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Abstract—Montmorillonite clay (MMT) sample has been structurally characterized using different tech-
niques such as XRD, FTIR, TGA, SEM, and EDX, and evaluated as a sorbent for Cd2+ ions removal from
aqueous solutions were studied in a batch adsorption system. The specific surface area (SSA) and cation
exchange capacity (CEC) were determined using methylene blue test and they were found to be 177 m2/g and
of 94 meq/100 g, respectively. The effect of parameters like pH value, contact time, initial Cd2+ concentration
and temperature was experimentally studied in batch mode. The extent of Cd2+ adsorption increased with
increasing initial concentration of adsorbat, pH, and temperature. The linear Langmuir and Freundlich
models were applied to describe equilibrium isotherms and both models fitted well. The monolayer adsorp-
tion capacity for Cd2+ ions was 12.30 mg/g at pH 6.1 and 25°C. Thermodynamic parameters showed that the
adsorption of Cd2+ onto montmorillonite clay was spontaneous and endothermic process. Furthermore, the
Lagergren-first-order and pseudo-second-order models were used to describe the kinetic data. The experi-
mental data fitted well the pseudo-second-order kinetics. As a result, the montmorillonite clay may be used
for removal of Cd2+ from aqueous media.
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INTRODUCTION

An enormous amount of toxic heavy metals is being
discharged into the environment as a waste from batter-
ies, tanneries, electroplating, pesticides, fertilizers, min-
ing and ore refining industries [1]. Unlike other water
pollutants, heavy metals tend to accumulate in living
organisms resulting in potential risks to human health
and environment [2]. Among heavy metals, cadmium
have attracted special attention. For humans, cadmium
is a carcinogen. It can also cause kidney damage [3]. The
United States Environmental Protection Agency
(USEPA) recommended that the maximum contami-
nation level for cadmium in drinking water should not
exceed 0.01 mg/L [4]. Therefore, the process of cad-
mium removal from bodies of water is very important
and attracts the interest of many researchers.

Several methods and techniques have been pro-
posed for cadmium ion removal including adsorption
[5], precipitation [6], bioremediation [7], membrane
filtration [8], ion-exchange [9], and solvent extraction
[10]. However, these methods have several disadvan-
tages/limitations such as being expensive, generating

secondary pollutants like sludge, and are ineffective in
treating eff luents with low metal concentrations etc.

Among these techniques, adsorption was consid-
ered superior due to its high efficiency, easy operation,
cost effectiveness and availability of efficient adsor-
bents [11]. Many adsorbents have been evaluated for
cadmium ions uptake including clay minerals [12],
activated carbon [13], zeolites [14], metal oxides [15],
composites [16], functionalized polymers [17], and
carbon nanotubes [18]. Due to their natural abun-
dance, high sorption capacity and chemical and
mechanical stability, clay minerals are considered sub-
stantial adsorbents. The sorption capacity of clays is
imparted from a relatively high specific surface area
and a net negative surface charge [19].

Montmorillonite, one of the most widely used
clays, has been proven efficient in removal of heavy
metals, including Cu, Pb, Co, Zn, and Cd, which is of
great concern because of the increasing trend in dis-
charge, stability in nature, and high toxicity [20, 21].
Montmorillonite is a clay belonging to the smectite
clay group characterized by a 2 : 1 structure with one
octahedral sheet of Al3+ grid sandwiched between two
tetrahedral sheets of Si4+ (Fig. 1). Isomorphic substitu-
2653
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Fig. 1. Montmorillonite: (a) crystalline structure and (b) microstructure.
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tions within the octahedral sheets produce a net neg-
ative surface charge [22, 23]. In recent decades, the
applicability of montmorillonite from different
regions for heavy metals removal has been studied
extensively [24].

The objective of the present work is to study the
adsorption characteristics of Cd2+ ions from aqueous
solution using montmorillonite clay. The influences of
adsorption conditions such as contact time, pH
changes, initial concentration of Cd2+ ions and tem-
perature effect were investigated. In addition, the
physico-chemical characteristics of montmorillonite
clay obtained by XRD, IR, TGA, SEM, and EDX
were studied to understand the adsorption mecha-
nism. Finally, the possibility to use montmorillonite
clay to remove Cd2+ metal ion from wastewater was
demonstrated.

EXPERIMENTAL

Materials

Natural montmorillonite (MMT) was supplied by
the County of Maghnia, Western Algeria, and used
after purification. Cadmium chloride (CdCl2·H2O) is
used as metal solution. This stock solution was then
diluted to specified concentrations. The pH adjust-
ment was carried out using 0.1 N hydrochloric acid
(HCl) and 0.1 N sodium hydroxide (NaOH). Chemi-
cals of analytical grade were purchased from Merck.
All plastic sample bottles and glassware were cleaned,
RUSSIAN JOURNAL O

Table 1. Chemical composition (wt %) of initial MMT accor

Others SiO2 Al2O3 Fe2O3 TiO2 P2

Balance 71.60 12.75 10.77 1.66 0.
then rinsed with deionized water and dried at 60°C in
a temperature controlled oven.

Montmorillonite Pretreatment

Montmorillonite (MMT) clay (50 g) was placed in
750 mL vessel with distilled water and stirred for 2 h.
The suspension was decanted and separated by cen-
trifugation. This procedure was repeated four times.
Finally, the precipitate (MMT) was oven dried at
120°C for 24 h and crushed. The chemical composi-
tion of dried sample is given in Table 1.

Batch Adsorption Experiments

The adsorption measurements were performed
using batch equilibrium technique at ambient tem-
perature. The effect of contact time on the adsorption
capacity of MMT was studied in the range 1–360 min
at an initial concentration of 100 mg/L. Adsorption
kinetics was studied using an initial concentration of
100 mg/L with the adsorbent dosage of 0.2 g/20 mL at
pH 6.1. Adsorption isotherms were studied at various
initial concentrations of Cd2+ ion in the range of 10–
120 mg/L and the experiments were conducted at dif-
ferent constant temperatures in the range 25–60°C.
The Cd2+ adsorption capacity of MMT in the batch
test was calculated using following equations:

(1) −= × 
 

 

0 e
ratio

0

  100%,C CR
C

F PHYSICAL CHEMISTRY A  Vol. 95  No. 13  2021

ding to XRF analysis

O5 SO3 K2O MnO ZrO2 CaO

70 0.09 0.09 0.02 0.04 0.31
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Fig. 2. SEM micrograph of: (a) MMT and (b) Cd-adsorbed MMT. 
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where Rratio is the Cd2+ removal rate, qe (mg/g) is the
equilibrium capacity of Cd2+ on the MMT, C0 and Ce
(mg/L) are, respectively, the initial concentration and
concentration at equilibrium of the Cd2+ solution,
V (L) is the solution volume, and m (g) is the mass of
MMT. All assays were carried out in triplicate and the
mean values are presented.

Characterization

X-ray diffraction (XRD) measurements were car-
ried out using Philips diffractometer (PW-1710) with
CuKα (λ = 1.54 Å) radiation source operating at 40 kV
and 30 mA at room temperature. All scans were per-
formed in 2θ range 2°–20° with scan speed of
2 deg/min.

Chemical analysis was performed by X-ray f luores-
cence (XRF) spectroscopy on ElvaX Pro (Elvatech)
spectrometer.

FTIR spectra of MMT were recorded using Shi-
madzu FTIR-8300 in the range of 400–4000 cm–1,
using KBr disc method.

The morphology of MMT was studied by scanning
electron microscopy (SEM) (JSM-5900 LV).

The specific surface area (SSA) and cation
exchange capacity of the MMT sample were deter-
mined by methylene blue titration and spot methods,
respectively [25].

Concentrations of Cd2+ ions in the solutions were
measured using an AA-6300 atomic absorption spec-
trophotometer (Shimadzu, Japan).

−= 0 e( )  ,e
C Cq V

m
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Thermal gravimetric analysis (TGA) was con-
ducted on a Shimadzu TGA-51H instrument in the
temperature range from 30 to 900°C; heating rate of
10 K/min in nitrogen atmosphere with a purge rate of
20 mL/min.

RESULTS AND DISCUSSION

Characterization of Sorbent

Scanning electron microscopy (SEM) is an import-
ant tool used in the determination of the surface mor-
phology of an adsorbent. In this study, SEM was used
to reveal the change in morphological features of
MMT and Cd-adsorbed MMT (Fig. 2).

The SEM results showed that the surface morphol-
ogy of Cd-adsorbed MMT is different from that of
natural MMT. The natural MMT showed loose aggre-
gates with a porous structure. After adsorption, the
surface of MMT demonstrates compacted aggregates.
The surface morphology of the natural MMT changed
evidently during the adsorption process, indicating
that significant interaction at the cadmium–clay
interface.

IR spectroscopy. FT-IR spectra provide useful
information about the surface functional groups which
affect the adsorption process. For this reason, the FT-
IR spectrum of the MMT clay was recorded as shown
in Fig. 3. As noted, all the spectra show bands at 3636
and 3395 cm–1 attributed to O–H stretching for the
silicate and water, respectively, 1631 cm–1 (related to
O–H bending), 1039 cm–1 (owing to stretching vibra-
tion of Si–O–Si from silicate), 912 cm–1 (from Al–
OH–Al deformation of aluminates), 525 and 470 cm–1

(Al–O stretching and Si–O bending vibrations of
MMT, respectively), and 789 cm–1 (related to Si–O
stretching vibration) [26, 27].
l. 95  No. 13  2021
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Fig. 3. FTIR spectra of MMT. 
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XRD analysis is widely used to investigate the
mineralogical composition of clay minerals which
deeply affects their physiochemical properties. For
this purpose, the MMT powder sample was subjected
to XRD analysis and the result is shown in Fig. 4. The
X-ray diffraction pattern of MMT shows the major
phase of montmorillonite whose main peak is at 2θ =
19°, 22°, 28°, 37°, and 53°. The presence of quartz at
2θ = 23° and 29° is noted. A peak at 2θ = 34° can be
attributed, presumably, to calcite. The ref lection at
2θ = 32° on the MMT clay proves the presence of
sodium feldspar [28].

Bragg’s equation, 2d sin θ = nλ, was used to calcu-
late the basal spacing (d001) of the MMT.

The characteristic d001 diffraction peak for MMT in
the 2θ region is located at 6.52°, d001 = 13.54 Å.

Specific surface area (SSA) and cation exchange
capacity (CEC). Surface area and cation exchange
capacity measurements of clay minerals are important
for characterizing their bonding and swelling power,
adsorptivity for polar compounds, and plasticity.
Methylene blue (MB) spot and titration methods are
widely used for SSA and CEC determination where
they estimate them more accurately than other con-
ventional methods. Following equations are used to
calculate SSA and CEC, respectively [25]:

(3)

(4)

where mMB is the mass of the adsorbed MB at the point
of complete replacement, ms is the mass of the clay
specimen, 319.87 is the molecular weight of MB dye,

= MB
V MB

s

1SSA ,
319.87

m A A
m

= cc mb
s

100CEC ,V N
m
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AV is Avogadro’s number (6.023  1023/mol), AMB is
the area covered by one MB molecule, Vcc is the vol-
ume of the MB titrant, and Nmb is the normality of the
MB (meq/mL). By substitution in Eqs. (3) and (4), it
was found that the SSA and CEC of the MMT are
177 m2/g and 94 meq/100 g, respectively. For compari-
son purposes, SSA is also measured by N2 adsorption
method (BET specific surface area) using a Quanta-
chrome Monosorb®device (Quantachrome Instru-
ments, Boynton Beach, Florida, USA) and it was found
to be 75.5 m2/g. This value is very small compared to
that estimated by MB test due to the N2 adsorption
technique estimates only the external surface area rather
than total surface area for swelling silicates.

Thermogravimetric analysis (TGA). The TGA and
DTGA curves MMT are shown in Fig. 5. MMT dis-
plays two thermal degradation transitions. The first
one occurs in the temperature range 100–350°C and
is due to the vaporization of both the free water (i.e.,
the water sorbed on the external surfaces of crystals)
and the water residing inside the interlayer space,
forming hydration spheres around the exchangeable
cation [26, 28]. The second transition is observed at
higher temperatures (between 500 and 800°C) and is
attributed to the structural water resulting from the
dehydroxylation of clay OH units.

Adsorption Studies
The effect of contact time on the adsorption of Cd2+

ion onto MMT clay at 25°C and pH 6.1 is shown in
Fig. 6. It can be seen that the adsorption of Cd2+

occurred very quickly from the beginning of the exper-
iment to the first 12 min, where the maximum adsorp-
tion of Cd2+ onto clay was observed; it can be said that

×

F PHYSICAL CHEMISTRY A  Vol. 95  No. 13  2021
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Fig. 4. XRD pattern of MMT; Mt—montmorillonite, Q—quartz, Cr—cristobalite, F—feldspar, Ca—calcite. 
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Fig. 5. TGA and DTGA curves of MMT. 
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beyond this there was almost no further increase in the
adsorption. This was due to the decrease in the num-
ber of adsorption sites on the clay which gradually
interacted with the metal ion [29]. Therefore, 12 min
was selected as the optimum contact time for all fur-
ther experiments.

In this study, 94.4% of Cd2+, were adsorbed on the
MMT clay when the equilibrium was reached in just
12 min. On the basis of this result, it can be observed that
natural MMT clay can be used to remove this metal ion.

Effect of initial concentration of Cd2+ on adsorption
capacity of MMT was investigated by varying initial
concentration of Cd2+ from 10 to 120 mg/L. For this
study, pH, temperature, adsorbent dosage, and con-
tact time have been fixed as 25°C, 0.2 g/20 mL, and
12 min. The results are presented in Fig. 7. An increase
in Cd2+ concentration accelerates the diffusion of
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo
Cd2+ ions from solution to the adsorbent surface due
to the increase in driving force of concentration gradi-
ent. Hence, the amount of adsorbed Cd2+ at equilib-
rium increased from 0.98 to 10.44 mg/g as the Cd2+

concentration is increased from 10 to 120 mg/L.

Effect of initial pH on the adsorption capacity of
MMT for Cd2+ was studied by varying solution pH
from 1.5 to 11 at the adsorbent dosage of 0.2 g/20 mL
using an initial Cd2+ concentration of 100 mg/L. The
pH range of 1.5–6.1 was chosen, as the precipitation of
Cd2+ is found to occur at pH ≥7 [30]. Variation of
adsorption capacity of MMT for Cd2+ ions with pH is
shown in Fig. 8. It is evident that the adsorption of
Cd2+ ions on MMT is strongly dependent on the pH of
the solution. The adsorption of Cd2+ ions increases
steadily with increase in initial pH from 1.5 to 6.1 and
l. 95  No. 13  2021
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Fig. 6. Effect of contact time on adsorption capacity of
MMT. 
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the maximum adsorption capacity of 9.4 mg/g is
observed at pH 6.1 (natural pH of suspension).

The effect of pH can be explained considering the
surface charge on the adsorbent material. At low pH
values (pH 2–6), the low adsorption was explained
due to increase in positive charge (protons) density on
the surface sites and thus, electrostatic repulsion
occurred between the metal ions (M2+:Cd2+) and the
surface groups with positive charge (Si–OH2+) on the
surface as follows [31]:

(5)

In an alkaline medium (pH ≥7), the surface of
kaolin clay becomes negatively charged and electro-
static repulsion decreases with raising pH due to
reduction of positive charge density on the sorption
surface thus resulting in an increase metal adsorption.
This mechanism can be shown as follows [31]:

(6)

(7)

A similar theory was proposed in several works for
metal adsorption on different adsorbents [30].

Adsorption Isotherm Models

Langmuir isotherm model was applied to establish
the relationship between the amount of Cd2+ adsorbed
onto MMT clay and its equilibrium concentration in
aqueous solution. Langmuir adsorption isotherm [32]
is applied to equilibrium adsorption assuming mono-
layer adsorption onto a surface with a finite number of
identical sites and is represented in linear form:

(8)

+ + −− + → − +2SiOH  H SiOH H  .

+ −− + → − + 2SiOH  H SiO H O,

− + +− + → −2 2SiO   M SiOH .

= +e e

e m L m

1 ,C C
q q K q
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where qe is the equilibrium adsorption capacity
(mg/g), Ce is the metal ions equilibrium concentration
(mg/L); KL (L/g) and qm (mg/g) are Langmuir con-
stant relating maximum monolayer coverage capacity
and the enthalpy of adsorption, respectively. These
constants are evaluated from slope and intercept of the
linear plots of Ce/qe versus Ce, respectively (Fig. 9).

The Langmuir monolayer adsorption capacity of
MMT clay was estimated as 12.30 mg/g (Table 2).
Based on the further analysis of Langmuir equation,
the dimensionless parameter of the equilibrium
adsorption intensity (RL) can be expressed by:

(9)

where C0 (mg/L) is the initial Cd2+ ions concentra-
tions and KL (L/g) is Langmuir constant related to
the energy of adsorption. The value of RL indicates
the shape of the isotherms to be either unfavorable
(RL > 1), linear (RL = 1), favorable (0 < RL <1) or

=
+L

L 0

1  ,
1  

R
K C
F PHYSICAL CHEMISTRY A  Vol. 95  No. 13  2021



EVALUATION OF NATURAL MONTMORILLONITE CLAY FOR REMOVAL OF Cd2+ 2659

Fig. 9. Langmuir isotherm plot for adsorption of Cd2+

on MMT. 
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Table 2. Langmuir and Freundlich isotherm parameters for
the adsorption of Cd2+ on MMT

Langmuir Freundlich

qm, mg/g KL, L/g R2 nF KF R2

12.30 0.31 0.987 1.83 2.69 0.980

Fig. 10. Dependence of separation factor on initial Cd2+

concentration. 
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irreversible (RL = 0). The inf luence of isotherm
shape on whether adsorption is favorable or unfavor-
able has been considered [33].

For a Langmuir type adsorption process, the iso-
therm shape can be classified by a dimensionless sep-
aration factor (RL), given by Eq. (9). The calculated RL
values as different initial Cd2+ concentrations are
shown in Fig. 10. It was observed that the value of RL
in the range 0–1 confirmed that Cd2+ adsorption is
favorable process. Also lower RL values at higher initial
Cd2+ concentrations showed that adsorption was more
favorable at higher concentrations. The degree of favor-
ability is generally related to the irreversibility of the sys-
tem, giving a qualitative assessment of the MMT–Cd2+

interactions. The degrees tended toward zero (the com-
pletely ideal irreversible case) rather than unity (which
represents a completely reversible case).

Freundlich isotherm model. The equilibrium data
was also applied to the Freundlich adsorption iso-
therm [34], which is the earliest relationship known
describing the adsorption equilibrium and is expressed
in linear form by the following equation:

(10)

where KF and nF are Freundlich constants related to
adsorption capacity and adsorption intensity, respec-
tively. When log qe is plotted against , a straight
line with slope nF and intercept KF is obtained (see
Fig. 11). The intercept of the line, KF, is roughly an
indicator of the adsorption capacity and the slope, nF,
is an indication of adsorption intensity. The values
obtained for the Freundlich variables for the adsorp-
tion of Cd2+ ions are given in Table 2.

A relatively slight slope nF < 1 indicates that
adsorption intensity is good (or favorable) over the

= +e F e
F

1log log log ,q K C
n

elogC
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entire range of concentrations studied, while a steep
slope (nF > 1) means that adsorption intensity is good
(or favorable) at high concentrations but much less at
lower concentrations [35]. In the present study, the
value of nF (nF = 1.83) is greater than 1, indicating that
the adsorption process is favorable. The KF value of the
Freundlich equation also indicates that MMT has a
high adsorption capacity for cadmium ions in aqueous
solutions. The value of correlation coefficient (R2 =
0.980) is also good. It can be said that Freundlich
model fitted well.

Adsorption kinetic models. In an attempt to present
the kinetic equation representing adsorption of Cd2+

onto MMT clay, two kinds of kinetic models were used
to test the experimental data. These are Lagergren
first-order equation and second-order equation.

Lagergren first-order equation is the most popular
kinetics equation. The form is

(11)

After definite integration by applying the conditions
qt = 0 at t = 0 and qt = qt at t = t, Eq. (11) becomes the
following [36]:

(12)

where qt (mg/g) is the amount of adsorption time t
(min); k1 (min–1), the rate constant of equation, and qe

= −1 e( ).t
dq k q q
dt

− = −e e 1ln( ) ln , tq q q k t
l. 95  No. 13  2021
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Fig. 11. Freundlich isotherm plot for adsorption of Cd2+

on MMT. 
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(mg/g) is the amount adsorption equilibrium. The
adsorption rate constant k1, can be determined experi-
mentally by plotting of ln (qe – qt) versus t (see Fig. 12).

The second-order equation is in the following form:

(13)

After definite integration by applying the conditions
qt = 0 at t = 0 and qt = qt at t = t, Eq. (13) becomes the
following [37]:

(14)

where qt (mg/g) is the amount of adsorption at the
time t (min), k2 (g/(mg min)) is the rate constant of the
second-order equation, and qe is the amount of
adsorption equilibrium (mg/g).

k2 and qe can determined experimentally by plot-
ting of t/qt versus t (Fig. 13).

Based on the correlation coefficients presented in
Table 2, the adsorption of Cd2+ onto MMT was best
described by the second order equation. A good agree-
ment with this adsorption model was confirmed by the
similar values of qe experimental and qe calculated.
Many studies reported Lagergren’s first-order equa-
tion does not fit well to the initial stages of the adsorp-
tion processes [38]. The first-order kinetic process has
been used for reversible reaction with an equilibrium
being established between liquid and solid phases. In
many cases, the second-order equation correlates well
to the adsorption studies [39].

The best fit to the pseudo-second order kinetic
indicated that the adsorption mechanism depended
on the adsorbate and adsorbent.

Thermodynamics of adsorption. Adsorption experi-
ments to study the effect of temperature were carried
out from 25 to 60°C at optimum pH value of 6.1 and

= − 2
2 e( ) . t

dq k q q
dt

= +2
e2 e

1 1 ,
t

t t
q qk q
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adsorbent loading of 0.1 g/L. The contact time for
adsorption was maintained at 12 min. The variation in
the extent of adsorption with respect to temperature
has been explained based on thermodynamic parame-
ters viz. free energy change (ΔG), enthalpy change
(ΔH), and entropy change (ΔS), which were deter-
mined using the following equations [40]:

(15)

(16)

(17)

where  was plotted against 1/T, (Fig. 14), a
straight line with the slope of ΔH/T and intercept of
ΔS/R were obtained. The values of ΔH and ΔS were
obtained from the slope and intercept of the Van’t

= e
d

e

,qK
C

Δ Δ Δ= − = −dln ,G S HK
RT R RT

Δ ° = Δ − Δ ,G H T S

dln K
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Fig. 14. Plot of lnKd verses 1/T for adsorption Cd2+

on MMT. 
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Hoff plots. The thermodynamic parameters for the
adsorption process are given in Table 3.

It is clear that positive value of ΔH suggested the
endothermic nature of the adsorption and the negative
value of ΔG indicated the spontaneous nature of the
adsorption process. Generally, the change in adsorp-
tion enthalpy for physisorption is in the range of –20
to 40 kJ/mol, but chemisorption is between –400 and
‒80 kJ/mol [40]. The value of adsorption heat showed
that physical adsorption took place in the adsorption
of Cd2+ ion on MMT.

The slightly positive ΔS value showed the increased
randomness at the solid/solution interface during the
adsorption process. The adsorbed water molecules,
which were displaced by the adsorbate species, gained
more translational energy than was lost by the adsor-
bate ions, thus allowing the prevalence of the random-
ness in the system. Enhancement of the adsorption
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo

Table 3. Thermodynamic parameters

–ΔG, kJ/mol ΔH, 
kJ/mol

ΔS, 
J/(mol K) R2

25°C 30°C 40°C 50°C 60°C

0.35 0.96 2.16 3.32 4.53 35.43 0.13 0.965

Table 4. Adsorption capacities (qe) of various adsorbents
studied for Cd2+ removal

Adsorbent qe, mg/g Reference

Montmorillonite 12.300 Present study
Boa Vista, Brazil 2.470 [42]
Activated carbon 10.030 [43]
Untreated Pinus sylvestris bark 8.690 [44]
Treated Pinus sylvestris bark 9.770 [45]
Grain-less stalk of corn 7.300 [46]
capacity at higher temperatures may be attributed to
the enlargement of pore size and/or activation of the
adsorbent surface [41].

Comparison of MMT clay with various adsorbents
for Cd2+ removal. The adsorption capacity of the MMT
clay in the removal of Cd2+ was compared with those of
other adsorbents reported in literature and the values of
adsorption capacities were presented in Table 4. The
values are reported in the form of monolayer adsorp-
tion capacity. The experimental data of the present
investigation was comparable with the reported values.
The MMT clay had a high adsorption capacity as com-
parable with that of the other adsorbent. Therefore, con-
sidering the low cost of this natural adsorbent, it can be
used as an alternative material to minimize the concen-
tration of Cd2+ in wastewater.

CONCLUSIONS
The results of present investigation show that

MMT, low cost material, has suitable adsorption
capacity with regard to the removal of cadmium ions
from aqueous solutions. The amount of adsorbed Cd2+

ions increased with increase in initial concentration of
adsorbat, pH and temperature. Experimental results
were approximated with Langmuir and Freundlich
isotherms. In addition to higher values of correlation
coefficients, monolayer capacities (qm) determined
from Langmuir isotherm and adsorption intensity (nF)
determined from Freundlich isotherm indicate appro-
priateness of Langmuir and Freundlich for cadmium
metal. Pseudo-second-order reaction kinetic has pro-
vided a realistic description for removal of Cd2+ with
similar values of qe calculated and qe experimental,
whereas in the first-order kinetic the difference
between these values is large. The correlation coeffi-
cient was also higher in pseudo-second-order kinetic.

The enthalpy change for the adsorption process was
indicative of the endothermic nature of adsorption. The
dimensionless separation factor (RL) showed that MMT
can be used for removal of cadmium ions from aqueous
solutions. The results of this research were compared to
the published data in the same field, and found to be in
agreement with most of them. The batch design may be
useful for environmental technologist in designing treat-
ment plants for metal removal from wastewaters.
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