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In this study, Ca-montmorillonite (Ca-Mt) modified with Bi** was used as a novel adsorbent for the
sorption of Co(II) from aqueous solutions. The sorption of Co(Il) on Bi-montmorillonite (Bi-Mt) was
investigated as a function of contact time, pH, ionic strength, adsorbent content, Co(Il) concentrations,
fulvic acid (FA) and temperature. Compared to Ca-Mt, Bi-Mt showed a higher affinity to bind Co(II) ions.
The sorption percentage of Co(Il) on Bi-Mt increased with increasing pH at pH 3.0-8.5, and then main-
tained the high level at pH 8.5-12. The sorption of Co(Il) on Bi-Mt was dependent on ionic strength

Iéz{llw)ords" at low pH, and independent of ionic strength at high pH. The presence of FA enhanced Co(II) sorption
Sorption at low pH, but suppressed Co(II) sorption at high pH. The thermodynamic data derived from tempera-
Bi—montmorillonite ture dependent sorption isotherms suggested that the sorption of Co(II) on Bi-Mt was spontaneous and
Kinetics endothermic process. Outer-sphere surface complexation and/or ion exchange were the main mecha-

nisms of Co(II) sorption on Bi-Mt at low pH, whereas inner-sphere surface complexation was the main
sorption mechanism at high pH. From the experimental results, it is possible to conclude that Bi-Mt is

Thermodynamic parameter

suitable for application of Co(Il) removal from aqueous solutions.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Water pollution by radionuclides through the discharge of
industrial waste is a worldwide environmental problem. The pres-
ence of radionuclides and their fission products, even at low
concentrations, is of major concern, as they pose serious chemical
and radiological toxicity threats to living organisms [1]. Radionu-
clide 69Co is one of the most problematic waste nuclides, due to its
relatively long half-life (5.2 a) and high gamma decay energy which
is widely used in research and medical applications. Its high doses
cause paralysis, diarrhea, low blood pressure, lung irritations and
bone defects [2]. Thereby, the removal of 60Co from wastewater is
necessary. At present, the most promising and practical approach
for removing %0Co is the addition of non-nutritive adsorptive mate-
rials to contaminated water. A variety of natural and synthetic
materials such as bentonite [3], MgO, MnO,, TiO,, SnO [4], v-
Al,05 [5], Mexican aluminosilicates [6], chitosan derivatives [7] and
carboxylate-functionalized polyacrylamide grafted lignocellulosics
[8] have been tested as cobalt adsorbents. Of all the materials, clays
have attracted much attention owing to its high cation exchange
capacity, large surface area and low cost and ready availability [9].
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Montmorillonite, one of the most abundant clay minerals at the
earth surface, is found to be an effective adsorbent for the removal
of radionuclides from wastewater [10]. Montmorillonite is com-
posed of units made up of two silica tetrahedral sheets with a
central alumina octahedral sheet [11]. The tetrahedral and octa-
hedral sheets combine in such a way that the tips of the tetrahedra
of each silica sheet and one of the hydroxyl layers of the octahe-
dral sheet form a common layer. The atoms in this layer, which are
common to both sheets, become oxygen instead of hydroxyl. It is
thus referred to as a three-layered clay mineral with T-O-T layers
making up the structural unit. The replacement of Al3* or occasion-
ally Fe3* for Si** in the tetrahedral layer, as well as Mg2*, Fe%*, or
Mn?* for AI3* in the octahedral layer, give rise to a deficiency of
the positive charge in the framework. The charge imbalance is off-
set by exchangeable cations such as H*, Na*, or Ca%* on the layer
surfaces. It is possible to modify the surface properties of clays
greatly by replacing the cations with inorganic species. This method
is inorganic pillaring, using polyhydroxocations such as Al, Zr, Ti,
Cr, and Fe [12]. The advantages of pillared montmorillonite include
increased surface area and pore volumes, which results in greater
sorption capacity and better flow properties as compared to the
raw montmorillonite.

Nowadays, a variety of pillared montmorillonites have been
used to remove heavy metals from wastewater [13-19]. Cd(II)
sorption was increased by the presence of poly-hydroxyl ferric
on montmorillonite [13]. Cr(VI) sorption was enhanced by the
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presence of poly-hydroxyl zirconium on montmorillonite [14].
Bouchenafa-Saib et al. [15] found that the Al pillared montmo-
rillonite has a better affinity towards Cd(II) compared to the raw
montmorillonite. However, to the best of our knowledge, the study
of Bi pillared montmorillonite, especially its application on the
sorption of radiocobalt, is still not available. Our interest in Bi3*
modified montmorillonite is due to its remarkably low toxicity,
low cost, high versatility and ease of handling [20]. With increas-
ing environmental concerns and the need for ‘green reagents’, the
interest in bismuth and its compounds has increased tremendously
in the last decade [21-23].

In this work, Bi pillared montmorillonite (Bi-Mt) was prepared
and applied for 9Co(Il) removal from aqueous solution to evaluate
their feasibilities as novel adsorbent in the environmental remedi-
ation. The main purposes of this paper are: (1) to investigate the
sorption kinetics of 6°Co(II) on Ca-montmorillonite (Ca-Mt) and
Bi-Mt and to analyze the experimental data with a pseudo-second-
order equation; (2) to study the sorption of 6°Co(Il) on Bi-Mt as a
function of pH, ionic strength, and fulvic acid (FA); (3) to calcu-
late the thermodynamic parameters (i.e., AHY, AS?, AGY) from the
temperature dependent sorption isotherms; and (4) to presume the
sorption mechanisms of $°Co(II) on Bi-Mt.

2. Materials and methods
2.1. Material

Raw calcium montmorillonite (Ca-Mt) was purchased from
Zhejiang Sanding Technology Co. Ltd (Zhejiang, China). The sam-
ple contains 98.8% montmorillonite and 1.2% quartz. All chemicals
were purchased in analytical purity and used without further
purification. Milli-Q water was used in all the experiments. Soil
fulvic acid was extracted from the soil of Hua-Jia county (Gansu
province, China) and was characterized in detail [24,25]. The main
elements are: C 50.15%, H 4.42%, N 5.38%, O 39.56% and S 0.49%.

2.2. Preparation of Bi pillared montmorillonite

Four gram of dry Ca-Mt was added to 200 mL Milli-Q water to
get 2% (mass) Ca-Mt suspension, and then the solution was added
into 500 mL of Bi(NO3)3-5H, 0 solution (0.006 mol/L, pH 3.5) under
vigorous stirring for 2h at 96°C. This allows the maximum ion
exchange. The suspension was aged for 24 h at room temperature
to get bigger crystal particles with better crystallinity. Then the
aged suspension was separated by centrifugation, washed several
times with Milli-Q water to further purify the residual. The obtained
material was then dried at 60 °C, and pulverized to pass through a
200-mesh sieve.

2.3. Characterization

The XRD patterns of Ca-Mt and Bi-Mt were obtained using a
D/Max-rB equipped with a rotation anode using Cu Ka radiation
(A=0.15406 nm). The XRD device was operated at 40 kV and 80 mA.
The surface structural groups of Ca-Mt and Bi-Mt were charac-
terized by Fourier Transforms Infrared spectra (FT-IR). The sample
for the FT-IR measurement was mounted on a Bruker EQUINOX55
spectrometer (Nexus) in KBr pellet at room temperature. BET sur-
face area measurement was carried out using BEL SORP MINI II,
Japan. The samples were degassed at 323 K for 16 h in vacuum prior
to analysis. The nitrogen adsorption was carried out at 77 K. The
cation exchange capacity (CEC) was measured using the ammo-
nium acetate method through potentiometric titration. The amount
of loaded Bi was measured using ICP-OES (Optima 5300DV Spec-
trometer).

2.4. Experimental procedure

The sorption of Co(II) on Bi-Mt was investigated by using batch
technique in polyethylene centrifuge tubes under ambient condi-
tions. The stock suspension of Bi-Mt and NaClO4 solution were first
contacted for 24 h to achieve the equilibration of Bi-Mt and NaClOg4.
Then, cobalt stock solution and FA stock solution were added to
achieve the desired concentrations of different components. The
system was adjusted to the desired pH by adding negligible vol-
umes of 0.01 or 0.1 mol/L HCIO4 or NaOH. After the suspensions
were shaken for 48 h, the solid and liquid phases were separated
by centrifugation at 7788 g for 30 min.

Radiotracer %9Co(Il) was used in the experiments. The con-
centration of %0Co(Il) was analyzed by liquid scintillation
counting using a Packard 3100 TR/AB Liquid Scintillation Analyzer
(PerkinElmer). The scintillation cocktail was ULTIMA GOLD AB™
(Packard). The amount of Co(Il) adsorbed on Bi-Mt was calcu-
lated from the difference between the initial concentration and the
equilibrium one. All the experimental data were the averages of
triplicate determinations and the average uncertainties were about
5%.

The sorption of Co(IlI) was expressed in terms of distribution
coefficient (Ky) and sorption percentage (%), which were derived
from the following equations:

-GV
Kq= o m (1)
Sorption(%) = % x 100% (2)

0

where Cy is the initial concentration, Ce is the equilibrium con-
centration in supernatant after centrifugation, m is the mass of
Bi-Mt, and V is the volume of the suspension. To take into consid-
eration of Co(II) loss from procedures expect for montmorillonite
sorption (i.e., Co(Il) sorption on centrifuge tube wall), calibration
curves were attained separately under otherwise identical condi-
tions as the sorption process but no montmorillonite. Based on the
attained calibration curves, we can conclude that the sorption of
Co(II) on the centrifuge tube wall was negligible.

3. Results and discussion
3.1. Characterization

3.1.1. X-ray diffraction of montmorillonites

Basal spacing is one of the most important factors reflecting
the structural characterization of modified montmorillonite. Fig. 1A
presents the XRD patterns of Ca-Mt and Bi-Mt. The dg g reflection
for basal spacing determined by XRD is found to shift from 1.52 nm
(original Ca-Mt) to 1.58 nm in Bi-Mt. This change reveals that Bi
has been intercalated into the interlayer space of Ca-Mt.

3.1.2. FT-IR spectra of montmorillonites

Fig. 1B shows the infrared spectra of Ca-Mt and Bi-Mt.
The spectral regions of interest are the H-O-H bending
region and -OH stretching region of H,O. The H-O-H bend-
ing region (1600-1700cm~!) and the O-H stretching region
(3100-3700cm~1) are attributed to the physical adsorbed water.

FT-IR spectrum of the Ca-Mt shows the characteristic bands in
the —OH stretching region, which may correspond to AlI-O-H group
(3623 cm~1) and H-O-H group (3422 cm~1). Bending vibrations of
water molecules may contribute to ~-OH peaks (1642 cm™1). The
band at about 1034cm~! in the stretching mode region is due to
Si—0-Si, and bands centered at ~469 and 520 cm™! in the stretch-
ing mode are due to Si-O-Al and Si-0O-Mg, respectively. After the
modification of Bi to Ca-Mt, the band at 3422 cm~! (Ca-Mt) shifts
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Fig. 1. XRD patterns (A) and FT-IR spectra (B) of montmorillonite samples.

to 3450 cm~! (Bi-Mt) and the band intensity also drops due to the
replacement of hydrated inorganic cations of the clay mineral with
intercalated bismuth ions during the exchange reaction.

3.1.3. Basic physicochemical properties of montmorillonites

The cation exchange capacity (CEC), the specific surface area,
total pore volume, average pore diameter and the amount of loaded
Bi are shown in Table 1.

3.2. Results of the sorption experiments

3.2.1. Effect of contact time and kinetics study

The effects of contact time on the removal of Co(Il) by Ca-Mt
and Bi-Mt are shown in Fig. 2. Both the sorption processes are
rapid during the first 30 min contact time and then achieve equi-
librium within 2 h. The fast sorption process at the initial stage can
be attributed to the fact that the cobalt ions can interact easily with
the sites, and the slow sorption rate in later stage is due to slower
diffusion of solute into the interior of the adsorbent. Maximum
sorption occurs after 2 h and there is almost no further sorption
beyond this time. Thus, the shaking time was fixed to 24 h to make
sure the sorption can achieve complete equilibrium. This charac-
teristic is desirable for the treatment of industrial wastewater and
for emergency use.

Table 1
Basic physicochemical properties of Ca-Mt and Bi-Mt.
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Fig. 2. Effect of contact time on Co(ll) sorption on Bi-Mt and Ca-Mt and the
pseudo-second-order rate equation fit (insert). Ph 6.0+ 0.1, I=0.01 mol/L NaClOy,
T=303.15K, m/V=0.6 g/L, Ccoqnyinitia = 1.67 x 10~ mol/L.
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Fig. 3. Effect of ionic strength on Co(Il) sorption on Bi-Mt as a function of pH.
T=303.15K, m/V=0.6g/L, Ccoyinitia = 1.67 x 10~ mol/L.

In order to determine the mechanism of the sorption process,
the pseudo-second-order model is used to analyze the experimen-
tal data. The linear form of this model can be expressed as:

t 1 1
N > + —
qc  2Kq: Qe

3)

where q; (mg/g) is the amount of Co(Il) adsorbed at time t, ge (mg/g)
is the equilibrium sorption capacity and K (g/(mgh)) is the pseudo-
second-order rate constant. The correlation coefficient (RZ =0.999)
of the linear plot of t/q; versus t (the inserted figure in Fig. 2) is very
close to 1, which suggests that the experimental data can be fitted
very well by the pseudo-second-order model [26-28].

3.2.2. Effect of initial solution pH

Initial pH of the aqueous solution is an important variable that
influences the sorption of metal ions at water-solid interfaces. Fig. 3
shows the sorption of Co(Il) on Bi-Mt at various pH values ranging

Samples CEC (cmol/kg) BET surface area (m?/g) Total pore volume (mL/g) Average pore diameter (A) Amount of loaded Bi (mol/kgMt)
Ca-Mt 95.2 26.33 0.0633 101.43 -
Bi-Mt 86.1 75.21 0.0994 58.44 0.18
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from 3 to 12 atT=303.15K.Itis evident that the removal of Co(Il) by
Bi-Mt is highly pH-dependent. The sorption percentage increases
gradually from ~20% to ~93% at pH 3-8.5, and then maintains
the high level with increasing pH. In aqueous systems, the surface
groups of Bi-Mt can be protonated in different extents. There-
fore, the concentrations of surface sites of Bi-Mt change under
different pH values. With increasing pH, the surface sites are depro-
tonated and the hydrolysis of Co(Il) also increases. According to
the hydrolysis constants of Co(Il) (logK; =—9.6, logK> =—9.2, and
log K3 =—12.7) [29], the distribution species of Co(II) as a function
of pHis shown in Fig. 4. The results demonstrate that Co(II) presents
in the forms of Co2*, Co(OH)*, Co(OH), and Co(OH);~ at various pH
values. At pH < 8.5, the main species is Co2* and the removal of Co?*
is mainly accomplished via sorption reaction. The sorption of Co2*
can be attributed to ion exchange between Co2* and H*/Ca%* on the
surface sites. At pH 8.5-12, the predominant species are Co(OH)*
and Co(OH), and they are easily to be adsorbed on the negatively
charged Bi-Mt surfaces. As a result, the removal of Co(ll) main-
tains a high level and reaches maximum [30]. The precipitation
constant of Co(OH),(s) is 2 x 10~1%, and the precipitation curve of
Co(II) at the concentration of 1.67 x 104 mol/L is also shown in
Fig. 3. From the precipitation curve, one can see that Co(II) begins
to form precipitation at pH ~8.5 if no Co(Il) is adsorbed on Bi-Mt.
However, ~90% Co(Il) is adsorbed on Bi-Mt at pH~8, the precipita-
tion of Co(OH), on Co(Il) sorption can be negligible because large
amounts of Co(II) are adsorbed on Bi-Mt.

3.2.3. Effect of ionic strength

The effect of ionic strength on the removal of Co(Il) to Bi-Mt is
carried out in 0.001, 0.01 and 0.1 M NaClOy4 solutions (Fig. 3). It is
clear that the sorption of Co(Il) on Bi-Mt at pH<8.5 is influenced
by ionic strength obviously, whereas no drastic difference of Co(II)
sorption is found at pH > 8.5 in the three different NaClO4 concen-
trations. The ionic strength can influence the double layer thickness
and interface potential, thereby can affect the binding of the
adsorbed species. lon exchange or outer-sphere surface complex-
ation is influenced by ionic strength obviously, and inner-sphere
surface complexation is not affected by ionic strength [31,32]. From
the above results, one can conclude that sorption of Co(Il) on Bi-Mt
is dominated by ion exchange and/or outer-sphere surface com-
plexation at low pH, and by inner-sphere surface complexation at
high pH [33].
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Fig. 5. Effect of FA on Co(ll) sorption on Bi-Mt as a function of pH. T=303.15K,
m/V=0.6g/L, Cra =10 mg/L, Cconjinitial = 1.67 x 10-4 mol/L.

3.2.4. Effect of FA

Fig. 5 illustrates the pH-dependent of Co(Il) sorption on Bi-Mt
in the absence and presence of FA. As can be seen from Fig. 5, a
positive effect of FA on the sorption of Co(Il) on Bi-Mt is observed
at pH <8, while a negative effect of FA is observed at pH > 8. At low
pH values, the negatively charged FA can be easily adsorbed on the
positively charged Bi-Mt surface. The strong complexation ability
of Co(Il) ions with surface adsorbed FA results in the increasing
sorption of Co(Il) on Bi-Mt [34]. However, at high pH values, the
negatively charged FA is difficult to be adsorbed on the negatively
charged Bi-Mt surface due to electrostatic repulsion. The fraction
of FA remained in solution increases with increasing pH values,
and soluble FA-Co(Il) complexes are formed in solution and thereby
reduces Co(II) sorption at high pH values [35]. However, the effect
of FA on metal ion sorption is very complicated and various results
have been reported. Zhao et al. [36] found that the presence of FA
enhanced the sorption of Pb(II) on 3-MnO, at pH < 7, while reduced
Pb(II) sorption at pH> 7. Tan et al. [37] concluded that the presence
of FAincreased Eu(Ill) sorption on TiO; at pH < 6, while the presence
of FA had no influence on the sorption at higher pH values. Fan et al.
[38] investigated Ni(Il) sorption on Na-attapulgite and found that
the presence of FA had no influence on the sorption of Ni(ll) at
low pH, while decreased the sorption of Ni(Il) at high pH values.
The differences reported in the above-mentioned literatures are
attributed to many factors such as the nature of humic substances,
nature of minerals, nature of metal ions, solution pH and, etc.

3.2.5. Effect of Bi-Mt content

The sorption of Co(II) on Bi-Mt as a function of solid content
is shown in Fig. 6. The removal of Co(Il) from solution to Bi-Mt
increases with increasing Bi-Mt content. With increasing solid
content, the functional groups at the Bi-Mt surfaces increase and
thereby more surface sites are available to form complexes with
Co(II) at solid surfaces. The distribution coefficient (Ky) values of
Co(II) sorption on Bi-Mt are also shown in Fig. 6. The K4 values are
constant with increasing solid contents, which are consistent with
the physicochemical properties of Ky values, i.e., the K4 value is
independent of solid content at low solid content [39]. The results
suggest that there is almost no competition among the functional
groups at Bi-Mt surfaces. Because of the low content of Bi-Mt in
the system, the particles of Bi-Mt are almost not aggregated in the
suspension. The Co(Il) ions in solution can freely form complexes
at the surfaces of Bi-Mt, and this reaction is not affected by the
content of Bi-Mt [40].
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3.2.6. Sorption isotherms of Co(1l) on Ca—Mt and Bi-Mt

The sorption of Co(Il) on Ca-Mt at 303.15K and on Bi-Mt at
303.15, 323.15 and 343.15K, respectively, are shown in Fig. 7. One
can see that the sorption isotherm of Co(ll) on Bi-Mt is much
higher than that on Ca-Mt at 303.15K, indicating that Bi-Mt has
higher affinity towards Co(II) than Ca-Mt. The sorption isotherm
of Co(II) on Bi-Mt is the highest at T=343.15 K and is the lowest at
T=303.15K, indicating that high temperature is advantageous for
Co(lII) sorption on Bi-Mt. Langmuir, Freundlich and D-R isotherm
models are conducted to simulate the sorption data of Co(Il) on
Ca-Mt and Bi-Mt.

The Langmuir isotherm is valid for monolayer sorption onto a
surface with a finite number of identical sites. This model is based
on the assumption of sorption homogeneity, such as equally avail-
able sorption sites, monolayer surface coverage, and no interaction

between adsorbed species. Its form can be expressed as [41]:

Ce 1 Ce

- +
Ge  bGmax  Gmax

where Ce (mg/L) is the equilibrium concentration of Co(Il) in solu-
tion, g (mol/g) is the amount of Co(Il) adsorbed on per weight
unit of solid after equilibrium, gmax (mol/g) is the maximum sorp-
tion capacity and b (L/mol) is a constant that relates to the heat of
sorption.

The Freundlich model is an empirical equation with the assump-
tion that the sorption energy of Co(Il) binding to a site on an
adsorbent depends on whether or not the adjacent sites are already
occupied. This model is usually appropriate for heterogeneous
sorption with the form as follows [42]:

(4)

logge = logkg + n logCe (5)

where kg (mol'="L"/g) is the Freundlich constant which is related
to sorption capacity. n is a constant representing the mutual inter-
action of adsorbed species. Experimental values of n are usually
greater than unity and this means that the forces between the
adsorbed molecules are repulsive.

The D-Risotherm, apart from being an analogue of the Langmuir
isotherm, is more general than the Langmuir model, since it does
not assume a homogeneous surface or constant sorption potential
[43]. This model can be used to estimate the characteristic porosity
of adsorbents and their apparent energy of sorption. Its form can
be described as follows:

Inge = In gmax — B&> (6)

where S is the activity coefficient related to the mean sorption
energy (mol?/kJ?), and ¢ is the Polanyi potential, which is equal
to:

&€=RTIn (1+é) (7)

where R is ideal gas constant (8.314 ]/(mol K)), and T is the absolute
temperature in Kelvin (K).

The experimental data of Co(Il) sorption are analyzed with the
Langmuir, Freundlich and D-R models, and the results are shown
in Fig. 8. The relative parameters are listed in Table 2. It can be
concluded from the correlation coefficients that Langmuir model
simulates the experimental data better than Freundlich and D-R
models. The fact that the sorption data of Co(Il) according with
Langmuir isotherm suggests that the binding energy on the whole
surface of Bi-Mt is uniform. In other words, the whole surface has
identical sorption activity and therefore the adsorbed Co(II) ions
do not interact or compete with each other, and they are adsorbed
by forming an almost complete monolayer coverage of the Bi-Mt
particles. This phenomenon also suggests that chemisorption is
the principal uptake mechanism in sorption process. Moreover,
Bi-Mt has a finite surface area and sorption capacity, thus the
sorption could be better described by Langmuir model rather than
by Freundlich model, as an exponentially increasing sorption was
assumed in the Freundlich model. At all temperatures, the value of
ge was found to be smaller than gmax, which suggests that Co(II)
sorption on Bi-Mt is by a monolayer type in which the surface of

Table 2

The parameters for Langmuir, Freundlich and D-R sorption isotherms of Co(Il) on Ca-Mt and Bi-Mt.
Adsorbent T (K) Langmuir Freundlich D-R

Gmax (mol/g) b (L/mol) R? Kr (mol' " L"[g) n R? B (mol?/kJ?) Gmax (mol/g) R?

Ca-Mt 303.155 3.82x 104 7.80 x 103 0.999 8.03 x 102 0.674 0.989 527 x 1073 470 x 1073 0.995
Bi-Mt 303.15 492 %104 1.01 x 104 0.999 137 x 107! 0.685 0.985 5.10 x 1073 491 %1073 0.993
Bi-Mt 323.15 514 x 104 1.11x 104 0.999 1.43 x 107! 0.679 0.988 479 %1073 3.08 x 103 0.995
Bi-Mt 343.15 527 x 1074 1.36 x 104 0.999 1.45x 10! 0.665 0.985 4.19x 1073 451 %1073 0.993
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Fig. 8. Langmuir (A), Freundlich (B) and D-R (C) model fittings for Co(Il) sorp-
tion on Bi-Mt at three different temperatures. I=0.01 mol/L NaClO4, pH 6.0+0.1,
m/V=0.6g/L.

Bi-Mtis not saturated. The value of n calculated from the Freundlich
model is from unity, indicating that a nonlinear sorption of Co(II)
takes place on Bi-Mt surfaces.

3.2.7. Thermodynamic study

The thermodynamic parameters (AH?, AS® and AGO) for Co(II)
sorption on Bi-Mt are calculated from the temperature dependent
sorption isotherms. The Gibbs free energy change (AGO) is calcu-

884 L
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8.4
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2 824
%ﬁ
g 8.0
7.8
7.6
T T T T T
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Ce(mol/L)

Fig. 9. Linear plots of In Ky versus C. for Co(II) sorption on Bi-Mt at three different
temperatures. [=0.01 mol/L NaClOq4, pH 6.0+0.1, m/V=0.6 g/L.

lated from the following equation:
AGY = —RT In K° (8)

where R is ideal gas constant (8.314]/(molK)), K is the sorption
equilibrium constant. The values of InK? are obtained by plotting
InKy versus Ce (Fig. 9) and extrapolating Ce to zero [44]. Standard
entropy change (AS9) is calculated using the equation:

o (9AGO
e (4)

The average standard enthalpy change (AHO) is then calculated
from the expression:

AH? = AGO + TAS® (10)

The values obtained from Egs. (8)-(10) are tabulated in Table 3.
The positive value of the standard enthalpy change indicates
that the sorption is endothermic, which suggests the existence
of a strong interaction between Bi-Mt with Co(II). One possible
explanation to this positive entropy is that Co(II) is solved well in
water, and the hydration sheath of Co(Il) has to be destroyed before
its sorption on Bi-Mt. This dehydration process needs energy, and
it is favored at high temperature [36,45]. The implicit assumption
is that after sorption the environment of Co(II) ions is less aqueous
thanitisin solution. The removal of water from ions is substantially
an endothermic process, and it appears that the endothermicity of
the desolvation process exceeds that of the enthalpy of sorption
by a considerable extent. The Gibbs free energy change (AG?)
is negative as expected for a spontaneous process under the
conditions applied. The value of AG? becomes more negative with
the increase of temperature, indicating more efficient sorption
at high temperature. At high temperature, cations are readily
desolvated and hence their sorption becomes more favorable [46].
The positive value of entropy change (AS?) implies some structural
changes in adsorbate and adsorbent during the sorption process,
which leads to an increase in the disorder of the solid-solution

Table 3
Values of thermodynamic parameters for the sorption of Co(Il) on Bi-Mt.

T (K) AGP (kJ/mol) AHO (k]/mol) AS° (J/(mol/K))
303.15 -21.21 7.77 95.6
323.15 —22.99 7.90 95.6
343.15 —25.04 7.77 95.6
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Table 4
Comparison of Co(II) sorption capacities of Bi-Mt with other adsorbents.
Adsorbent Sorption Solution chemistry Reference
capacity (mg/g) conditions
Granular activated 1.19 pH 6.0 T=298.15K [47]
carbon
Polymeric chitosan 5.11 pH 8.0 T=298.15K [7]
adsorbent
ZrO-kaolinite 9.60 pH 5.8 T=303.15K [19]
Coir pith 12.82 pH 4.3 T=300.15K [48]
Natural zeolite 14.65 pH 6-7 T=303.15K [49]
Bentonite 16.92 pH 7.0 T=298.15K [3]
Hydroxyapatite 20.92 pH 5.0 T=293.15K [50]
Formaldehyde 21.78 pH 7.0 T=298.15K [3]
Modified-bentonite
Lemon peel 22.00 pH 6.0 T=298.15K [51]
ZrO-montmorillonite 22.80 pH 5.8 T=303.15K [19]
Bi-Mt 29.52 pH 6.0 T=303.15K This work
PGBS-COOH 166.70 pH 6.5 T=303.15K [8]

system. The thermodynamic analysis derived from temperature
dependent sorption isotherms suggests that the sorption process
of Co(II) on Bi-Mt is spontaneous and endothermic [38].

3.2.8. Comparison of sorption capacity of Bi-Mt with other
adsorbents

The maximum sorption capacity of Bi-Mt is compared with
other materials (see Table 4). Although a direct comparison of
Bi-Mt with other adsorbents is difficult due to the different exper-
imental conditions applied, it has been found that Co(II) sorption
capacity of Bi—-Mt is higher than that of granular activated carbon,
polymeric chitosan adsorbent, ZrO-kaolinite, coir pith, natural zeo-
lite, bentonite, hydroxyapatite, formaldehyde modified-bentonite,
lemon peel and ZrO-montmorillonite. The low cost and simplicity
of preparation process make Bi—-Mt an attractive adsorbent for the
cost-effective treatment of Co-bearing wastewater.

4. Conclusions

In this study, the sorption of Co(Il) on raw Ca-Mt and Bi-Mt
was investigated by using batch technique. Compared to raw
Ca-Mt, Bi-Mt showed a higher affinity to bind Co(II) ions. In addi-
tion, the sorption percentage of Co(Il) on Bi-Mt increased with
increasing pH at pH 3-8.5, and then maintained the high level
at pH 8.5-12. The sorption of Co(Il) on Bi-Mt was dependent
on ionic strength at low pH values, and independent of ionic
strength at high pH values. The presence of FA enhanced Co(II)
sorption on Bi-Mt at low pH values, but suppressed Co(Il) sorp-
tion at high pH values. The thermodynamic analysis derived from
temperature dependent sorption isotherms suggested that the
sorption of Co(Il) on Bi-Mt is an spontaneous and endothermic
process. By integrating all the above-mentioned analysis results
together, one can conclude that outer-sphere surface complex-
ation and/or ion exchange are the main mechanisms of Co(Il)
sorption on Bi-Mt at low pH values, whereas inner-sphere surface
complexation is the main sorption mechanism at high pH values.
Considering its high affinity to bind Co(II) ions and the simplic-
ity of preparation process, one can conclude that Bi-Mt is suitable
for potential practical application in heavy metal ion pollution
disposal.
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