
Journal of Nuclear Materials 406 (2010) 263–270
Contents lists available at ScienceDirect

Journal of Nuclear Materials

journal homepage: www.elsevier .com/ locate / jnucmat
Solution chemistry effects on sorption behavior of radionuclide 63Ni(II)
in illite–water suspensions

Baowei Hu a, Wen Cheng b, Hui Zhang c, Shitong Yang c,⇑
a School of Life Science, Shaoxing University, Shaoxing 312000, PR China
b Key Laboratory of Northwest Water Resources and Environmental Ecology of Education Ministry, Xi’an University of Technology, Xi’an 710048, PR China
c Key Laboratory of Novel Thin Film Solar Cells, Institute of Plasma Physics, Chinese Academy of Sciences, P.O. Box 1126, Hefei 230031, PR China

a r t i c l e i n f o a b s t r a c t
Article history:
Received 23 March 2010
Accepted 31 August 2010
0022-3115/$ - see front matter � 2010 Elsevier B.V. A
doi:10.1016/j.jnucmat.2010.08.047

⇑ Corresponding author. Tel.: +86 551 5591368; fax
E-mail address: styang@ipp.ac.cn (S. Yang).
In this work, a naturally occurring illite was characterized by using FTIR and XRD to determine its chem-
ical constituents and crystal structure. A series of batch experiments were carried out to investigate the
effect of various environmental factors such as contact time, pH, ionic strength, foreign ions, coexisting
humic substances and temperature on the sorption behavior of illite towards radionuclide 63Ni(II). The
sorption of 63Ni(II) on illite was strongly dependent on pH and ionic strength. A positive effect of HA/
FA on 63Ni(II) sorption was found at pH < 6.5, whereas a negative effect was observed at pH > 6.5. The
Langmuir, Freundlich, and D-R models were used to simulate the sorption isotherms of 63Ni(II) at three
different temperatures of 293, 313 and 333 K. The thermodynamic parameters (DH0, DS0 and DG0) of
63Ni(II) sorption on illite were calculated from the temperature dependent sorption isotherms, and the
results indicated that the sorption of 63Ni(II) on illite was endothermic and spontaneous. At low pH,
the sorption of 63Ni(II) was dominated by outer-sphere surface complexation and ion exchange with
Na+/H+ on illite surfaces, whereas inner-sphere surface complexation was the main sorption mechanism
at high pH. From the experimental results, it is possible to conclude that illite has good potentialities for
cost-effective treatments of 63Ni(II)-contaminated wastewaters.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

The increasing levels of toxic metals and radionuclides that are
discharged to the environment as industrial wastes represent a
serious threat to human health, living resources and ecological sys-
tems. Among the potentially pollutants, nickel is one of the most
widespread contaminants in the environment. The wastewater
containing nickel mainly derives from industrial production pro-
cesses such as mining, electrolysis, electroplating, batteries dyes
metallurgy and pesticides [1]. 63Ni(II) (T1/2 = 96a) is an important
product of the neutron activation of the reactor materials. The
important radionuclide 63Ni(II) is present in liquid wastes released
from pressurized water from the nuclear power reactors, and it is
also widely used in research and medical applications. The pres-
ence of nickel in drinking water above the permissible limit of
0.02 mg/L (WHO drinking-water quality standards) may cause ad-
verse health impacts such as anemia, diarrhea, encephalopathy,
hepatitis and the dysfunction of central nervous system. For the
sake of ecosystem stability and public health, it is of great immi-
nence to eliminate nickel ions from wastewaters.
ll rights reserved.
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Sorption technique has been widely used all over the world for
the disposal of wastewater and retention of nuclear waste due to
its simplicity of design, high sorption efficiency, low cost and wide
adaptability. In Sweden, the Svensk Kärnbränslehantering AB (SKB,
the Swedish Nuclear Fuel and Waste Management Co.) presents an
R&D program every 3 years to manage and dispose of spent nuclear
fuel and other radioactive waste [2]. The studies on the sorption
and retention of nuclear waste have been conducted extensively.
Many R&D programs and various results have been reported
[3–8]. For the long-term performance assessment of nuclear waste
retention, it is imperative to acquire more in-depth understanding
on the sorption mechanisms of radionuclides on mineral surfaces.

Clay minerals have been found to be low cost, effective materi-
als for the removal of metal ions from various effluents owing to
their high cation exchange capacity and high specific surface area
associated with their small particle sizes [9]. Thereby, the removal
of heavy metal ions and radionuclides from various effluents by
using multifarious clay minerals has been studied extensively in
the recent years and many mechanisms have been postulated such
as ion exchange, outer-sphere surface complexation, inner-sphere
surface complexation, precipitation, and diffusion into particle
micropores [10–14]. However, to the best of our knowledge, few
researches were focused on the sorption behavior of illite towards
radionuclides. Therefore, it is of great value to do the present study,
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which has a quite important reference value in appraising the
elimination capacity of illite for the treatment of radionuclide-con-
tained water.

The basic objectives of this paper are: (1) to characterize illite
using XRD and FTIR to determine its chemical constituents and
crystal structure; (2) to study the sorption of 63Ni(II) on illite as a
function of environmental factors such as pH, ionic strength, solid
content, foreign ions and coexisting humic substances (i.e., humic
acid (HA) and fulvic acid (FA)); (3) to determine the thermody-
namic parameters of 63Ni(II) sorption on illite; and (4) to presume
the sorption mechanism of 63Ni(II) on illite and to estimate the
possible application of illite in wastewater disposal.

2. Experimental

2.1. Materials

The illite sample was purchased from ChengMing illite Co., LTD.
and was ground to <200 mesh (<0.065 mm). The CEC was deter-
mined to be 70 mmol/100 g by using the ammonia electrode meth-
od [15]. Gu et al. [16] studied the acid–base surface chemistry of
illite by using potentiometric titration method with 0.1, 0.01, and
0.001 M NaNO3 solutions as the background electrolyte and found
the point of zero charge (pHpzc) of illite ranged from 6.0 to 7.5 at
the three different ionic strengths. The specific surface area of illite
sample was determined to be 65.91 m2/g by using N2-BET method.

HA and FA were extracted from the soil of Hua-Jia county
(Gansu province, China) near 35�N and 105�E, which is very near
to the site of nuclear weapon test. Tan et al. [17] had characterized
HA and FA in detail as a suite of 3 discrete acids with pKa values
and the surface site densities of HA and FA determined by fitting
the potentiometric titration data using FITEQL 3.1 are given in Ta-
ble 1.

All chemicals used in the experiments were purchased as ana-
lytical purity and used directly without any further purification.
All the reagents were prepared with high-purity deionized water
from a Millipore Synthesis A10 water system (18.2 MX, <8 ppb to-
tal organic carbon (TOC), UV light treated, ultrafiltration mem-
brane, 0.2 lm filtered).

2.2. Characterization

The sample of illite was characterized using Fourier transform
infrared sorption (FTIR) (Perkin Elmer spectrum 100, America) in
pressed KBr pellets. The spectral resolution was set to 1 cm�1,
and 150 scans were collected for each spectrum. The X-ray powder
diffraction (XRD) pattern of illite crystal was recorded on a MAC
Science Co., M18XHF diffractometer. XRD analysis was performed
with Cu Ka radiation (k = 0.15406 nm) with a Rigaku diffractome-
ter. The 2h-scanning rate was 2� min�1.

2.3. Experimental procedures

All the experiments were carried out by using batch technique
in polyethylene centrifuge tubes under ambient conditions. The
stock solutions of illite and NaClO4 were pre-equilibrated for
24 h and then 63Ni(II) stock solution was added to achieve the
Table 1
The concentrations of functional groups of HA and FA calculated from potentiometric titr

Log Ka C (mol/g)a

L1 L2 L3 HL1 HL2

HA �5.04 �7.40 �9.60 2.20 � 10�3 1.08 � 1
FA �5.19 �7.77 �10.53 1.83 � 10�3 1.08 � 1

a HL1, HL2 and HL3 represent the carboxyl groups (–COOH), the phenolic groups (Ar–
desired concentrations of different components. The pH was ad-
justed to desired values by adding negligible volumes of 0.1 or
0.01 M HClO4 or NaOH. After the suspensions were oscillated for
24 h, the solid and liquid phases were separated by centrifugation
at 7788 g for 30 min. To take into the account of 63Ni(II) loss from
procedures except for illite sorption (i.e., 63Ni(II) sorption on tube
wall), calibration curves were obtained separately under otherwise
identical conditions as the sorption process but no illite. Based on
the obtained calibration curves, the amount of 63Ni(II) adsorbed on
illite was calculated by subtracting the mass in the solution from
the mass spiked.

The concentration of radiotracer 63Ni(II) used in the experi-
ments was analyzed by Liquid Scintillation counting using a Pack-
ard 3100 TR/AB Liquid Scintillation analyzer (Perkin Elmer). The
sorption percentage (Sorption, % = (C0�Ceq)/C0 � 100%) and distri-
bution coefficient (Kd = (C0�Ceq)/Ceq V/m) of 63Ni(II) on illite were
derived from the initial concentration of 63Ni(II) (C0), the equilib-
rium concentration of 63Ni(II) (Ceq), the mass of illite (m) and the
volume of the suspension (V). All experimental data were the aver-
age of triplicate determinations and the relative errors of the data
were about 5%.

3. Results and discussion

3.1. Microstructure characterization of illite sample

The FTIR spectrum of illite sample is shown in Fig. 1. The band
at 427 cm�1 is corresponded to d (AlAlOH) of surface hydroxyl
layer. The bands at 466 and 527 cm�1 are corresponded to d
(SiO) of siloxamic cavity. The bands at 665, 752 and 795 cm�1

are assigned to the d (MgAlOH), d (Si–O–Al) and d (FeMgOH),
respectively. The band at 1024 cm�1 corresponds to m(Si–O) in
plane stretch. The band at 1638 and 3445 cm�1 are assigned to
the d (OH) and m(OH) of water, respectively. The sorption band at
3623 cm�1 is due to the m(OH) in Fe-rich illites [18]. The d (Al–
O–Al) at 694 cm�1 and m(AlAlO–H) at 3695 cm�1 are typical of kao-
linite clays and are likely the result of impurities in the illite
system.

The XRD pattern of illite sample shown in Fig. 2 corresponds to
illite-2M#2. The main peaks at 2h = 9�, 19� and 26.5� (marked by I)
are the characteristic diffraction peaks for natural illite [19]. The
other peaks are corresponded to the impurities of kaolinite
(marked by K) and quartz (marked by q).

3.2. Macroscopic experimental results

3.2.1. Sorption kinetics analysis
Fig. 3 shows the sorption of 63Ni(II) on illite as a function of con-

tact time. One can see that sorption of 63Ni(II) on illite increases
rapidly at the first 5 h and then the sorption percentage maintains
at an aptotic value with increasing contact time. This result sym-
ptomatizes that 63Ni(II) sorption on illite surface is attributed to
chemical sorption rather than physical sorption [20,21]. The whole
sorption dynamics process can be divided into two distinct steps:
an initial fast sorption, followed by a much slower sorption. The
fast 63Ni(II) removal rate in the beginning is attributed to the rapid
diffusion of 63Ni(II) from the solution to the external surfaces of il-
ation by using FITEQL 3.1 [17].

Surface sites density (mol/g) WSOS/DF

HL3

0�3 3.18 � 10�3 6.46 � 10�3 2.37
0�3 2.42 � 10�2 2.71 � 10�2 0.10

OH) and the amine groups (–NH2) of HA and FA, respectively.
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Fig. 1. FTIR spectrum of illite sample.
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Fig. 2. XRD pattern of illite sample.
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Fig. 3. Sorption of 63Ni(II) on illite as a function of contact time. T = 293 ± 2 K,
pH = 6.4 ± 0.1, C(Ni)initial = 1.59 � 10�4 mol/L, m/V = 0.8 g/L, I = 0.01 M NaClO4.
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Fig. 4. Effect of ionic strength on 63Ni(II) sorption to illite as a function of pH values.
T = 293 ± 2 K, C(Ni)initial = 1.59 � 10�4 mol/L, m/V = 0.8 g/L.
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lite. The subsequent slow sorption process is attributed to the long-
er diffusion range of 63Ni(II) into the inner-sphere pores of illite or
the exchange with cations in the inner surface of illite. Such slow
diffusion will lead to a slow increase in the sorption curve at later
stages [22]. According to the above results, the oscillating time is
fixed at 24 h in the following experiments to ensure that the sorp-
tion reaction can achieve complete equilibrium. The fast sorption
kinetics observed with this clay sorbent is an advantage for contin-
uous water treatment systems.
3.2.2. Effect of pH
Fig. 4 shows the pH dependence of 63Ni(II) sorption on illite in

0.001 M, 0.01 M and 0.1 M NaClO4 solutions, respectively. As can
be seen from Fig. 4A, the sorption of 63Ni(II) on illite is obviously
affected by pH values. The sorption curve of 63Ni(II) on illite can
be divided into three regions. The sorption of 63Ni(II) increases
gradually from about �5% to �25% when the pH of the solution in-
creases from 2 to 6 (region I). In region II, from pH 6 to 8.5, the
sorption performance of 63Ni(II) on illite increases sharply from
25% to a maximum value of 96%. Above pH 8.5, the removal of
63Ni(II) maintains unchanged at 96% (region III). The phenomenon
that the sorption edges spread over three pH units implies the for-
mation of multifarious surface complexes and represents different
sorption mechanisms [23]. The changes of distribution coefficient
(Kd) as a function of pH values is shown in Fig. 4B. One can see that
the Kd values increase with increasing pH and then remain the
same, which is consistent with the trend of sorption percent. With
increasing pH, the sorption of 63Ni(II) on illite increases and thus
the concentration of 63Ni(II) in solution (Ceq) diminishes, which
leads to the increase of sorption capacity (Cs = (C0�Ceq) V/m) and
the uptrend of distribution coefficient (Kd = (C0�Ceq)/Ceq V/m).

The exact speciation of 63Ni(II) has a significant impact on the
removal efficiency of illite, thus the removal selectivity of 63Ni(II)
by illite is influenced by the character of 63Ni(II) complex that
predominates at a particular solution pH. It is known that nickel
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species present in the forms of Ni2+, Ni(OH)+, Ni(OH)2, ðNiðOHÞ�3
and NiðOHÞ2�4 at different pH values (Fig. 5). The predominant
nickel specie is Ni2+ and the removal of 63Ni(II) is mainly accom-
plished by sorption reaction at pH < 8.5. Therefore, the low 63Ni(II)
sorption that takes place at pH < 6 (region I) can be attributed
partly to the competition between H+/Na+ and Ni2+ on the surface
sites. It is noteworthy that the drastic increasing in the uptake of
63Ni(II) on illite at 6 < pH < 8.5 (region II) is not attributed to the
precipitation of Ni(OH)2(s) because of the low precipitation con-
stant (2.0 � 10�15). The precipitation curve of 63Ni(II) at the con-
centration of 1.59 � 10�4 mol/L is also shown in Fig. 4A. It is
clear that 63Ni(II) begins to form precipitation at pH � 8.5 in the
absence of illite. However, more than 90% 63Ni(II) is adsorbed on
illite at pH 8.5. Thereby the sorption of 63Ni(II) on illite at pH below
8.5 is not attributed to the surface precipitation of Ni(OH)2. How-
ever, the formation of 63Ni(II) species with OH� plays an important
role in the increase of 63Ni(II) removal above pH 8.5 (region III).
Depending on the pH and metal concentration, the hydrolytic ac-
tions of 63Ni(II) may generate various complexes such as Ni(OH)+,
Ni(OH)2, NiðOHÞ�3 and NiðOHÞ2�4 at high pH values (pH > 8.5), which
participates in the sorption and precipitate onto the illite [24].

3.2.3. Effect of ionic strength
The effect of ionic strength on 63Ni(II) sorption on illite as a

function of pH values is also shown in Fig. 4A. One can see that
the sorption of 63Ni(II) is obviously affected by ionic strength, espe-
cially at low pH values. The sorption is strongly affected by ionic
strength at pH < 7.5 and no effect is approximately found on
63Ni(II) sorption at pH > 7.5. The ionic strength can influence the
double electrode layer thickness and interface potential, thereby
can affect the binding of the adsorbed species. Outer-sphere sur-
face complexes are expected to be more impressionable to ionic
strength variations than inner-sphere complexes as the back-
ground electrolyte ions are placed in the same plane for outer-
sphere surface complexes [25]. Based on the theory mentioned
above, one can deduce that cation exchange or outer-sphere sur-
face complexation mainly contribute to 63Ni(II) sorption on illite
at pH < 7.5, while inner-sphere surface complexation is the main
sorption mechanism of 63Ni(II) on illite at pH > 7.5 [11,26].

As can be seen from Fig. 4A, the sorption of 63Ni(II) on illite in-
creases with decreasing ionic strength at pH < 7.5. This phenome-
non could be attributed to three reasons: (1) 63Ni(II) ions form
electrical double layer complexes with illite, which favors the
sorption when the concentration of the competing salt is de-
creased. This may indicate that the sorption interaction between
the functional groups of illite and 63Ni(II) ions is mainly an ionic
interaction in nature, which is in agreement with the ion exchange
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Fig. 5. Relative proportion of 63Ni(II) species as a function of pH.
mechanism; (2) the ionic strength of solution influences the activ-
ity coefficient of 63Ni(II) ions, which limits their transfer to illite
surfaces [27,28]; (3) ionic strength effects can impact particle
aggregation by affecting electrostatic interactions. Increased ionic
strength has been shown to reduce electrostatic repulsion and
thereby increases particle aggregation of illite, which reduces the
amount of available binding sites and thereby decreases the sorp-
tion of 63Ni(II) on illite [29].
3.2.4. Effect of solid content
The sorption of 63Ni(II) on illite as a function of solid content is

shown in Fig. 6. One can see that the sorption percentage of
63Ni(II) increases with increasing illite content. With increasing
solid content, the amount of functional groups at illite surface
increases and thereby increases the available sites for binding
63Ni(II), which enhances the formation of complexes between
63Ni(II) and illite. The results also clearly indicate that the
removal efficiency increases up to the optimum dosage beyond
which its increase is negligible.

As can be seen from Fig. 6, the sorption capacity of 63Ni(II) on
illite decreases gradually with the increase of solid content. This
may be attributed to the overcrowding of particles which may be
termed as a kind of solid concentration effect [30]. A large amount
of sorbent effectively reduces the unsaturation of the sorption sites
and accordingly, the number of such sites per unit mass comes
down leading to comparatively less sorption at higher solid con-
tent. Besides, higher sorbent amount increases the probability of
collision between solid particles and therefore creates particle
aggregation, resulting in a decrease in the total surface area and
an increase in diffusional path length, both of which contribute
to the decrease in amount adsorbed per unit mass. Particle interac-
tion may also desorb some of the 63Ni(II) that is only loosely and
reversibly bound to the illite surface [31]. Another possible inter-
pretation is that the increase ratio of net sorption quantity of
63Ni(II) on illite surface is lower than that of the solid content,
which can also lead to the decrease in amount adsorbed per unit
mass.

This experimental phenomenon indicates that the augmenta-
tion of sorbent dosage could not unboundedly increase the contact
area between metal ions and solid surface. Meanwhile, the compe-
tition sorption between the sorbent molecules will also reduce the
sorption quantity of solid per unit mass. Thus, for the sake of
reducing the cost of pollution management in actual application,
one should choose appropriate sorbent dosage according to the ini-
tial concentrations and required removal efficiency of the specific
pollutant.
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3.2.5. Effect of foreign ions
Fig. 7 shows the effect of foreign ions on the removal of 63Ni(II)

from aqueous solution to illite in 0.01 M LiClO4, NaClO4, KClO4,
NaNO3 and NaCl electrolyte solutions, respectively, as a function
of pH values. From Fig. 7A, one can see that the influence of foreign
anions on the sorption of 63Ni(II) on illite at pH < 7.5 is the se-
quence of Cl� > NO�3 > ClO�4 . The inorganic acid radicals radium or-
der is Cl� < NO�3 < ClO�4 , the smaller radium negative charged
inorganic acid radicals may form complexes with the oxygen-con-
taining functional groups on the surfaces of illite and thereby re-
sults in the decrease of 63Ni(II) sorption. In addition, NO�3 and Cl�

can form soluble complexes with 63Ni(II) (e.g. NiðNO3Þð2�xÞ�
x ,

NiClð2�xÞ�
x ), whereas ClO�4 cannot. Compared with NO�3 and ClO�4 ,

Cl� is easier to form idiocratic sorption on the solid surface, which
changes the surface state of illite and decreases the availability of
binding sites. The result is consistent with the sorption of Ni(II)
on attapulgite and Pb(II) on diatomite [32,33]. However, other lit-
eratures reported that the influence of foreign ions on the sorption
of Ni(II) on Na-bentonite and Pb(II) on oxidized MWCNTs can be
neglected due to the formation of surface complexes on sorbent
surfaces [34,35]. The differences may be attributed to the surface
properties of sorbent and the physicochemical properties of metal
ions.

As can be seen from Fig. 7B, the sorption of 63Ni(II) on illite is
somewhat influenced by the cations in suspension, especially at
low pH values. One can see that the sorption of 63Ni(II) on illite
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Fig. 7. Influence of foreign anions (A) and cations (B) on 63Ni(II) sorption to illite as
a function of pH values. T = 293 ± 2 K, C(Ni)initial = 1.59 � 10�4 mol/L, m/V = 0.8 g/L.
with the same pH values is in the sequence of Li+ > Na+ > K+ at
pH < 7.5. This phenomenon can be easily interpreted by the com-
petition between different positive ions and 63Ni(II) for the binding
sites on illite surfaces. The radii of hydration of these three cations
are K+ = 2.32 Å, Na+ = 2.76 Å and Li+ = 3.4 Å, respectively [36]. The
radius of K+ is smaller than the radii of the other two cations and
therefore the influence of K+ on 63Ni(II) sorption is more obvious
than the influences of Na+ and Li+. Generally, the cations may fol-
low an order of increasing selectivity for binding to solid surfaces
of alkali metal cations < H+ < alkaline earth cations < transitional
group monovalent cations (e.g. Ag+) < transitional group divalent
cations (e.g. Cu2+ and Ni2+) < trivalent cations [31]. Thus, the influ-
ence of monovalent alkali ions on the sorption of bivalent 63Ni(II)
should be weak. However, the influence of Li+, Na+ and K+ on
63Ni(II) sorption is a little drastic at pH < 7.5. In the experiments,
the concentration of the monovalent alkali ions (1.00� 10�2 mol/L)
is much higher than that of 63Ni(II) (1.59 � 10�4 mol/L). Before
the addition of 63Ni(II) ions, the illite has been pre-equilibrated
with alkali ions. The sorption of 63Ni(II) on illite is attributed to
the exchange of 63Ni(II) ions with alkali ions and other reactions.
Thereby, it is reasonable that the alkali ions can affect 63Ni(II)
sorption.
3.2.6. Effect of HA/FA
The pH dependence of 63Ni(II) sorption on illite in the absence

and presence of HA/FA is shown in Fig. 8. One can see that the pres-
ence of HA/FA enhances the sorption of 63Ni(II) on illite at pH < 6.5,
while a negative effect of HA/FA on 63Ni(II) sorption is observed at
pH > 6.5. Fig. 9 shows the sorption of HA and FA to illite as a func-
tion of pH. One can see that about 90% HA/FA is adsorbed on illite
at pH < 6.5, and then the sorption decreases with increasing pH. HA
and FA were determined to have f potentials at pH > 2 [37,38],
which were in agreement with previous potentiometric titration
results [17]. Therefore, at low pH values, the negatively charged
HA/FA can be easily adsorbed on the positively charged surfaces
of illite due to electrostatic attraction, which results in a more
favorable electrostatic environment for 63Ni(II) sorption and en-
hances the formation of Ni-HS-illite ternary surface complexes.
However, at high pH values, the negatively charged HA/FA is diffi-
cult to be adsorbed on the negatively charged surfaces of illite due
to electrostatic repulsion. The competition between the soluble
HA/FA and illite with 63Ni(II) ions increases the formation of strong
HA/FA-Ni complexes in solution, thereby competitively diminish-
ing the extent of 63Ni(II) sorption on HA/FA-illite hybrids [39].
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Fig. 8. Effect of pH on sorption of 63Ni(II) on bare and HA/FA bound illite.
T = 293 ± 2 K, C(Ni)initial = 1.59 � 10�4 mol/L, C[HA/FA] = 10 mg/L, m/V = 0.8 g/L,
I = 0.01 M NaClO4.
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Fig. 10. Sorption isotherm (symbols) and Langmuir (solid lines), Freundlich (dash
lines), D-R (dotted lines) models fitting for 63Ni(II) sorption on illite at three
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From Fig. 8, one can also see that the influence of FA on the
sorption of 63Ni(II) is a little stronger than that of HA at the whole
pH range when the mass concentrations of HA and FA are the same.
Although the samples of HA and FA were extracted from the same
soil samples and both of them contain functional groups such as
carboxyl, amine and phenolic, the proportions and configurations
of these functional groups and surface sites density are different.
As is illustrated in Table 2, the surface sites density of FA
(i.e., 2.71 � 10�2 mol/g) is higher than that of HA (i.e., 6.46
� 10�3 mol/g), which can provide more available surface sites for
binding 63Ni(II). Therefore, it is reasonable that FA has a stronger
effect on 63Ni(II) sorption than HA at the whole pH range.
3.2.7. Sorption isotherms and thermodynamic studies
The sorption isotherms for 63Ni(II) sorption on illite at 293, 313

and 333 K are shown in Fig. 10. It can be seen from Fig. 10 that the
sorption isotherm is the highest at T = 333 K and is the lowest at
T = 293 K. The result indicates that high temperature is advanta-
geous for 63Ni(II) sorption on illite. Several factors may account
for the increase of 63Ni(II) sorption on illite with increasing tem-
perature. Increased diffusion rate of 63Ni(II) into the illite pores
due to increased temperature may account for the observed behav-
ior [40]. Changes in the illite pore sizes as well as an increase in the
number of sorption sites due to the breaking of some internal
bonds near illite surface edge are expected at higher temperatures.
The increase in temperature may lead to the increase in proportion
and activity of 63Ni(II) ions in solution, the affinity of 63Ni(II) ions to
the surface, or the charge and the potential of illite surface [41].

For isotherm modeling, herein, the Langmuir, Freundlich and
D-R isotherm equations are conducted to simulate the sorption
Table 2
The parameters for the three isotherm models at different temperatures.

Correlation parameters T = 293 K T = 313 K T = 333 K

Langmuir Csmax (mol/g) 1.54 � 10�4 1.59 � 10�4 1.63 � 10�4

b (L/mol) 9.39 � 103 1.25 � 104 2.29 � 104

RL 0.207–0.758 0.164–0.702 0.096–0.561
CC (R2) 0.990 0.991 0.991

Freundlich kF (mol1�n�Ln/g) 4.53 � 10�3 3.52 � 10�3 2.08 � 10�3

n 0.451 0.407 0.325
CC (R2) 0.974 0.962 0.971

D-R b (mol2/kJ) 4.69 � 10�3 3.81 � 10�3 2.58 � 10�3

Csmax (mol/g) 5.61 � 10�4 5.94 � 10�4 7.03 � 10�4

E (kJ/mol) 10.32 11.46 13.92
CC (R2) 0.990 0.985 0.989
isotherms and to establish the relationship between the amount
of 63Ni(II) adsorbed on illite and the concentration of 63Ni(II) re-
mained in solution.

The Langmuir model assumes that sorption occurs in a mono-
layer or that sorption may only occur at a fixed number of localized
sites on the surface with all sorption sites identical and energeti-
cally equivalent [42]. Its form can be described by the following
equation:

Cs ¼
bCsmaxCeq

1þ bCeq
ð1Þ

where Ceq is the equilibrium concentration of metal ions remained
in the solution (mol/L); Cs is the amount of metal ions adsorbed on
per weight unit of solid after equilibrium (mol/g); Csmax, the maxi-
mum sorption capacity, is the amount of sorbate at complete mono-
layer coverage (mol/g), and b (L/mol) is a constant that relates to the
heat of sorption. Furthermore, the essential characteristics of Lang-
muir equation to predict whether a sorption system is ‘favorable’ or
‘unfavorable’ could be expressed by dimensionless constant called
equilibrium parameter RL, which is defined from the following
relation:

RL ¼
1

1þ bC0
ð2Þ

where b is Langmuir constant (L/mol), and C0 is the initial concen-
tration of 63Ni(II) in solution (mol/L). The value of RL indicates the
shape of the isotherms to be irreversible (RL = 0), favorable
(0 < RL < 1), linear (RL = 1) or unfavorable (RL > 1) [43].

The Freundlich expression is an exponential equation with the
assumption that as the sorbate concentration increases so too does
the concentration of sorbate on the heterogeneous sorbent surface
[46]. The equation is commonly represented by:

Cs ¼ kFCn
eq ð3Þ

where kF (mol1�n�Ln/g) represents the sorption capacity when metal
ion equilibrium concentration equals to 1, and n represents the de-
gree of dependence of sorption with equilibrium concentration.

The D-R isotherm model is more general than the Langmuir iso-
therm since it does not have the restriction of surface properties or
constant sorption potential [34]. It is valid at low concentration
ranges and can be used to describe sorption on both homogeneous
and heterogeneous surfaces with a general expression as follows:

Cs ¼ Csmax expð�be2Þ ð4Þ



Table 3
Values of thermodynamic parameters for 63Ni(II) sorption on illite.

T (K) DG0 (kJ/mol) DS0 (J/(mol K)) DH0 (kJ/mol)

293 �17.25 108.02 14.41
313 �19.03 108.02 14.79
333 �21.57 108.02 14.42
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where Cs and Csmax are defined above, b is the activity coefficient re-
lated to mean adsorption energy (mol2/kJ2), and e is the Polanyi po-
tential, which is equal to:

e ¼ RT ln 1þ 1
Ceq

� �
ð5Þ

where R is ideal gas constant (8.3145 J/(mol K)), and T is the abso-
lute temperature in Kelvin (K).

E (kJ/mol) is defined as the free energy change, which requires
to transfer 1 mol of ions from solution to the solid surfaces. Its va-
lue can be calculated from the following equation:

E ¼ 1ffiffiffiffiffiffi
2b

p ð6Þ

The magnitude of E is an important parameter for estimating
the mechanism of the sorption reaction. Sorption is dominated
by chemical ion exchange if E is in the range of 8–16 kJ/mol,
whereas physical forces may affect the sorption in the case of
E < 8 kJ/mol [42,44].

The experimental data of 63Ni(II) sorption are regressively sim-
ulated with the Langmuir, Freundlich and D-R models and the re-
sults are given in Fig. 10. The relative values calculated from the
three models are listed in Table 2. The correlation coefficients for
the Langmuir, Freundlich and D-R isotherms are very close to 1.
It can be concluded from R2 values that Langmuir and D-R models
simulate the experimental data better than Freundlich model. The
fact that the sorption data of 63Ni(II) according with Langmuir iso-
therm indicates that the binding energy on the whole surface of il-
lite is uniform. In other words, the whole surface has identical
sorption activity and therefore the adsorbed 63Ni(II) ions do not
interact or compete with each other, and they are adsorbed by
forming an almost complete monolayer coverage of the illite parti-
cles. This phenomenon, at the same time, indicates that chemo-
sorption is the principal uptake mechanism in sorption process
[45]. Moreover, illite has a limited sorption capacity, thus the sorp-
tion could be better described by Langmuir model rather than by
Freundlich model, as an exponentially increasing sorption was as-
sumed in the Freundlich model. At all temperatures, the value of Cs

was found to be smaller than Csmax, which confirms that 63Ni(II)
sorption on illite is by a monolayer type in which the surface of
sorbent is not saturated. The values of Csmax obtained from the
Langmuir model for 63Ni(II) sorption on illite are the highest at
T = 333 K and the lowest at T = 293 K, which indicates that the
sorption is enhanced with increasing temperature. The fact that
all the RL values for the sorption of 63Ni(II) on illite at the three
temperatures are in the ranges of 0.096–0.758 implies that the
sorption process is favorable. The value of n calculated from the
Freundlich model is from unity, indicating that a nonlinear sorp-
tion of 63Ni(II) takes place on illite surfaces. The E values obtained
from Eq. (14) are 10.32 (T = 293 K), 11.46 (T = 313 K) and 13.92 kJ/
mol (T = 333 K), which are in the sorption energy range of chemical
ion-exchange reaction. The sorption capacities (Csmax) derived from
the D-R model are higher than those derived from the Langmuir
model. This may be attributed to the different assumptions consid-
ered in the formulation of the isotherms. The parameters calcu-
lated from the analysis of the three isotherm models concertedly
manifest that sorption of 63Ni(II) on the surfaces of illite is a favor-
able and chemisorption process.

The thermodynamic parameters (DH0, DS0, and DG0) for 63Ni(II)
sorption on illite can be determined from the temperature depen-
dence. Free energy change (DG0) is calculated from the relationship:

DG0 ¼ �RT ln K0 ð7Þ

where K0 is the sorption equilibrium constant. Values of ln K0, ob-
tained by plotting ln Kd versus Ceq for 63Ni(II) sorption on illite
and extrapolating Ceq to zero, are 7.08 (T = 293 K), 7.31 (T = 313 K)
and 7.79 (T = 333 K). Standard entropy change (DS0) is calculated
from the equation:

@DG0

@T

 !
P

¼ �DS0 ð8Þ

The average standard enthalpy change (DH0) is then calculated
from the expression:

DH0 ¼ DG0 þ TDS0 ð9Þ

The values obtained from Eqs. (7)–(9) are tabulated in Table 3. A
positive value of the standard enthalpy change indicates that the
sorption is endothermic. One possible explanation to this positive
entropy is that 63Ni(II) is solved well in water, and the hydration
sheath of 63Ni(II) has to be destroyed before its sorption on illite.
This dehydration process needs energy, and it is favored at high
temperature [46]. The implicit assumption here is that after sorp-
tion the environment of 63Ni(II) ions is less aqueous than it was in
the solution state. The removal of water from ions is essentially 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 (DG0) is nega-
tive as expected for a spontaneous process under the conditions
applied. The value of DG0 becomes more negative with the increase
of temperature, which indicates that the reaction is more favorable
at higher temperatures. At high temperature, cations are readily
desolvated and hence its sorption becomes more favorable. The po-
sitive value of entropy change (DS0) shows some structural
changes in sorbate and sorbent during the sorption process, caus-
ing an increase in the disorderness of the solid-solution system
[47,48]. A positive entropy change for 63Ni(II) sorption on illite is
due to the fixation of ions on the exchange sites of the randomly
distributed surface species. The DS0 value is also an indication of
whether or not a reaction is an associative or dissociative mecha-
nism. The large DS0 values for 63Ni(II) sorption on illite at the three
temperatures are in the range of a dissociative mechanism
(DS0 > �10 kJ/mol) [49]. The analysis of 63Ni(II) sorption isotherms
and model fitting indicates that the reaction of 63Ni(II) sorption on
illite is an endothermic process. However, Duong et al. [50] inves-
tigated the sorption of Ni(II) on high-yield kraft fibers and found
that the sorption is spontaneous and exothermic. The biosorption
process of Pb(II) and Ni(II) ions onto C. furcata biomass was feasi-
ble, spontaneous and exothermic [51]. The results derived from
this work and the above-mentioned references indicate that the
thermodynamic parameters are related not only on the nature of
sorbate, but also on the nature of solid particles.
4. Conclusions

Batch technique was adopted to investigate the sorption of
63Ni(II) from aqueous solutions onto illite as a function of various
environmental factors such as contact time, pH, ionic strength,
coexisting electrolyte ions, humic substances and temperature un-
der ambient conditions. The sorption increases with increasing pH
values at pH < 8.5, and then maintains high level at pH > 8.5. The
sorption of 63Ni(II) is dependent on ionic strength and foreign ions
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at low pH values, and independent of these factors at high pH val-
ues. The presence of HA/FA enhances the sorption of 63Ni(II) at
pH < 6.5, while reduces 63Ni(II) sorption at pH > 6.5. The thermody-
namic analysis derived from temperature dependent sorption iso-
therms suggests that the sorption process of 63Ni(II) on illite is
spontaneous and endothermic. By integrating all the above-
mentioned analysis results together, one can conclude that the
sorption of 63Ni(II) on illite is dominated by ion exchange or
outer-sphere surface complexation at low pH values, and by
inner-sphere surface complexation at high pH values. Considering
the accessibility and low cost of illite, one can conclude that this
material has a great application potential for the cost-effective
disposal of 63Ni(II)-contaminated wastewaters.

Based on the results noted for 63Ni(II), illite may also be suitable
for the removal of other heavy metals and radionuclides. Hence,
more investigations on the sorption property of illite towards var-
ious environmental pollutants are ongoing in our laboratory so as
to have a more thorough view of the possibility of using illite as a
high-efficiency material for wastewater disposal.
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