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Abstract

Heavy metals such as cadmium, chromium and manganese are toxic priority pollutants that commonly interfere
with the beneficial use of wastewater for irrigation and industrial applications. The sorption of cadmium, chromium
and manganese from aqueous solutions onto natural sepiolite has been studied. The efficiency of sepiolite as an
adsorbent for the removal of these heavy metals from aqueous solutions has been determined. The adsorption was
carried out using a batch method. Adsorption data have been interpreted in terms of Langmuir and Freundlich
equations. The results were provided strong support for the adsorption of heavy metals into sepiolite. For
investigation of exchange equilibria different amounts of sepiolite were contacted with a fixed volume of a heavy
metal bearing solutions. Because the uptake of these heavy metals is mainly dominated by the pH of the liquid phase
the pH value was varied between pH 0–3 and 0.5–5 g in each series of samples. The initial and final concentrations
of heavy metals were determined by means of atomic absorption spectrophotometry. All the operations were
conducted at room temperature (20±1EC). Exchange equilibria have been evaluated for sepiolite by means of the
surface complex formation theory. For evaluation of equilibrium parameters the generalized separation factors were
calculated from experimental data and plotted vs. the respective dimensionless sepiolite loadings. The experiments
demonstrated that Cr3+ and Cd2+ ions were more efficiently adsorbed than Mn2+ ions by sepiolite.
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1. Introduction

Heavy metals are common pollutants found in
various industrial effluents. Industrial and muni-
cipal wastewaters mostly contain metal ions.
Heavy metals, especially Pb(II), Hg(II), Cd(II),
Co(II), Ni(II), Cr(VI), etc., have become

prominent pollutants these days due to their toxic
and lethal effects. The stricter environment regu-
lation on the discharge of heavy metals makes it
necessary to develop various technologies for the
removal. Waste streams containing a low-to-
medium level of heavy metals are often encoun-
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tered in metal plating facilities, electroplating,
mining operations, fertilizer, battery manufacture,
dyestuffs, chemical pharmaceutical, electronic
device manufactures and many others. Environ-
mental contamination by metals is mainly by the
emission of liquid effluents with relatively low,
although harmful, metal concentrations (up to
some hundreds of mg/L) and therefore the
removal of heavy metals from wastewaters is
required prior to discharge into receiving waters
[1–3].

Many methods including chemical precipi-
tation, electro-deposition, ion exchange, mem-
brane separation, and adsorption have been used
to treat such streams of these methods. Tradi-
tional chemical precipitation is the most eco-
nomic but is inefficient for dilute solution. Ion
exchange and reverse osmosis are generally
effective, but have rather high maintenance and
operation costs and subject to fouling. Adsorption
is one of the few promising alternatives for this
purpose, especially using low-cost natural sorbets
such as agricultural wastes, clay materials,
zeolite, biomass, and seafood processing wastes.
Numerous processes exist for removing dissolved
heavy metals, including ion exchange, adsorption
on different sorbents, precipitation, phytoextrac-
tion, ultrafiltration, reverse osmosis and electro-
dialysis [4–8]. From all of these methods,
adsorption is considered attractive because of the
relative simplicity of application. Activated car-
bon adsorption is considered to be particularly
competitive and effective process for the removal
of heavy metals at trace quantities [9]; however,
the use of activated carbon is not suitable in
developing countries due to the high costs
associated with production and regeneration of
spent carbon [10]. The use of alternative low cost
materials as potential sorbents for the removal of
heavy metals has been highlighted recently.
These cost-effective materials range from indus-
trial by-products or waste, such as waste rubber
tires [11], to agricultural products such as wool,
rice straw, coconut husks and peat moss [12].

Other known natural materials like clay and
zeolite [13–17] have been investigated for their
potential use as adsorbents for heavy metal. In
addition, zeolite has high sorption capacity and
selectivity result from high porosity and sieving
properties. Adsorption of soluble metallic species
by clays, oxides and other colloidal matter
appears to be an important means of controlling
the soluble metal ions concentration in hetero-
geneous systems. Many adsorbents are of mixed
oxide type, and variation in composition pro-
foundly influences their behavior [18].

Zeolites are widely used as low-cost ion
exchangers. They exchange cations from their
structure with dissolved ones. Ion exchange is
one of the methods used for the removal of
several toxic substances, including heavy metals,
from industrial and municipal wastewater [19].
The clay minerals are an important constituent of
all soils and they play the role of a natural
scavenger by filtering out pollutants from water
through both ion exchange and adsorption
mechanisms. The high specific surface area,
chemical and mechanical stability, layered struc-
ture, high cation exchange capacity, etc., have
made the clays excellent adsorbent materials.
This cost-effective method is relatively simple
and safe because of the operating conditions
[20,21].

The present work investigated the feasibility
of using sepiolite for removal of Cd(II) Cr(III)
and Mn(II) from aqueous solutions by adsorption.

2. Experimental

2.1. Materials

A natural sepiolite [Mg4Si6O15(OH).6H2O]
sample was obtained from the Mihaliccik-
Eskişehir region of Turkey. Chemical compo-
sition of the sample was first identified by X-ray
diffraction, diffraction thermal and IR spectro-
photometric analysis. Chemical analysis of the
sample was carried out on a GE-SPG 7, X-ray
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Table 1
Chemical analysis of natural sepiolite

Component %

SiO2

MgO
Al2O3

CaO
(FeO + Fe2O3)
TiO2

Na2O
MnO
P2O5

Loss of ignition

58.7
25.0

0.5
0.5
0.05
0.05
0.05

Not detected
Not detected
14.8

fluorescence spectrophotometer. The results are
summarized in Table 1. Sepiolite was washed
thoroughly with double distilled water to remove
the dirt and other foreign matter and dried at
40EC for a period 4–5 h. Metal removal studies
were carried out using sepiolite. The chemical
composition of the natural sample was deter-
mined by XRF analysis.

2.2. Chemicals

Stock solutions of cadmium, chromium and
manganese were prepared in bi-distilled water
using the analytical reagent grade cadmium
nitrate, chromium chloride and manganese
chloride. High-quality water (18 MΩ) obtained
from a Milli-Q water purification system (Milli-
pore; Milford, MA, USA) was used to prepare all
the solutions and to rinse the previously cleaned
laboratory materials.

2.3. Methods

The adsorption of cadmium, chromium and
manganese on sepiolite samples was studied with
a batch technique. Sorption data have been inter-
preted in terms of Langmuir and Freundlich
equations as described elsewhere [22].

Equilibrium experiments with respect to sorp-
tion equilibria were carried out at constant

concentrations in the liquid phase and constant
quantities of sepiolites in each of the samples. For
the determination of the sorption equilibrium,
samples of material (0.5–5 g) were equilibrated
with 200 mL bearing solutions of metals having
an initial concentration of 100 mgL!1 metal con-
centrations. Sepiolite loadings were determined
from the difference between initial and equili-
brium concentrations. The equilibration was
carried out at room temperature (20±1EC) for one
week on a shaker. At equilibrium, samples were
analyzed for the metal concentrations by means
of atomic absorption spectrophotometer and also
pH values measured with pH-meter. 

The amount of metal adsorbed per unit mass
was calculated as

(1)0 e
e

C C
Q V

m


 

where C0 and Ce are the initial and equilibrium
concentrations (meq/L), m is the mass of the
adsorbent (g), and V is the volume of the solution
(L).

Surface complexation theory was applied for
evaluation of experimental results and prediction
of equilibria. The surface complexation theory
was first proposed for sorption equilibria of ions
on the surface of hydrous oxides, and later
extended successfully to ion exchange processes
implying cations or anions on organic ion
exchangers bearing different functional groups.
Compared with the adsorption models, this theory
takes into account the contribution of the elec-
trical forces to the ion exchange process. Some of
the simplifying assumptions are the same as in
the ideal adsorption models. In this theory, it is
assumed that the ion exchanger can be considered
as a plane surface across which the functional
groups are uniformly distributed. Surface charges
are generated by the dissociation or protonation
of surface groups. As a consequence, it can be
assumed that protons are adsorbed directly on the
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surface. The majority of the other ions are located
in Stern layers parallel to the surface and with
individual distances from the surface. The re-
maining counterions and also coions are distri-
buted across the diffuse layer, which normally
can be neglected [23–25]. Thus, the values of the
equilibrium parameters were obtained from the
generalized separation factors. For evaluation of
equilibrium parameters the generalized separation
factors have to be determined from equilibrium
concentrations and resin loadings and have to be
plotted vs. the respective dimensionless resin
loading of (algebraic) sum of resin loadings. 

For evaluation of equilibrium parameters the
generalised separation factors for Cd,

(2)H
Cd 2

(H). (Cd)
log log

(Cd). (H)

y C
Q

y C


were calculated from experimental data for all
metals as given formulas and plotted vs. the re-
spective dimensionless resin loadings. The para-
meters are obtained from the linear relationship

(3)H H
Cd Cdlog log (H,Cd). (Cd)Q K m y 

From this plot the two equilibrium parameters,
and m (H, Cd) can be deduced. y(Cd) isH

CdK
obtained from

(4)
max

(Cd)
(Cd)

Q
y

Q


and y(H) from the measured pH values. The same
equations were also used for other metals. Con-
sidering local equilibria, logarithmic equilibrium
parameters (generalized separation factors) can be
obtained by measuring pH values and equilibrium
concentrations. The surface complexation ap-
proach allows chemical reactions or equilibria in
the liquid phase to be taken into account using the
same set of equilibrium parameters for the ion

exchange part of the entire equilibrium. The
major advantage of the theoretical approach is
that these constants can be applied without any
adaptation to the prediction of multicomponent
systems. Evaluation of amphoteric data requires
a more sophisticated method: the first step is the
assumption of a certain sequence of layers.
Evaluation of data starts with the evaluation of
the equilibrium for the uptake of protons and ions
in the first layer. The respective parameters are
required for evaluation of the sorption of species
in the next layer. Determination of parameters for
the third layer requires both sets of parameters of
the inner layers. This kind of evaluation has to be
continued until all sets of binary parameters are
derived. The sequence of layers was assumed
correctly if both the log K and m (H, metal) values
show a steady increase with increasing distance.
If this condition is not fulfilled, the calculation
has to be repeated with a modified sequence [26].

3. Results and discussion

Equilibrium experiments were done and
adsorption isotherms were obtained and are pre-
sented in Fig. 1. It can be seen that equilibrium is
strongly favorable for Cr3+. According to the
equilibrium isotherms, the selectivity series is
Cr3+ >Cd2+ >Mn2+. Sorption data have been inter-
preted in terms of Langmuir and Freundlich
equations. The results are given in Figs. 2 and 3.
The plots have good linearity in both cases
(Freundlich plots: R2 = 0.948, 0,960 and 0.969;
Langmuir plots: R2 = 0.940, 0,957 and 0.988) at
room temperature.

The parameters of Freundlich and Langmuir
isotherms are given in Table 2. It can be seen that
the Langmuir model yields a little better linearity
than the Freundlich model when R2 values are
compared. The Langmuir isotherm models the
monolayer coverage of the adsorption surface.
This model assumes that adsorption occurs at
specific homogeneous adsorption sites within the
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Fig. 1. Isotherms of the uptake of metals by sepiolite.

Fig. 2. Freundlich sorption isotherm of metal ions by
sepiolite.

Fig. 3. Langmuir sorption isotherm of metal ions by
sepiolite.

Fig. 4. Generalized separation factor for metals.

Table 2
Parameters of Langmuir and Freundlich isotherms for sorption of metal ions on sepiolite

Metal ion Langmuir isotherm method Freundlich isotherm method

b Q0 R2 Kf n R2

Cr3+ 1.1604 0.5341 0.957 0.4826 0.0187 0.969
Cd2+ 1.9778 0.3876 0.988 0.2871 0.0701 0.960
Mn2+ 1.5648 0.2465 0.940 0.3785 0.0866 0.948

adsorbent and intermolecular forces decrease
rapidly with the distance from the adsorption
surface. The Langmuir adsorption model further

based on the assumption that all the adsorption
sites are energetically identical and adsorption
occurs on a structurally homogeneous adsorbent.
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The Langmuir constant b and maximum
adsorption capacity Q0 of adsorbent were calcu-
lated and these are also shown in Table 2. The
Langmuir monolayer adsorption capacity, Q0, is
between 0.246 and 0.534 meq/g. The Langmuir
equilibrium coefficient, b, has values of 1.160
and 1.978. The Freundlich equation predicts that
the metal ion concentration on the sorbent will
increase as long as there is an increase in the
metal ion concentration while experimental
results showed a plateau indicating a limiting
value of the sorption.

The coefficients Kf and n can be estimated
from the slopes. Both Kf and n are empirical
constants, being indicative of the extent of
adsorption and the degree of nonlinearity between
solution and concentration, respectively. The
Freundlich plots yielded values for the coeffi-
cients Kf and n in the ranges from 0.287 to 0.483
and from 0.019 to 0.087. These values signify the
sorption intensity and sorption capacity, respec-
tively. The numerical value of 1/n <1 indicates
that adsorption capacity is only slightly sup-
pressed at lower equilibrium concentration. The
Freundlich isotherms do not yield any concrete
information about the mechanism of adsorption,
but they are applicable to non-specific adsorption
on heterogeneous solid surfaces.

Some other studies showed that Freundlich
and Langmuir isotherms correspond well with the
experimental results of some heavy metals [22,
27–30].

For evaluation of equilibrium parameters the
generalized separation factors have to be deter-
mined from equilibrium concentrations and resin
loadings and have to be plotted vs. the respective
dimensionless resin loading of (algebraic) sum of
sepiolite loadings. In the case of binary systems
and pure cation exchange the respective graphical
representations directly yield the equilibrium
parameters: the intersection of the linear relation-
ship leads to log K whereas the slope of the
straight line yields m (H, metal). It was shown
that with increasing log K more and more

Table 3
Equilibrium parameters of sepiolite for the exchange of
protons

(Cr) 6.177H
Melog K

(Cd) 5.520H
Melog K

(Mn) 5.895H
Melog K

(Cr) 1.244(H, Me)m

(Cd) 1.525(H, Me)m

(Mn) 9.620(H, Me)m

counterions were fixed in Stern layers, whereas at
stronger dissociation values an increasingly large
fraction of the counterion was located in the
diffuse layer. Greater deviation from linear devel-
opment of log Q values relative to y (metal) is due
to this effect as well.

Fig. 4 gives the generalized separation factors
for each metals. It can be seen that the numerical
values of the separation factors follow a straight
line, from which the equilibrium parameters were
derived. The developments of data show thatH

MeQ
the exchange of Me against H+, straight lines with
positive slopes are obtained for y(H) $1. The
straight line has a positive slope indicating that
the Stern layer for the metal ions is some distance
from the surface, whereas protons undergo speci-
fic interactions with the functional sites and are
located directly in the surface plane. The sorption
process can be mathematically described by the
surface complexation theory after determining the
equilibrium parameters,  and m(H,Me)H

Melog K
for the binary system (H/Me), where Me is any
metal ion. The respective numerical values of

and m (H,Me) are summarized inH
Melog K

Table 3. The amount of sorbed metal was
increased with increasing pH.

The results demonstrate that linear relation-
ships are obtained in most cases. Systematic
deviations are found for small loadings. This has
to be credited to the neglect of counterions in the
diffuse layer.
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4. Conclusions

The results of this study indicate that sepiolite,
a natural low-cost adsorbent, can be successfully
used for the removal of Cr3+, Cd2+ and Mn2+ from
aqueous solutions. 

Adsorption on sepiolite can be expressed
better with Langmuir-type adsorption isotherms
and adsorption capacities order was found as Cr3+

>Cd2+ >Mn2+. Correlation coefficients for the
isotherm models indicate that the Langmuir
model best describes the metal adsorption process
and experimental data are better fitted to the
Langmuir isotherm. The observed metal ion
uptake is thought not only a simple ion-exchange
process but also ion exchange, complex formation
and surface adsorption mechanisms play an
important role in the whole adsorption process of
sepiolite.

Equilibrium parameters for the different kinds
of resins were obtained from a number of binary
experiments. The surface complexation model
provides an excellent description and prediction
of counterion equilibria with sepiolite and faci-
litates the accurate anticipation of their distri-
bution in the sepiolite and liquid phases.
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