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Abstract
Montmorillonite clay was organically modified with thoron (TH) and was employed as an adsorbent for removal of cobalt(II)
radionuclides from aqueous solutions. Batch adsorption experiments, under several operational parameters such as pH, contact
time, initial adsorbate concentration, adsorbent dosage, ionic strength, and temperature, were conducted to determine the opti-
mum conditions for efficient removal of cobalt(II) radionuclides. The obtained data showed that almost complete removals were
achieved for cobalt(II) at pH values ≥ 3.5 using TH-modified montmorillonite (TMM), while only 63% were obtained by
unmodified clay at pH ≥ 5.4. Adsorption kinetic data of cobalt(II) were better fitted by the pseudo-second order kinetic model
and its adsorption rate was controlled by film diffusion. Both Langmuir and Freundlichmodels had the ability to well describe the
equilibrium data of cobalt(II) radionuclides at the studied temperatures. The adsorption capacity of TMM (0.85 mmol/g) was
found to be not only nine times that of unmodified montmorillonite (0.097 mmol/g), but also higher than those reported in
literature using various unmodified and modified clays. Thermodynamic parameters (ΔH°, ΔS°, and ΔG°) were calculated.
Among the examined desorbing agents, both Al3+ and EDTA were succeeded to desorb most of cobalt(II) radionuclides
(desorption% ~ 90%) loaded onto TMM. The results of this study clarified that TMMcan be considered as an effective adsorbent
for removal of cobalt(II) radionuclides from aqueous solutions.
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Introduction

The existence of radionuclides in radioactive liquid wastes is
considered a major concern in nuclear industries. Among
them, cobalt(II) radionuclide (Co-60) is an important one
where it has a comparatively long half-life (t1/2 = 5.27 years)
and hard gamma radiation (Eγ = 1173.2 and 1332.5 keV).
Cobalt(II) radionuclides are generated in radioactive liquid
wastes by the activation of the non-radioactive cobalt(II) pres-
ent in the corrosion products of reactors originating from var-
ious metal surfaces and alloys such as stellite (Abdul Nishad

et al. 2012; IAEA 1981). Furthermore, irradiation of the non-
radioactive cobalt(II) in research reactors and the subsequent
studies at radiochemistry research laboratories also participat-
ed in the generation of cobalt(II) radionuclides in radioactive
liquid wastes. From the environmental and health points of
view, it is therefore mandatory to remove these radionuclides
from such wastes prior their discharge into the environment.

Chemical precipitation, foam separation, solvent extraction,
membrane processes, and adsorption are the traditional treat-
ment technologies of radioactive liquid wastes (Mahmoud and
Othman 2018; Gu et al. 2018; Rashad et al. 2018; Osmanlioglu
2018; Combernoux et al. 2017). Owing to its low cost, ease of
operation, flexibility, and simplicity of design in addition to
reversibility, adsorption technology has been successfully
employed for removal of radionuclides from aqueous solutions
(Han et al. 2017; Liu et al. 2017; Mahmoud et al. 2017; Wang
et al. 2017) Among the various adsorbents, clays have been
extensively used for removal of different pollutants, either or-
ganic or inorganic, from aqueous solutions (Długosz and
Banach 2018; Zhu et al. 2018; Marcon-Brown et al. 2018;
Derakhshani and Naghizadeh 2018; Ezzat et al. 2017;
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Kebabi et al. 2017; Wang et al. 2017; Ferhat et al. 2016). This
is because clays are characterized by their availability, low
cost, high chemical and thermal stability, and large surface area
as well as high cation exchange capacity. Notwithstanding that
clays are successfully employed as adsorbents for decades, it is
found that they exhibit low adsorption capacity particularly
toward metal ions (Zhu et al. 2018; Mahmoud et al. 2017;
Rashad et al. 2016; Xiao et al. 2016; He et al. 2011).
Therefore, modification and development of clays are still
needed to enhance their adsorption capacity for metal ions.
Reviewing literature shows that many publications concerning
modification of clays, organically or inorganically, for removal
of metal ions have been reported (Mukhopadhyay et al. 2017;
Rathnayake et al. 2017; Metwally and Ayoub 2016; Ren et al.
2014; Hoda et al. 2009; Manohar et al. 2006; Bhattacharyya
and Gupta 2006). Nevertheless, organo-modification of clays
using thoron (TH) has not been yet studied.

Montmorillonite is one of the most studied clay minerals in
the field of environmental remediation by adsorption technol-
ogy, where it possesses sorption sites not only at its interlayer
space, but also on the outer surface and edges (Shahwan et al.
2006). It is an 2:1 aluminosilicate of smectite-type layered
clay that has a net permanent negative charge generated by
isomorphic substitutions which is balanced by interlayer ex-
changeable cations (Marco-Brown et al. 2018; Wang et al.
2016). However, in our previous study (Rashad et al. 2016),
it is found that montmorillonite exhibited a low adsorption
capacity for cobalt(II) radionuclides which are generally the
disadvantage of natural clays. Therefore, the objective of the
present study is to improve the adsorption capacity of mont-
morillonite for cobalt(II) via its organo-modification using TH
as a novel modifying agent. To attain this purpose, the influ-
ential parameters on TH loading onto montmorillonite as well
as on the adsorption efficiency of cobalt(II) radionuclides by
the developed material, TH-modified montmorillonite
(TMM), were evaluated.

Experimental

Materials and reagents

The modifying agent, thoron (TH, C16H11AsN2Na2O10S2),
was purchased fromBDH. The material to be modified, mont-
morillonite, was provided byMerck. The stock solution of the
adsorbate, 0.05 mol/L cobalt(II), was prepared by dissolving
cobalt chloride hexahydrate (CoCl2.6H2O, Fluka) in acidified
distilled water. Similarly, cobalt-60 radionuclide obtained by
irradiation of cobalt chloride hexahydrate in the Egypt Second
Research Reactor was prepared and was used as a radiotracer
during conducting the adsorption experiments of the present
work. The effect of ionic strength on the present adsorption
process was studied using sodium chloride (NaCl) obtained

from Chem-Lab. While the inorganic reagents, calcium chlo-
ride dehydrate (CaCl2.2H2O, Panreac) and aluminum chloride
hexahydrate (AlCl3.6H2O, Riedel-de-Haen), and the organic
one, ethylenediaminetetraacetic acid (EDTA, Riedel-de-
Haen), together with hydrochloric acid (HCl, Sigma-
Aldrich) were used for desorption experiments of Co(II)-load-
ed adsorbent.

Synthesis of TH-modified montmorillonite

TH-modified montmorillonite was synthesized by dispersing,
in 100-mL glass bottles, 10 g montmorillonite in 50 mL
thoron solution of different concentrations (0–10 mmol/L) at
various pH values (pH = 5.5, 7.5, and 10.3). The suspensions
were kept under moderate stirring of 120 rpm at room temper-
ature for 24 h using a magnetic stirrer. The bottles were then
left to allow settling of the solid phases which were afterwards
separated by decantation of the liquid phases. Samples from
the liquid phases were taken off for measurement of the re-
maining TH concentration. The solid phases were repeatedly
washed with distilled water to get rid of unadsorbed thoron,
separated by decantation and eventually dried at 70 °C for
24 h. The resultant materials, TH-modified montmorillonite
(abbreviated as TMM), were ground into fine particles and the
55-μm fractions obtained by sieving were stored in dark glass
bottles for subsequent use.

Characterization

For qualitative analysis of the surface functional groups of the
adsorbate as well as to ensure the organo-modification process
of montmorillonite, the unmodified montmorillonite, the
modifying agent (TH), and TMM were characterized by
Fourier transform infrared spectroscopy (FTIR) using a
Nicolet is 10 spectrometer (USA) in the range 4000–
400 cm−1 with 4 cm−1 resolution using the KBr method.
While to get as insight about the interaction of TH with mont-
morillonite, the X-ray diffraction patterns of the unmodified
montmorillonite and the organo-modified one were compared
which were recorded using a Philips PW1830 diffractometer
with Cu Kα as the incident radiation.

Adsorption experiments

Adsorption experiments of cobalt(II) radionuclides onto
TMM were conducted by batch technique using 5 mL adsor-
bate solution in 25-mL glass bottles using a thermostated wa-
ter bath shaker (Karl Kolb type, D-6072, Dreieich, Germany).
The effect of TH concentration (0–10 mmol/L), during syn-
thesis of TH-modified montmorillonite at pH 5.5 (TMM-1),
7.5 (TMM-2), and 10.3 (TMM-3), on the adsorption efficien-
cy of 0.1 mmol/L cobalt(II) spikedwith cobalt-60, was studied
by contacting 5 mL adsorbate solution with 0.05 g adsorbent
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for 24 h at 30 °C. The influence of the solution pHwas studied
in the range of 2.6–7, which adjusted using a HANNA pH-
meter (model HI 8519, Italy), by adding negligible amounts of
HCl or NaOH to the glass bottles containing a mixture of
0.05 g adsorbent and 5 mL of 0.1 mmol/L cobalt(II) solution.
The bottles were shaken at 220 rpm for 20 h at a temperature
of 30 °C. The effect of TMM dosage, in the range 2–50 g/L,
on the removal efficiency of the concerned radionuclide was
studied by contacting the weighed solid phase with cobalt(II)
solution (0.1 mmol/L) adjusted to pH 4.2 for 60 min which
was more sufficient for equilibration than required.
Adsorption kinetics of different initial cobalt(II) concentra-
tions (0.1, 0.2, and 0.4 mmol/L) were investigated using con-
tact times ranging from 1 to 120 min at a constant pH, TMM
dosage, and temperature of 4.2, 0.05 g/5 mL, and 30 °C, re-
spectively. At predetermined time intervals, the contents of the
bottles were centrifuged for determination the radioactivity of
cobalt(II) radionuclides in the liquid phase. The impact of
ionic strength, between 0.0001 and 0.1 mol/L, adjusted using
NaCl on the adsorption efficiency of 0.1 mmol/L cobalt(II)
radionuclides onto 0.05 g TMM/5 mL solution, was studied
at pH 4.2 by shaking this suspension for 60 min at 30 °C.
Adsorption isotherms of the studied radionuclide onto 0.05 g
TMM/5 mL solution were performed using different initial
adsorbate concentrations in the range 0.4–7mmol/L at various
temperatures of 30, 45, and 60 °C. The solution pH was kept
constant at 4.2, while the contact time was set at 60 min.

Prior analysis process, the solid phase was separated by
centrifugation using a Chirana centrifuge at 4500 rpm for
5 min. Thoron concentration in supernatant of the collected
samples during synthesis of TMM was determined spec-
trophotometrically using a Spectronic-20 UV-Vis spectro-
photometer. Whereas, the radioactivity of cobalt(II) radio-
nuclides before and after the adsorption process onto TMM
was measured radiometrically using a single-channel gam-
ma-radiation spectrometer (Spectech ST360, USA). Based
on these measurements, the amount of adsorbate, either TH
or cobalt(II), adsorbed (Q, mmol/g) was calculated using
the following relation:

Q ¼ removal %ð Þ
100

� �
� Co � V

M

� �
ð1Þ

where Co is the initial concentration of adsorbate
(mmol/L), V is the volume of solution (L), and M is the
weight of the adsorbent (g). The removal percentage in the
above equation was calculated as follows:

Removal %ð Þ ¼ Ai−A f

Ai

� �
� 100 ð2Þ

where Ai and Af are the initial and final radioactivity of
Co(II) radionuclides in the liquid phase, respectively.

Desorption study

Prior to desorption experiments, the organo-modified mont-
morillonite (0.1 g) was contacted with 5 mL of 0.2 mmol/L
cobalt(II) ion, spiked with cobalt-60, at pH ~ 4.2 for 60 min.
The cobalt(II)-loaded TMM, separated by centrifugation, was
dispersed into 5 mL of the desorbing agent and aged under
stirring at 120 rpm for 24 h. After centrifugation and measur-
ing the radioactivity of cobalt(II) radionuclides in the super-
natant, the desorption percentage of the concerned radionu-
clide was calculated using the relation:

Desorption %ð Þ ¼ desorbed amount of cobalt IIð Þ
adsorbed amount of cobalt IIð Þ � 100 ð3Þ

Results and discussion

Characterization

The FTIR spectra of montmorillonite, TH, and TMM are rep-
resented in Fig. 1 a. The absorption bands at 3631 cm−1,
3446 cm−1, 1635 cm−1, 1047 cm−1, 917 cm−1, 815 cm−1,
528 cm−1, and 463 cm−1 observed in the spectra of montmo-
rillonite and the modified one are characteristics of montmo-
rillonite clay. The absorption band at 3631 cm−1 is assigned to
the stretching vibration of octahedral OH groups (Al–OH and
Mg–OH). The OH stretching vibration of the interlayer water
is observed by the broad absorption band centered at
3446 cm−1, while its bending vibration is appeared at
1635 cm−1. The strong absorption band at around 1047 cm−1

with a shoulder at 917 cm−1 is ascribed to the stretching vi-
bration of Si–O–Si. The bands at 815 cm−1 and 528 cm−1 are
attributed to the bending vibrations of Si–O–Al and Si–O–
Mg, respectively. The bending vibration of Si–O–Si is ob-
served at 463 cm−1. The additional absorption bands at
1511 cm−1 and 1383 cm−1 for TMM are characteristics for
C–C and C–N ring stretching vibrations. These bands together
with that found at 1186 cm−1 (due to S=O stretching vibration
of sulfonate groups of TH) are an evidence for loading of TH
onto montmorillonite and hence the success of the modifica-
tion process.

In order to acquire some information about the binding
mode of TH with montmorillonite, either at the clay surface
or at the interlayer region, the concerned clay was further
characterized by XRD before and after the organo-
modification process. Figure 1 b compares the XRD pattern
of unmodified montmorillonite with that of TMM. This figure
shows that montmorillonite and TMM have a basal d spacing
(d001) of 12.26 and 12.29 A°, respectively. This insignificant
change in the d spacing suggested that TH bound with mont-
morillonite at its surface rather than at the interlayer space.
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Effect of TH concentration

The effect of TH concentration on its adsorption capacity
onto montmorillonite as well as the adsorption efficiency
of cobalt(II) radionuclides onto the modified clay is illus-
trated in Fig. 2. The relation between the concentration of
TH and its amount adsorbed onto montmorillonite at var-
ious pH values (pH = 5.5, 7.5, and 10.3) is shown in
Fig. 2 a. This figure indicates that the amount of TH

adsorbed by montmorillonite is obviously dependent on
its initial concentration and the solution pH. Expectedly,
increasing TH concentration resulted in an increase in the
adsorption capacity of this modifying agent (Fig. 2a). On
the other hand, the amount of TH adsorbed onto the con-
cerned clay is decreased with increasing the pH of the
solution particularly at initial TH concentrations ≥
1 mmol/L. This reduction can be attributed to (i) the com-
petition between TH molecules and OH− ions for
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adsorption onto montmorillonite and (ii) decreasing the
binding sites available onto montmorillonite due to in-
creasing the number of dissociated functional groups with
increasing the solution pH.

The influence of TH concentration (0–10 mmol/L), during
synthesis of TH-modified montmorillonite at pH 5.5, 7.5, and
10.3 which respectively denoted as TMM-1, TMM-2, and
TMM-3, on the removal percentage of cobalt(II) radionuclides
is studied at pH 4.2 and 5.5, and the obtained results are shown
in Fig. 2 b. As evident by this figure, the removal percentage
of cobalt(II) radionuclides is affected by the loading pH of TH
as well as that of cobalt(II) solution particularly at TH concen-
tration range of 0.05–1 mmol/L. The data depicted in Fig. 2 b
reveal that it was difficult to determine the optimum condi-
tions for TH loading onto montmorillonite that required for
efficient removal of cobalt radionuclides. Therefore, the ad-
sorption capacity of cobalt(II) using TH-modified montmoril-
lonite, synthesized at different pH values, was experimentally
determined and compared with that of the unmodified one
(Fig. 2c). From this figure, it can be seen that the adsorption
capacity of cobalt(II) is slightly affected by the loading pH of
TH, while significantly influenced by the solution pH of the
adsorbate. This figure also shows that maximum adsorption
capacity of 0.85 mmol/g is achieved for cobalt using TMM
synthesized at pH 10.3, TMM-3, which is nearly nine times

higher than that of unmodified montmorillonite (0.097 mmol/
g). Since there is no considerable variation between values of
the adsorption capacity of cobalt at 5 and 10 mmol/L, there
was no need to use the higher concentration of TH for modi-
fying montmorillonite. Based on the data given in Fig. 2 c, the
subsequent adsorption experiments of cobalt(II) was carried
out using TMM synthesized at pH 10.3 (TMM-3) using
5 mmol/L TH.

Effect of the solution pH

Figure 3 represents the effect of the initial pH of the solution,
pHi, on the removal efficiency of cobalt(II) radionuclides by
adsorption technology, using unmodified montmorillonite and
the organo-modified one (TMM), and the precipitation meth-
od. Besides, the relation between the initial pH of the solution
and the final one, pHf, for the previously mentioned two ad-
sorbents, is also depicted in this figure. By using montmoril-
lonite as an adsorbent, the data presented in Fig. 3 reveal that
the removal percentage of cobalt(II) radionuclides is gradually
increased with increasing the initial pH of the solution and
reached its ultimate value of about 63% at the initial pH range
4.9–6.3. Further increase in the pHi value resulted in a slight
increase in the removal percentage of cobalt(II) radionuclides.
While the utilization of organo-modified montmorillonite,
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TMM is not only improved the removal percentage of
cobalt(II) radionuclides, but also increased the pH range of
the ultimate removal and extended it to more acidic values.
The removal percentage of cobalt(II) using TMM is abruptly
increased with increasing the solution pHi where about 10%
and 96% of the studied radionuclide are removed at pHi values
of 2.6 and 3.6, respectively. Obviously, almost complete re-
movals for cobalt(II) are achieved in the pHi range 3.6–7.1
using TMM. During the inspection of the chemical structure
of the modifying agent, thoron(TH), it is found that it has five
functional groups. The dissociation constants of the sulfonate
groups are corresponding to pK1 and pK2 values < 1.3. The
two arsono groups have dissociation constants corresponding
to pK3 and pK4 values of 3.7 and 8.3, while the phenolic
group has a dissociation constant corresponding to pK5 value
of 11.8 (Margerum et al. 1953). This means that the current
modification process using this modifying agent provided the
montmorillonite’s surface with variant adsorption sites.
Accordingly, the efficient removals obtained for cobalt(II) ra-
dionuclides at relatively low pH values, pHi < 4.5, using the
modified montmorillonite can be attributed mainly to the oc-
currence of sulfonate groups (–SO3H, which dissociated at a
low pH value) at montmorillonite’s surface. At lower pH
values, the competition between H+ and cobalt(II) cations
for adsorption onto TMM may be responsible for the reduc-
tion in the removal efficiency. The effectiveness of TMM for
adsorption of cobalt(II) radionuclides over the studied pHi

range, when compared to the unmodified montmorillonite, is
attributed to the presence of higher number of adsorption sites
due to the modification process.

The relation between the pHi and pHf (Fig. 3) indicates that
TMM and the unmodified montmorillonite exhibit buffering
capacities in the initial pH range 4–7. However, the variation
in the pHf values between the unmodified montmorillonite
and TMM may be owing to the change in the surface

properties of montmorillonite due to binding of the modifying
agent, TH, which could affect the acid-base interactions at the
adsorbent surface. This is because such binding may obscure
many functional groups, mainly –OH groups, at montmoril-
lonite’s surface and hence clogged their contribution to the
acid-base interactions. Regarding the data obtained for
cobalt(II) radionuclide by the precipitation method (Fig. 3),
it can be observed that no removals are recorded at pHi values
below 6, whereas higher pHi values increased the removal
efficiency which reached to about 65% at pH 8. This implies
that the removals observed at pH ≤ 6 for cobalt(II) radionu-
clides by using montmorillonite and TMM are primarily due
to adsorption, while those at pHi values more than 6 may be
owing to the combination of adsorption and precipitation pro-
cesses. Consequently, adsorption experiments of cobalt(II) ra-
dionuclides onto the modified montmorillonite were per-
formed at a pHi value below 6, specifically 4.2, to avoid its
removal by precipitation.

Effect of TMM content

From the economic and waste management points of view, it
is substantial to determine the most appropriate amount of an
adsorbent required for an adsorption system. Therefore, the
effect of the TMM dosage (2–50 g/L ≡ V/M in the range
0.5–0.02 L/g) on the adsorption efficiency of cobalt(II) radio-
nuclides is investigated at pH 4.2 and the results obtained are
shown in Fig. 4. This figure demonstrates that both the remov-
al percentage and the adsorbed amount of cobalt(II) radionu-
clides are significantly influenced by the dosage of the mod-
ified montmorillonite. Increasing the TMM dosage from 2 g/L
(V/M = 0.5) to 20 g/L (V/M = 0.05) increased the removal per-
centage from 21.5 to 99.2%, whereas decreased the adsorbed
amount from 0.199 to 0.084 mmol/g. Further increase in the
TMM content had no effect on the removal percentage of
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cobalt(II) radionuclides while markedly reduced its adsorbed
amount. Enhancement in the removal percentage of cobalt(II)
radionuclides with increasing the solid-phase content is attrib-
uted to the increase in the number of functional groups, re-
quired for the adsorption process, at the modified montmoril-
lonite surface. Increasing the removal efficiency with increas-
ing the solid content has been previously reported for many
adsorption systems (Mahmoud et al. 2017; Rashad et al. 2016;
Chen et al. 2012; Guo et al. 2011). On the other hand, higher
adsorbent dosages increase the eventuality of collisions be-
tween TMM particles and hence create particle aggregation.
Thus, the total surface area of the solid phase decreased while
the diffusion path length increased, which conduce to the de-
crease in the adsorption capacity observed in Fig. 4 for
cobalt(II) radionuclides (Chen et al. 2012). Additionally, the
reduction in the adsorbed amount of cobalt(II) radionuclides
with increasing the content of TMM can also be mathemati-
cally explained as follow. During calculation of the adsorbed
amount of cobalt(II) at different dosages of TMM based on
Eq. 1, the denominator (M) increased largely which giving
rise to a decrease in the quotient. Although R% at the numer-
ator is increased with increasing the TMM dosage, but this
increase is low compared to the content of the adsorbent. At
V/M ≥ 0.1 L/g (M = 20 g/L), almost complete removals of
cobalt(II) radionuclides are attained, thereby M became the
only exchangeable parameter in the above relation and its
increase resulted in further decrease in the value of the
adsorbed amount. Referring to our previous study (Rashad
et al. 2016), it is found that unsatisfactory removal efficiency
(R% ~ 70%) is obtained for cobalt(II) radionuclides using
montmorillonite even at a relatively high adsorbent dosage
(100 g/L). Comparing those data with the results of the present
study reflects the importance of the modification process
where almost complete removals are achieved using only
20 g/L organo-montmorillonite.

Kinetic studies

Effect of contact time

It is well recognized that contact time is one of the most im-
portant parameters for evaluating the performance of an ad-
sorption process. Therefore, the effect of contact time on the
removal percentage of 0.1, 0.2, and 0.4 mmol/L cobalt(II) ra-
dionuclides using TMM (0.05 g/5 mL adsorbate solution) is
presented in Fig. 5. Before reaching equilibrium, the data given
in this figure show that adsorption process of cobalt(II) radio-
nuclides onto the modified montmorillonite is governed by
two steps. In the first step, the removal percentage of
cobalt(II) is sharply increased with increasing time and most
of cobalt(II) ions (~ 92%, 55%, and 28% for 0.1, 0.2, and
0.4 mmol/L, respectively) are uptake within 5 min. This ad-
sorption behavior is attributed to the availability of numerous

adsorption sites onto the surface of TMM. In the second step,
the increase in the removal percentage of cobalt(II) is relatively
slow, which may be due to hindrance of adsorption of further
ions caused by those previously adsorbed in the first step. This
hindrance resulted in a decrease in the adsorption rate of
cobalt(II) radionuclides in the second step (Yao et al. 2017).
The data represented by Fig. 5 also reveal that the removal
percentage achieved at equilibrium and the equilibrium time
of the present adsorption process is obviously dependent on the
initial adsorbate concentration. Maximum removal percent-
ages of 41.2%, 69.9%, and 99.7% are achieved for initial
cobalt(II) concentrations of 0.4 mmol/L, 0.2 mmol/L, and
0.1 mmol/L at equilibrium times of 30 min, 20 min, and
10 min, respectively. In order to ensure equilibration, contact
time of 60 min was chosen for the subsequent adsorption ex-
periments. In general, it is reported that retention of adsorbates
by 2:1 clay minerals which contain both internal and external
adsorption sites is a slow process (Sparks 2003). In the current
investigation, cobalt(II) radionuclides are rapidly adsorbed on-
to the modified montmorillonite, an 2:1 clay mineral. This
finding suggested that adsorption of cobalt(II) ions is mostly
took place by the active sites of the modifying agent, thoron
that externally adsorbed onto montmorillonite’s surface, rather
than the internal adsorption sites of montmorillonite.

Modeling of kinetic data

For designing of an adsorption system, it is important to pre-
dict the adsorption rate of an adsorbate onto an adsorbent. For
this purpose, the adsorption kinetic data of cobalt(II) radionu-
clides onto TMM are analyzed by four frequently used ad-
sorption kinetic models. These models are Lagergren
pseudo-first order, pseudo-second order, Ritchie second-order,
and Elovich.
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The Lagergren kinetic model states that the adsorption rate
of a species onto a solid phase is proportional to the number of
unoccupied sites and it is followed a pseudo-first order equa-
tion (Lagergren 1898). The linear form of this model is
expressed as follows:

log Qe−Qtð Þ ¼ log Qe−
K1

2:303

� �
t ð4Þ

where Qe and Qt are the amount of cobalt(II) adsorbed
(mmol/g) at equilibrium and at time t, respectively, while K1

is the rate constant of the pseudo-first order adsorption process
(min−1). A straight line of log (Qe−Qt) versus t proposes the
applicability of this model. The intercept and the slope of the
plot are used to determine the values of Qe and K1,
respectively.

Proportional of the adsorption rate of an adsorbate to the
square number of unoccupied sites of an adsorbent is the as-
sumption of the pseudo-second order kinetic model (Ho and
McKay 1999). The linearized form of this model is represent-
ed as follows:

t
Qt

¼ 1

K2Q2
e

þ 1

Qe

� �
t ð5Þ

where K2 is the rate constant of the pseudo-second order ki-
netic model (g/mmol min). For applicability of this model, the
plot of t/Qt against t should give a straight line from which Qe

and K2 can be calculated from the slope and intercept,
respectively.

The Ritchie second-order kinetic model is usually used to
measure the initial particle loading, which is linearly
expressed by the following equation (Mahmoud et al. 2015):

Qe

Qe−Qt

� �
−1

� �
¼ K3t ð6Þ

where K3 is the Ritchie second-order rate constant of adsorp-
tion (min−1) which can be estimated from the slope of the
linear plot of ([Qe/(Qe−Qt)]− 1) versus t.

The Elovich kinetic model is used to describe the kinetics
of chemisorption on energetically heterogeneous solid surface
and it is based on the assumption that the adsorption sites
increase exponentially with adsorption, which implies a mul-
tilayer adsorption (Mahmoud et al. 2014). The linear form of
this model is given by the following relation:

Qt ¼
1

β
ln αβð Þ þ 1

β

� �
lnt ð7Þ

where α is the initial adsorption rate (mmol/g min) and β is a
parameter related to the extent of surface coverage and acti-
vation energy for chemisorption. The values of α and β are
estimated from the intercept and slope of the linear plot of Qt

versus ln t.

Linear fittings of the kinetic data of the present adsorption
process, at the studied initial cobalt(II) concentrations, to the
abovementioned four kinetic models are shown in Fig. 6. The
calculated kinetic parameters together with the correlation co-
efficients (R2) of the plots are also represented in this figure
(Table 1). Regarding the linear plots and the correlation coef-
ficient values of the applied kinetic models, it can be noted
that satisfactory R2 values are obtained which implies that the
four kinetic models used in the present study had the ability to
well represent the current adsorption process. Nevertheless,
throwing more light on the R2 values of the studied kinetic
models (Fig. 6; Tables 1), it can be observed that the pseudo-
second order kinetic model exhibited the highest values (R2 =
0.999) at all the studied cobalt(II) concentrations. Based on
this observation, it is concluded that the adsorption kinetics of
cobalt(II) radionuclides onto TMM are better described by the
pseudo-second order kinetic model. Additionally, the kinetic
parameters of the pseudo-second order kinetic model (Fig. 6b;
Table 1) indicate that the calculated amount of Co(II) adsorbed
per gram of TMM,Qe (mmol/g), increased with increasing the
initial adsorbate concentration, while the values of the adsorp-
tion rate, K2 (g/mmol min), decreased with increasing the
initial cobalt(II) concentration. Increasing the K2 value with
decreasing the initial adsorbate concentration suggested that
the rate of cobalt(II) adsorption onto TMM increased with
decreasing the initial adsorbate concentration and hence equi-
librium is attained much faster, which is in a good agreement
with the experimental data.

Furthermore, the time-dependent adsorption data are ana-
lyzed by two commonly used kinetic models, namely,
intraparticle and film diffusion models, in order to identify
the diffusion mechanism of the present adsorption process.
The linear form of the intraparticle diffusion model suggested
by Weber and Morris is expressed by the following equation
(Weber and Morris 1963):

Qt ¼ K4t0:5 þ C ð8Þ

where K4 is the intraparticle diffusion constant (mmol/g
min0.5) and C is the intercept (mmol/g). If the intraparticle
diffusion is the rate-controlling step for an adsorption process,
the plot of Qt versus t

0.5 should give a straight line passing
through the origin. On the other hand, the film diffusionmodel
suggested byBoyd is represented as follow (Boyd et al. 1947):

F ¼ 1−
6

π2

� �
exp −Btð Þ ð9Þ

where Bt is a mathematical function of F, and F is the fraction
of adsorbate adsorbed at different time t, which is given by:

F ¼ Qt

Qe
ð10Þ
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Substituting Eq. (10) into Eq. (9), the kinetic expression
becomes:

Bt ¼ −0:4977−ln 1−
Qt

Qe

� �
ð11Þ

For a particle diffusion mechanism of an adsorption pro-
cess, the plot of Bt versus t should result in a straight line with
zero intercept. If not, the adsorption process is governed by

film diffusion. Linear fittings of the experimental adsorption
kinetic data of cobalt(II) radionuclides onto TMM to Weber
and Morris (Eq. 8) and Boyd (Eq. 11) diffusion models are
shown in Fig. 6 e and f, respectively. At all the studied initial
cobalt(II) concentrations, the plots of Qt versus t

0.5 did not
yield straight lines passing through the origin. Instead,
Weber-Morris plots show multi-linearity. The first and the
second portions can be attributed to external surface
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adsorption (film diffusion) and intraparticle diffusion (pore
diffusion) of cobalt(II) radionuclides, respectively, while the
third linear portion is due to equilibrium. The slope and inter-
cept of the second linear portion s are used to calculate values

of the intraparticle diffusion constant, K4, and C. The obtained
data together with R2 values of the second linear portions are
presented in Fig. 6 e (Table 1). Based on the plots represented
in this figure, the intraparticle diffusion was not the rate-

Table 1 Comparison of the
adsorption capacity of TH-
modified montmorillonite with
those reported in literature for
metal ions using natural, organo-
modified, and inorgano-modified
clays

Adsorbent Adsorbate Qmax (mg/g) Reference

Kaolinite Vanadium(V) 0.78 Zhu et al. 2018
0.98Montmorillonite

Bentonite Uranium(VI) 9.124 Wang et al. 2017

Attapulgite Uranium(VI) 9.35 Han et al. 2017

Vermiculite Manganese(II) 28.32 Kebabi et al. 2017
36.77H2O2 sonicated vermiculite

Polyaniline-bentonite Uranium(VI) 17.5 Liu et al. 2017

Ti-pillard smectite Arsenic(III) 0.157 Mukhopadhyay et al. 2017

ODTMA-montmorillonite Chromium(VI) 9.61 Rathnayake et al. 2017
ODTMA-Al-montmorillonite 17.86

Kaolinite Lanthanum(III) 1.731 Xiao et al. 2016
Neodymium(III) 1.587

Yttrium(III) 0.971

Bentonite Zinc(II) 21.8 Ferhat et al. 2016
Cupper(II) 23.5

Diatomite Cobalt(II) 8.721 Rashad et al. 2016
8.136

Sepiolite 7.924
bentonite

Illite Uranium(VI) 5.266 Gao et al. 2015

CTAB-Fe-montmorillonite Arsenic(III) 13.89 Ren et al. 2014
Arsenic(V) 8.85

Fe-montmorillonite Arsenic(III) 16.13

Arsenic(V) 15.15

Bentonite Lead(II) 20.684 Guerra et al. 2013
APS-bentonite 27.652

AEAPS-bentonite 29.541

Fe-sepiolite Cobalt(II) 24.326 Lazarevic et al. 2012

Diatomite Thorium(IV) 6.961 Yusan et al. 2012
13.924Calcined diatomite

Palygorskite Cobalt(II) 8.88 He et al. 2011

Kaolinite Cadmium(II) 0.88 Jiang et al. 2010
Nickel(II) 0.90

Cupper(II) 1.22

Formaldehyde-bentonite Cobalt(II) 21.381 Omar et al. 2009

Kaolinite Lead(II) 16.16 Unuabonah et al. 2008
Cadmium(II) 10.75

Sodium tetraborate-kaolinite Lead(II) 42.92

Cadmium(II) 44.05

8HQ-immobilized bentonite Cupper(II) 56.55 Gok et al. 2008

Al-pillard bentonite Cobalt(II) 38.521 Manohar et al. 2006

TBA-kaolinite Cupper(II) 3.2 Bhattacharyya and Gupta 2006
TBA-montmorillonite 27.3

Montmorillonite Cobalt(II) 5.717 This work
TH-modified montmorillonite 50.09

ODTMA, octadecyltrimethylammonium; CTAB, cetyltrimethylammonium; APS, 3-aminopropyltrimetoxisilane;
AEAPS, 3,2-aminoethylaminopropyltrimetoxisilane; 8HQ, 8-hydroxyquinoline; TBA, tetrabutylammonium
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controlling step during adsorption of cobalt(II) radionuclides
onto TMM. On the other hand, the results demonstrated in
Fig. 6 f indicate that plots of Bt versus time resulted in straight
lines with high correlation coefficients (R2 = 0.954, 0.982, and
0.997 for 0.1, 0.2, and 0.4 mmol/L cobalt(II)). But, these plots
had non-zero intercepts as shown by the obtained data, indi-
cating that adsorption rate of cobalt(II) radionuclides onto the
modified montmorillonite is controlled by film diffusion.

Effect of ionic strength

It is well known that ionic strength is one of the essential
parameters for adsorption technology owing to its importance
in participation of elucidation of the adsorption mechanism.
The results of studying this parameter can be used to differen-
tiate between outer-sphere complexation and inner-sphere
complexation. In general, outer-sphere complexation is the
predominant adsorption mechanism if adsorption process of
an adsorbate onto an adsorbent is obviously influenced by
ionic strength, whereas inner-sphere surface complexation is
unaffected by ionic strength (Sparks 2003; Guo et al. 2011;
Chen and Wang 2007). Thereby, adsorption process of
cobalt(II) radionuclides onto the modified montmorillonite
was carried out from solutions of low, moderate, and relatively
high ionic strengths (0.0001–0.1 M NaCl). The results obtain-
ed are shown in Fig. 7. As shown by the data given in this
figure, the removal percentage of cobalt(II) radionuclides
(R% > 99%) is unaffected by increasing the background elec-
trolyte concentration up to 0.001 M. Beyond this concentra-
tion, the removal percentage is markedly reduced and reached
to about 40% at 0.1 M NaCl. The apparent dependence of the
removal percentage of cobalt(II) radionuclides on ionic
strength of the solution suggested that outer-sphere surface

complexation is the dominant adsorption mechanism in the
present investigation.

Equilibrium studies

Adsorption isotherms

Adsorption isotherm is a graph that describes the relation be-
tween the equilibrium concentration of an adsorbate and its
amount adsorbed onto the solid phase at fixed temperature,
pressure and solution chemistry such as pH and ionic strength
(Essington 2004). Adsorption isotherms of cobalt(II) radionu-
clides onto the modified montmorillonite, at various tempera-
tures of 30, 45, and 60 °C, are investigated at a constant pH
value of about 4.2 and a fixed adsorbent weight of 10 g/L. The
obtained equilibrium data are shown in Fig. 8. This figure
demonstrates that the equilibrium adsorption capacity, Qe, of
cobalt(II) radionuclides is markedly influenced by its initial
concentration and the reaction temperature. Increasing the ini-
tial cobalt(II) concentration resulted in an increase in the Qe

value, at all the studied temperatures, with adsorption iso-
therms shape of L type according to the Giles classification
(Giles et al. 1960). This L-shaped (Langmuir) isotherm, which
is the most commonly encountered type of isotherm in soil
chemistry, clarifies that the solid surface has a relatively high
affinity for low concentrations of the adsorbate. By increasing
the adsorbate concentration, its affinity for the solid surface
decreases where the surface coverage increases (Essington
2004), which is observed in the present study (Fig. 8). On
the other hand, the equilibrium adsorption capacity of
cobalt(II) radionuclides is unaffected by the reaction temper-
ature at the low studied adsorbate concentrations, while it is
noticeably influenced by temperature at high cobalt(II) con-
centrations. At the highest studied cobalt(II) concentration,
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increasing the temperature from 30 to 60 °C increased the
adsorption capacity from 0.576 to 0.769 mmol/g. This en-
hancement in the adsorption capacity with increasing temper-
ature suggested that adsorption of cobalt(II) radionuclides on-
to TMM is an endothermic process.

Modeling of adsorption isotherms data

Generally, modeling of the equilibrium data is important to
determine the appropriate isotherm models for design of an
adsorption system. Four adsorption isotherm models, namely,
Langmuir, Freundlich, Temkin, and generalized models, are
used in the present study to analyze the adsorption isotherms
data of cobalt(II) radionuclides onto TMM at the studied tem-
peratures. The theoretically derived Langmuir equation as-
sumes that (i) adsorption occurs on solid surfaces that have a
fixed number of identical sites; (ii) monolayer coverage is
permitted and equilibrium is attained; (iii) adsorption process
is reversible; (iv) there is no interaction between adsorbed
species; and (v) adsorption occurs on homogenous solid sur-
faces. Most of these assumptions are not valid for heteroge-
neous solid surfaces such as clays. Consequently, the
Langmuir equation should only be used for purely qualitative
and descriptive purposes (Sparks 2003). The linearized form
of the Langmuir adsorption equation is expressed as
(Langmuir 1918):

Ce

Qe
¼ 1

QmKL
þ Ce

Qm
ð12Þ

where Ce is the equilibrium concentration of cobalt(II) in the
aqueous phase (mmol/L),Qe is the amount of cobalt(II) adsorbed
per gram of the solid phase at equilibrium (mmol/g), and Qm is
the maximum adsorption capacity and has the unit of Qe. The
Langmuir adsorption constant, KL, is a measure of the intensity
of adsorption (L/g). For this expression, a plot of Ce/Qe against
Ce should yield a straight line with a slope of 1/Qm and a Y-
intercept of 1/QmKL, if this model describes the adsorption data.

The Freundlich equation, an empirical adsorption model, is
written as (Mahmoud et al. 2017):

logQe ¼ logK F þ 1

n
logCe ð13Þ

where Ce and Qe are defined earlier, KF is the Freundlich
constant (mmol1−n Ln/g), and n is a measure of the heteroge-
neity of adsorption sites on the adsorbent surface (Essington
2004). If 1/n approaches 0, the surface site heterogeneity in-
creases and there is a broad distribution of adsorption site
types. On the other hand, if 1/n approaches unity, the surface
site homogeneity increases and there is a narrow distribution
of adsorption site types. This model can describe the adsorp-
tion data if the plot of logQe against logCe gives a straight line
with slope 1/n and a Y-intercept of log KF.

The Temkin isotherm model supposes that the adsorbate-
adsorbate repulsions causes the heat of adsorption of all spe-
cies to decrease linearly, instead of logarithmically as the
Freundlich model, with coverage and its linear form is pre-
sented by the following equation (Temkin and Pyzhev 1940):

Qe ¼ BlnAþ BlnCe ð14Þ
where B is related to the heat of adsorption (J/mol) and A is the
Temkin isotherm constant corresponding to the maximum
binding energy (L/g). For the validity of this model, the plot
of ln Ce versusQe should give a linear plot with slope of B and
a Y-intercept of B ln A.

The linear form of the generalized isotherm model, which
is a combination of Langmuir and Freundlich isotherms, is
given by (Gupta and Babu 2009):

log
Qm

Qe
−1

� �
¼ logKG−N logCe ð15Þ

where KG and N are the generalized isotherm constants and
are obtained from the intercept and slope of the linear plot of
log [(Qm/Qe)− 1] versus log Ce. In this equation,Qm is obtain-
ed from Langmuir isotherm model.

Figure 9 a–d shows the plots of Langmuir, Freundlich,
Temkin, and generalized isotherm models at different temper-
atures, respectively. The calculated parameters of these
models as well as the correlation coefficient (R2) values are
also presented in this figure (Table 1). By comparing the R2

values obtained for the abovementioned isotherm models at
the studied temperatures, it can be seen that fitting the present
equilibrium data to Langmuir and Freundlich equations result-
ed in linear plots with higher R2 values (R2 ranging from 0.975
to 0.996) than those obtained for Temkin (R2 = 0.917–0.954)
and generalized (R2 = 0.797–0.879) models. This finding im-
plies that both Langmuir and Freundlich isotherm models had
the ability to well describe the equilibrium data of cobalt(II)
radionuclides onto the modified montmorillonite. From Fig. 9
b, the calculated values of 1/n are found to be much closer to 0
than to unity, indicating that the surface heterogeneity in-
creased and there is a broad distribution of adsorption site
types. On the other hand, the calculated values ofQm obtained
for the Langmuir isotherm model (Fig. 9a; Table 1) increased
from 0.591 to 0.796 mmol/g as the temperature is increased
from 30 to 60 °C. These data pointed out that the present
adsorption process is endothermic in nature. One of the fun-
damental characteristics of Langmuir isotherm is a dimension-
less constant called separation factor, RL, which is defined by:

RL ¼ 1

1þ KLCo
ð16Þ

The values of RL are used to predict whether the adsorption
process is favorable (0 < RL < 1), unfavorable (RL > 1), linear
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(RL = 1), or irreversible (RL = 0). The calculated values of RL
at the studied initial cobalt(II) concentrations are found to be
in the ranges of 0.461–0.047, 0.509–0.065, and 0.507–
0.071 at temperatures of 30, 45, and 60 °C, revealing the
favorability of the present adsorption process.

Based on the KL values obtained at different tempera-
tures for the Langmuir model, the thermodynamic param-
eters (enthalpy change, ΔH°, and entropy change, ΔS°)
are calculated from the slope and intercept of the linear
plot of ln KL versus 1/T according to the following relation
(Ghassabzadeh et al. 2010):

lnKL ¼ −
ΔHo

RT
þ ΔSo

R
ð17Þ

where R is the universal gas constant (R = 0.008314 kJ/
mol) and T is the absolute temperature in degree Kelvin.
Afterwards, values of the change in free energy (ΔG°) are
calculated based on the values of ΔH° and ΔS°
(ΔG° =ΔH−TΔS°).

The calculated values of ΔG° are found to be − 2.687, −
3.407, and − 4.127 kJ/mol at temperatures of 30, 45, and
60 °C, respectively. The minus sign of ΔG° values indicates
that adsorption of cobalt(II) radionuclides onto the modified
montmorillonite is a spontaneous process. By shedding more
light on these values, it can be observed that ΔG° is more
negative at high temperature, indicating the increase of the
adsorption spontaneity with increasing temperature.
Furthermore, the value of ΔG° can be generally used to dis-
tinguish between physical and chemical adsorption processes.
If ΔG° ranges between 0 and − 20 kJ/mol, the adsorbate is
physically adsorbed onto the solid phase, while it is chemical-
ly adsorbed if ΔG° ranges between − 80 and − 400 kJ/mol
(Petrucci and Harwood 1997). From the aforementioned
ΔG° values, it can be deduced that removal of cobalt(II) ra-
dionuclides onto TMM is governed by physical adsorption
mechanism. The positive value of the enthalpy change
(ΔH° = 11.857 kJ/mol) suggested that adsorption of
cobalt(II) radionuclides onto the modified montmorillonite is
endothermic process and heat is gained from the surroundings.
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Fig. 9 Linear fittings of the equilibrium isotherms of cobalt(II) radionuclides onto TMM to Langmuir (a), Freundlich (b), Temkin (c), and generalized
(d) isotherm models
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This low value of ΔH° further indicates that cobalt(II) radio-
nuclides are removed via physical adsorption. Eventually, the
positive value of the entropy change (ΔS° = 0.048 kJ/mol K)
illustrates that the degree of randomness at the solid-solution
interface increased during the adsorption process.

Comparison with natural, organo-modified,
and inorgano-modified clays

To show the significance of the proposedmodification process
in the current investigation, the maximum adsorption capacity
of cobalt(II) achieved by TH-modified montmorillonite
(Qmax = 0.85 mmol/g ≈ 50.09 mg/g) is compared with those
reported in literature for various metal ions using natural,
organo-modified, and inorgano-modified clays. These values
are tabulated in Table 1. This table demonstrates that TH-
modified montmorillonite is obviously exhibited higher ad-
sorption capacity not only than the natural clays, but also than
the modified ones and hence its potentiality for remediation of
radioactive liquid wastes.

Desorption studies

Figure 10 illustrates the influence of desorbing agent concen-
trations (0.001–0.1 mol/L) on the desorption percentage of
cobalt(II)-loaded organo-montmorillonite. Except for Al3+,
the data presented in this figure show that the desorbing agent
concentration played a significant role in the desorption pro-
cess of cobalt(II)-loaded TMM. Increasing the desorbing
agent concentration, either organic or inorganic, concentration
resulted in an increase in the desorption percentage of
cobalt(II) radionuclides and maximum desorption percentage
of about 90% is achieved by Al3+ and EDTA at concentrations
≥ 0.01 mol/L. This high desorption percentage proposed that

most of cobalt(II) radionuclides are adsorbed onto the active
sites of the modifying agent, TH, as well as the external ad-
sorption sites of montmorillonite. While the fraction remained
onto TMM, 10% of adsorbate could not be desorbed, clarified
that insignificant amount of cobalt(II) radionuclides are
adsorbed onto the internal adsorption sites of montmorillonite.
From the desorption data (Fig. 10), it can be eventually con-
cluded that cobalt(II) radionuclides are physically adsorbed
onto TH-modified montmorillonite.

Conclusions

TMM was efficiently applied as an adsorbent for cobalt(II)
radionuclides from aqueous solutions. From the data obtained,
it can be inferred that

i. The removal efficiency of cobalt(II) radionuclides was
strongly dependent on the amount of modifying agent
loaded onto montmorillonite as well as the loading pH.
Modification of montmorillonite was confirmed by
FTIR, while the XRD results showed that TH was bound
to the clay at the external adsorption sites rather than the
interlayer space.

ii. Removal percentage > 99% was attained for cobalt(II)
radionuclides in the pH range of 3.5–7 using TMM com-
pared to 63% at pH ≥ 5.4 using the unmodified clay.

iii. Increasing the adsorbent dosage of TMM from 2 g/L
(V/M = 0.5 L/g) to 20 g/L (V/M = 0.05 L/g) increased
the removal percentage of Co(II) from 21.5 to 99.2%,
whi le decreased the amount adsorbed f rom
0.199 mmol/g to 0.084 mmol/L.

iv. Kinetic studies revealed that maximum removal percent-
ages of 41.2%, 69.9%, and 99.7% were achieved for 0.4,
0.2, and 0.1 mmol/L cobalt(II) at equilibrium times of 30,
20, and 10min, respectively. Modeling of the kinetic data
demonstrated that the pseudo-second order model was
the best one for describing the present adsorption process.
The diffusion study suggested that the present adsorption
process was controlled by film diffusion.

v. Ionic strength had no effect on the removal percentage of
cobalt(II) up to 0.001 M. Beyond this value, the removal
percentage decreased to about 40% at 0.1 M NaCl.

vi. Equilibrium isotherms show that increasing temperature
from 30 to 60 °C increased the adsorption capacity from
0.576 to 0.769 mmol/g. Both Langmuir and Freundlich
isotherm models had the ability to represent the equilib-
rium isotherms data.

vii. Thermodynamic parameters inferred that cobalt(II) ra-
dionuclides were physically adsorbed onto TMM
(ΔG° = − 2.687, − 3.407 and − 4.127 kJ/mol at temper-
atures of 30, 45, and 60 °C, respectively) and it was an
endothermic in nature (ΔH° = 11.857 kJ/mol).
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Fig. 10 Desorption of cobalt(II) radionuclides loaded onto TMM using
various desorbing agents
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viii. The adsorption capacity of TMMwas higher than those
reported for natural, organo-modified, and inorgano-
modified clays and consequently it has the potentiality
to be used as an adsorbent for removal of cobalt(II)
radionuclides from radioactive liquid wastes.

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.
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