deoxy-beta-D-glucan) powder with 72.35%
deacetylation degree was purchased from Sigma-Aldrich,
Germany, while carbon disulfide, CS, (methanedithi-
one) was obtained from Panreac, Spain. 2-(chloromethyl)
oxirane (ECH) was bought from Merck, Germany and the
cerium(IIl) chloride (CeCl,) salt was acquired from Acros
Organics, USA. Deionized water (DW) was used throughout
the adsorption experiments within this study.

2.2. Preparation of XC beads

The xanthation method was adopted from a previous
study [24], whereby chitosan of 2.0 g was firstly mixed with
80 mL (5%, v/v) ethanoic acid (CH,COOH) and left over-
night. The mixture was then added dropwise to 500 mL
(0.50 M) NaOH solution under continuous stirring. The
resulting beads were stirred at 200 rpm, with 125 mL (0.01 M)
2-(chloromethyl)oxirane (ECH) added as a crosslinking
agent. The mixture was heated at 323 K and stirred for
2 h. The beads were then filtered, before being added with
50 mL (14%, w/v) NaOH and 1 mL CS, and left for 24 h at
300 K. The orange-red beads formed were rinsed thoroughly
with DW to remove the excess base, air dried, and finally
ground and sieved to obtain the size of <100 um.

2.3. Characterization of XC beads

In determining the pH of aqueous slurry (pH, )
1.0 g XC beads in 50 mL DW were added, stirred for 24 h,
and filtered before being measured. The pH of zero-point
charge (pH, ) was determined by mixing 1.0 g XC beads
with 50 mL (0 01 M) KNO, solution in a series of beakers.
Adjustment of the initial pH values was made, ranging
from 4 to 12 using 0.10 M NaOH or HCI solutions, which
were then left for 24 h for the final pH of the solution to
be measured. The value of the pH_,. was established from
the curve that cuts the pH, (initial pH of the solution) line
of the plot ApH (the difference between initial pH and final
pH) vs. pH, [25]. The energy dispersive X-ray spectrometer
(EDS) was used to detect the elements present on the XC
surface. The Fourier transform infrared (FTIR) spectra were
obtained using an FTIR spectrophotometer (PerkinElmer
2000 Model, USA) while the surface area and average pore
diameter of XC beads were identified by using a gas adsorp-
tion surface analyzer (Micromeritics ASAP 2010, USA).

2.4. Batch adsorption studies

A 1,000 mg L™ Ce(Ill) stock solution was first prepared
from CeCl, to be diluted to a concentration of 100 mg L™
(unless otherwise stated) by using DW. Adsorption experi-
ments were carried out by adding 0.01 g XC beads (unless
otherwise stated) in 50 mL Ce(III) solutions using 100 mL
conical flasks and stirred at 300 rpm (otherwise stated) at
300 K (room temperature). After 60 min, the mixture was
filtered and analyzed for the final concentration of Ce(III)
using a couple of plasma-optical emission spectrometer
(ICP-OES, PerkinElmer DV5300, USA) inductively.

The effect of the initial pH for the adsorption of Ce(III)
solution was investigated at pH 2-6. The pH of the solu-
tion had been adjusted by adding drops of 0.10 M HCI or
NaOH solution. After adding XC, the mixture was stirred at
300 rpm for 60 min. The effect of stirring rate was observed
by varying the rates from 100 to 600 rpm while the pH of
Ce(III) was fixed at pH 4. A varied dosage of 0.005-0.030 g
was used to observe the effects of XC dosage. In the kinet-
ics study, 50 mL of 100, 150, and 200 mg L™ Ce(III) solutions
were stirred with XC beads at optimum conditions while the
contact time varied from 0 to 60 min. The adsorption iso-
therm was determined by adding 0.02 g XC beads in 50 mL
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Ce(III) solutions (100-400 mg L) and stirred for 60 min at
different temperatures (300, 310, and 320 K). The amount of
Ce(III) adsorbed, g, (mg g™), and the percentage of removal
were calculated by using Egs. (1) and (2).

mey M

Removal(%) = G -C

£x100 )
0
where C; and C, were the initial and equilibrium concen-
trations (mg L) of Ce(Ill), respectively. V represented the
volume of the Ce(III) solution (liter) while m was the weight
of XC beads (g).

3. Results and discussion
3.1. Characterization of XC beads

The pH of zero charge (pH,,) was necessary to deter-
mine the net charge of an adsorbent The surface charge
of the adsorbent will be zero at pH = pH Meanwhile,
positive charges were abundant on the adsorbent surface
at pH < pH and vice versa [26,27]. The plot for pH is
shown in Flg 1, and the value of pH _for XC beads was
9.90. The pH, _value was close to the pﬁ urry value (Table 1),
indicating XC'beads carried more basic groups.

The N, adsorption-desorption isotherm plot (Fig. S1)
showed Convexity towards the relative pressure axis, a
characteristic of weak gas—solid interaction. This type-III
isotherm behavior was usually demonstrated by microp-
orous adsorbents [28]. The Brunauer, Emmet, and Teller
(BET), as well as Langmuir surface areas, were tabulated in
Table 1. Based on the table, XC was confirmed to be a non-
porous adsorbent, whereby adsorption was more likely to
occur at an external surface than by pore-filling mechanism.

The FTIR spectra for chitosan and XC beads (before
and after Ce(IlI) adsorption) were compared, as shown in

Fig. 2. The broad peak from 3,000 to 3,600 cm™ that appeared
in chitosan and XC beads spectra were attributed to N-H
stretching, which overlapped with basic -OH groups. Peaks
appeared at 1,595; 1,121; and 1,063 cm™ in chitosan spectrum
that corresponded with N-H bending vibration, an acidic
C-N group that stretched vibration and symmetric stretch-
ing of C-O-C, respectively. The intensity of -OH peak in
XC beads was reduced compared with chitosan beads,
which indicated significant base groups -OH and -NH,
converted to -O-CS, and -NH-CS,, respectively. On the
other hand, the peaks at 1,695; 1,595; and 1,478 cm™ in XC
beads were accredited to C=O, -NH bending vibrations, and
C-H symmetric bends, respectively. Peaks that appeared
at 1,187; 1,019; 864; and 601 cm™ in XC beads spectrum
corresponded to S-C-S, C=5S, -O-C(S)-S, and C-S stretching
vibrations.

After being loaded with Ce(III), the peaks that belonged
to basic xanthate groups (1,187; 864; and 601 cm™), as well
as amino (1,595 cm™) groups, either disappeared or reduced
in intensity. It could be argued that Ce(IIl) was attached to
these types of functional groups, possibly via the complex-
ation process. In summary, the crosslinking and xanthation

Table 1
Characteristics of XC beads

Characteristics Value
pH of aqueous slurry 9.93
pH,,. 9.90
Sper (m? g™) 7.96
S (m?g™) 10.73
DP" (nm) 23.97
Beads size (um) <100
Color Pale yellow

“BET surface area
"Langmuir surface area
‘Average pore diameter

22

4 4

Fig. 1. Plot of pH___of XC beads.
zpc

14
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Fig. 2. FTIR spectra of chitosan, XC, and Ce(III) loaded XC beads.

reactions were represented by chemical equations shown
in Fig. 3.

Fig. 4 displays the EDS spectra of XC beads before and
after being loaded with Ce(Ill). The presence of S atom in
the EDS spectra established the occurrence of the xanthation
process on the XC surface. The presence of sodium ions in
XC was shown at 1.1 keV.

The sodium peak disappeared after Ce(Ill) adsorp-
tion, which suggested that ion-exchange was involved
during adsorption before Ce(Ill) was adsorbed. According
to Dahle and Arai [29], cerium was more electronegative
than sodium, with electronegativity values of 1.12 and
0.93. As electronegativity is defined as the ability of an
atom to attract electrons, Ce(Ill) could be attracted to the
sulfur atoms in XC beads by exchanging with Na* ions (an
ion-exchange mechanism) before being adsorbed to —CS,
groups via ionic attraction. Using the HSAB theory, Ce(III)
ion was classified as a hard acid because of the electrons
that were held tightly to the nucleus, and the ions were
not easily polarised. Hard acid could form a complex with
a borderline base [30], which can explain the creation of a
stable complex between Ce(Ill) with the borderline base of
the amino groups in XC beads.

3.2. Effect of pH

The pH solution was known to influence the surface
charge of an adsorbent and the degree of ionization in adsor-
bates [31]. Since Ce(IIl) ions underwent hydrolysis process
at pH higher than 6 [32], the effect of the initial pH of the
adsorbate was studied within the range of pH 2-6. The
adsorption capacity recorded at pH 2 was only 4 mg g
(Fig. S2). This low adsorption capacity was attributed to a
high concentration of hydronium ions (H,0"), which led to
a struggle of adsorption sites with adsorbates [33]. A steep
increase in the adsorption capacity was observed from pH
2 to 3 with more Ce(Ill) ions adsorbed at pH beyond 4.
Although pH 5 and 6 recorded higher adsorption capacities,
Ce(III) was observed to begin precipitating at pH 5. Due to
this reason, all prepared Ce(III) solutions were kept at pH 4
for subsequent adsorption studies.

3.3. Effect of stirring rate

The boundary layer surrounding the adsorbent surface
could be reduced by stirring. A higher stirring rate would
lead to a more rapid collision between the adsorbent and
the adsorbate [34]. Thus, the stirring rate had a significant
impact on the collision frequency between Ce(IlI) and XC
surface, as shown in Fig. S3. The lowest stirring rate, which
was 100 rpm resulted in 276.5 mg g™ Ce(III) being adsorbed.
The adsorption capacity slightly increased as the stirring
rate increased, with the highest value recorded at 500 rpm.
At 600 rpm, the adsorption capacity dropped somewhat
to 294.4 mg g'. Hence, 500 rpm was selected as the opti-
mum stirring rate for subsequent studies. Stirring action
improved the degree of mixing and increased the concen-
tration of Ce(IlI) ions near the XC surface, resulting in more
Ce(III) ions to be adsorbed. A highly vigorous stirring rate,
however, could lead to the desorption of adsorbates from an
adsorbent surface due to the breakage of bonds [35].

3.4. Effect of XC dosage

The potential use of an adsorbent in the water treatment
process could be determined from the impact of adsorbent
dosage, attributed to the numbers of vacant space available
for the adsorption of adsorbates [36]. In this study, the XC
dosage was varied from 0.005 to 0.030 g (Fig. S4). There
was a significant decrease from 526.65 to 164.09 mg g™ in
adsorption capacity values as the dosage increased from
0.005 to 0.030 g. The decline in adsorption capacity at higher
dosages was attributed to the aggregation of adsorbent par-
ticles and the presence of more unsaturated or unadsorbed
sites [37,38]. On the contrary, the removal percentage kept
increasing with the increase of XC dosage and reached
the maximum at 0.015 g. This condition reflected the rise
in adsorption sites at higher dosages, which consequently
provided more occasions to adsorb adsorbates [38,39].

3.5. Effects of initial concentration and contact time

An efficient adsorbent often shows a rapid rate of
pollutant removal. The result for contact time on adsorption
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Fig. 4. EDS spectra for XC beads ((a) before adsorption of Ce(IIl) and (b) after adsorption of Ce(III).
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of different concentrations of Ce(IIl) is presented in Fig. 5.
Adsorption of Ce(IlI) on XC beads reached the equilibrium
state in 5 min for all initial concentrations. The maximum
adsorption capacity recorded for 100, 150, and 200 mg L™
Ce(III) were 249.0, 326.2, and 496.8 mg g7, respectively. This
rapid adsorption was based on the abundant active sites
on the XC beads surface. Nonetheless, adsorption capacity
increased as initial concentrations increased; possibly because
of the extend of physical contact between metal ions and the
adsorbent surface. There was also a rise in the adsorbate
concentration due to diffusive mass transfer resistance [40].

3.6. Kinetics study

The kinetics data of Ce(Ill) adsorption on XC beads were
analyzed using the pseudo-first-order and pseudo-second-
order models. Both models were used widely in determin-
ing the rate of solute uptake and identifying the rate-limiting
step [36]. The pseudo-first-order can be expressed as [41]:

kl
t 3
2303 ©

log (g, —q,)=logq, -

In the equation, g, and g, were the amount of Ce(IlI)
adsorbed (mg g™) at equilibrium, and t was the time (min).
k, was the pseudo-first-order rate constant (min™), which
can be determined from the slope of linear plot log(q, - g,)
against time while g, value can be determined from the inter-
cept of the plot. The pseudo-second-order kinetics model
assumed that the adsorption process was dominated by
chemisorption and adsorption of metal ions proportional
to the number of active sites on the adsorbent surface.
Alshameri et al. [42] suggested three steps that took place in
an adsorption process. Firstly, metal ions were diffused from
the liquid phase to the liquid-solid interface before being
transferred to the adsorbent surface. Finally, the metal ions
were diffused into particle pores. The pseudo-second-order
proposed by Ho and Mckay [43] was:
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A linear plot of t/g, vs. t could be observed if the adsorp-
tion adhered to this model. The slope of the plot provided
the value of calculated adsorption at equilibrium (1/g,,)
while the intercept provided the value of the rate con-
stant (1/k,4?). The pseudo-first-order and pseudo-second-
order plots for adsorption of Ce(Ill) ions onto XC beads
are illustrated in Figs. S5 and S6, respectively.

Apart from observing the value of R? the sum of squared
error (SSE) was a useful tool in determining the most fitted
model, and was given as [44]:

2
SSE = Z(qe,ex;]_qe,ml) (5)

The experimental and calculated adsorption capacity
were ¢, and g, respectively; and N was the number of
data points. Table 2 shows the summary of pseudo-first-
order and pseudo-second-order rate constants calculated
with experimental adsorption capacities for concentrations
of 100, 150, and 200 mg L. Pseudo-first-order model did
not fit well with the adsorption data as lower correlation
coefficient values were recorded compared to correlation
coefficient values recorded for the pseudo-second-order
model. Furthermore, higher SSE values were recorded for
all Ce(III) concentrations from the pseudo-first-order model
as compared to the pseudo-second-order model. In contrast,
linear plots with high correlation coefficients (Table 2) were
obtained by using the pseudo-second-order model. The cal-
culated and experimental adsorption capacities were almost
similar, suggesting that the adsorption of Ce(IIl) agreed to
the pseudo-second-order model. This behavior of the uptake
rate suggested the rate-limiting step during Ce(III) adsorp-
tion process was chemisorption.

600 -
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~ 400
=)
2 300
o
200
—— 100 mg/L
100 —B—150 mg/L
—&—200 mg/L
0 . T T T T T T g/ 1
0 10 20 30 40 50 60 70

Time (min)

Fig. 5. Effects of initial concentrations and contact time on adsorption of Ce(III) onto XC beads (pH: 4, stirring speed: 500 rpm, adsor-

bent dosage: 0.02 g, and temperature 300 K).



Table 2

Comparison between pseudo-first-order, pseudo-second-order, and intraparticle diffusion rate constants calculated with experimental g, values of 100, 150, and 200 mg L

Ce(III) onto XC beads for adsorption
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Intraparticle diffusion

Pseudo-second-order

Pseudo-first-order

[Ce(III)]

Tperp (M 87)

249.0

SSE

RZ

C(mgg™)
174.3
227.6

k, (mg g™ min™%)

13.90
17.93

SSE

RZ

k, (g mg™ min™)
2.02 x10-3

e (MG ™)

250.0

R? SSE

k, (min™)
6.91
0.27
1.55

Do (MG &)

214.8
238.0

mg L7
100
150
200

69.46
90.73
137.6

0.2324
0.2280
0.2212

2.48 x 10-8

1.000
0.999
0.999

0.008

0.998

326.2

1.14 x 10-6

4.30 x 10-2

0.692 3226

0.841

0.875
0.785

496.8

3449

1.19x10-6  26.66

1.20 x 10-1

495.8

229.6

The intraparticle diffusion equation was given in the
following equation:

1
4=k +C (6)

In the equation, g, was the adsorption capacity (mg g™')
at the time (t) in min while k, was the intraparticle rate con-
stant (mg g min™?), and C was the thickness of a boundary
layer (mg g™). A linear plot of g, against the square root of
time, #'2, may give information of the intraparticle constant,
k, (mg g min®?) from the slope, and the thickness of the
boundary layer for the adsorbent through the intercept of
the plot. If the value of the intercept were zero (C=0), the
adsorption rate-limiting step would be controlled solely by
the diffusion mechanism. However, if the intercept did not
go through the origin (C#0), the adsorption process might
be contributed by other mechanisms, alongside intrapar-
ticle diffusion [45-49]. The deviation of experimental data
from the intraparticle diffusion kinetic model indicated that
the film diffusion process had dominated the adsorption of
Ce(III) onto XC beads, which illustrated the entire rate of
the adsorption process [50,51]. The intercept of intraparticle
diffusion plots for adsorption of Ce(III) ions onto XC beads
were not equal to zero (C#0), where the values recorded for
the system ranged from 174.3 to 344.9 mg g™. The non-zero
values of C indicated that the adsorption mechanism was
not controlled solely by the intraparticle diffusion mecha-
nism, but may have been governed by other mechanisms
[51]. In Table 2, the value of C given describes the amount
of Ce(III) ions being adsorbed onto XC beads through film
diffusion, such as the more significant the value of C, the
more ions would be adsorbed through film diffusion [51].

3.7. Adsorption isotherms

The adsorption isotherm was a relationship between the
amount of Ce(IIl) adsorbed per unit weight of XC beads and
the concentration of Ce(IIl) in bulk solution. In this study,
the adsorption isotherm study was carried out at three
different temperatures, and the results are shown in Fig. 6.

Based on the Giles isotherm classification system, the
shapes of the isotherm plots for adsorption of Ce(IlI) fall
into type “H2”, which indicated the strong affinity of the
solute—solution system, typically shaped in chemisorption
[52]. Adsorption of Ce(IIl) however, decreased with an increase
in temperature, whereby the maximum adsorption capacities
at 300, 310, and 320 K were 555.6, 500.0, and 476.2 mg g7,
respectively. Two most common isotherm models, the
Langmuir and Freundlich models, were used to describe
this data.

The linearized Langmuir equation was [53]:

.1 .G )
q[’ Qmaxb Qma)(

where C, was the equilibrium Ce(IlI) concentration (mg L),
while g, was the amount of Ce(III) adsorbed at equilibrium
(mgg™). Q, , was the maximum adsorption capacity (mg g™),
and b was the constant (L mg™). The value of b reflected the
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Fig. 6. Adsorption isotherm plot of Ce(Ill) adsorption at 300, 310, and 320 K (pH: 4, stirring speed: 500 rpm, adsorbent dosage: 0.02 g,

and contact time: 30 min).

binding strength between Ce(Ill) and XC surface. On the
other hand, the Freundlich model was expressed as:

logq, =logK, +llog C, (8)
n

where K, represented the Freundlich constant (mg g7),
while n was considered to be the heterogeneity of the
adsorbent surface and its affinity for the adsorbate. Based
on Table 3, higher correlation coefficient values (R* were
recorded for the Langmuir isotherm model compared to
the Freundlich isotherm model for all temperatures. Also,
lower SSE values were recorded for the Langmuir model,
which can conclude that Ce(III) adsorption process adhered
to the Langmuir model, whereby the adsorption was mono-
layer and occurred at similar energy sites [54]. The n values
obtained from the Freundlich isotherm model were higher
than the accord of all temperatures, further indicating that
there was a strong bond between adsorbent and adsorbates
[53]. The performance of XC beads in recovering Ce(III)
was compared with other adsorbents, and their respective
adsorption capacities are summarized in Table 4.

3.8. Adsorption thermodynamic

The value of enthalpy change (AH®) was important in
determining whether the adsorption was endothermic or
exothermic. Values from AG®° and AS° could explain the
spontaneity of adsorption as well as the attraction between

Table 3

adsorbent and adsorbates. The following equations were
used to obtain the thermodynamic parameters [60]:

p_AS°AH )
R RT
AG® =-RTInb (10)

In these equations, b represented the Langmuir con-
stant (L mol™?), while R represented the gas constant
(8.314 J K mol™). AH® was the enthalpy change (k] mol™),
while AS° was an entropy change (J K mol™) and AG°
was the Gibbs free energy (k] mol™) used. T represented
the temperature in Kelvin. Eq. (9) was used to obtain the
Van't Hoff plot. The values of enthalpy change (AH®) and
entropy change (AS°) can be obtained from the slope and
intercept of Inb vs. 1/T. Based on Van't Hoff plot (Fig. 7),
the values obtained for entropy change (AS°) and enthalpy
change (AH°) were 130.36 ] K™ mol™ and -6.18 kJ mol’,
respectively (Table 5). A positive value of AS° change
depicted an increased disorder at the solid-liquid interface
during Ce(IlI) adsorption. The negative value of AH° change
indicated that the adsorption process was naturally exo-
thermic. However, a considerably low value of AH® could
also be explained as physical adsorption of Ce(Ill) onto
XC beads with a weak interaction between adsorbent and
adsorbate [61].

Nonetheless, all the values of Gibb’s free energy
were negative, indicating a spontaneous nature of Ce(III)

Langmuir and Freundlich parameters for adsorption of Ce(III) onto XC beads at 300, 310, and 320 K

Temperature (K) Langmuir Freundlich

Q... (mgg) b (Lmg™) R? SSE K, (mgg™) n R? SSE
300 555.6 12 0.999 2.37 x10° 342.8 8.60 0.481 8.19x 10
310 500.0 17 0.999 6.28 x 10-° 382.0 17.3 0.575 5.00 x 10
320 476.2 7.0 0.999 7.85 x 1077 374.0 18.7 0.562 4.70 x 10




M.A.K.M. Hanafiah et al. / Desalination and Water Treatment 204 (2020) 257-269 265

Table 4

Comparison of maximum adsorption capacity (Q, ) value for adsorption of Ce(Ill) onto various types of adsorbents

Adsorbents Q... (mggh) References
XC beads 555.6 This study
Poly(acrylic acid) brushes-decorated attapulgite 295.4 [32]
Activated carbon-based amino phosphonic acid chelating resin 94.3 [55]
Hybrid nano-material 130.0 [56]
Poly(allylamine)/silica composite 111.8 [57]
Monosodium glutamate functionalized chitosan 369.0 [58]
Yeast/silica composite 36.1 [59]
18.20 A
L 4
18.15 A
o)
= 18.10 A
L 4
18.05 1
*
18.00 T T T T )
0.00310 0.00315 0.00320 0.00325 0.00330 0.00335
/T (K1)

Fig. 7. Van't Hoff plot for adsorption of Ce(III) onto XC beads.

Table 5
Thermodynamic parameters for adsorption of Ce(III) onto XC
beads

Temperature AG° AH° AS°

(K) (kJ mol™) (kJ mol™) (J K mol™)
300 —45.32 -6.18 130.36

310 —46.56

320 —47.93

adsorption. The decrease in AG® values suggested a decline
in the spontaneity of the adsorption process, where the
energy to overcome the barrier for the adsorption process
was reduced at higher temperature [62]. The reduction of
Ce(III) adsorption at higher temperatures can be explained
by the increase in the tendency of adsorbed Ce(IIl) ions to
escape from XC beads based on the rise in the total energy
of the solution, as well as deactivation of some functional
groups on the adsorbent [51].

4. Conclusion

This study demonstrates a potential application of
XC beads for recovery of precious Ce(Ill) ions from aque-
ous solutions. In characterization studies, the XC beads

carried more basic groups as the pH slurry and pH_ _values
were 9.90 and 9.93, respectively. Results from the BET and
Langmuir surface areas confirmed that XC beads were non-
porous and Ce(Ill) ions adsorption most likely occurred at
the external surface. In the FTIR spectra, the disappearance
of basic xanthate groups (1,187; 864; and 601 cm™), as well
as amino (1,595 cm™) groups confirmed the adsorption of
Ce(III) ions on these groups. The efficiency of the adsorp-
tion process was found to be dependent on physicochem-
ical factors such as pH, stirring rate, and XC dosage. The
maximum adsorption capacity of Ce(Ill) ions was observed
at pH 4, stirring speed of 500 rpm, and XC beads dosage
of 0.02 g. Meanwhile, based on the kinetics study, adsorp-
tion of Ce(Ill) ions agreed well to the pseudo-second-order
model than the pseudo-first-order, which suggests that
chemisorption is a rate-limiting step. The maximum adsorp-
tion capacity that has been recorded in this study using
the Langmuir isotherm model is 555.6 mg g~ at 300 K. The
nature of adsorption was exothermic with the enthalpy and
entropy recorded were —-6.18 k] mol™ and 130.36 ] K mol™,
respectively. Ion-exchange reactions occur between Ce(III)
and Na* ions due to the electronegativity effect. Formation
of complexes between amino groups and Ce(IIl) ions has
been explained based on the hard acid and hard base inter-
action. Overall, this study demonstrates that xanthation is an
effective method to adsorb Ce(IIl) ions as a high adsorption
capacity and a fast rate of uptake were noticed. However, the
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use of CS2, a very toxic chemical could generate a secondary
pollution problem.
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Fig. S1. N, adsorption—desorption isotherm plot of XC beads.
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Fig. S2. Effect of initial pH on adsorption of Ce(Ill) onto XC beads (stirring speed: 300 rpm, adsorbent dosage: 0.01 g, stirring time:
30 min, and temperature 300 K).
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Fig. 3. Effect of stirring rate on adsorption of Ce(IIl) onto XC beads (pH: 4, adsorbent dosage: 0.01 g, stirring time: 30 min, and tem-
perature 300 K).
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Fig. S5. Pseudo-first-order model for adsorption of 100, 150, and 200 mg L™ Ce(III) ions onto XC beads at 300 K.

025 T
0.20
.
= 015
o X
7 0.10
z ® 100 mg/L.
0.0% *150mg/L
X 200 rmg/L
0.00 : ,
60 70

Time (min)

Fig. S6. Pseudo-second-order model for adsorption of 100, 150, and 200 mg L Ce(III) ions onto XC beads at 300 K.



