Arabian Journal of Chemistry (2013) 6, 401-406

King Saud University

Arabian Journal of Chemistry

www.ksu.edu.sa
www.sciencedirect.com

ORIGINAL ARTICLE

Removal of Cu(Il), Cd(II) and Cr(III) ions
from aqueous solution by dam silt

Fatima Ouadjenia-Marouf *, Reda Marouf **, Jacques Schott *, Ahmed Yahiaoui ?

& Laboratoire de Chimie, Département des Sciences de la Matiére, Université de Mascara, Algeria
® Laboratoire des Mécanismes de Transferts en Géochimie, CNRS (UMR 5563 )-OM P-Université Paul-Sabatier, Toulouse, France

Received 16 April 2010; accepted 18 October 2010
Available online 25 October 2010

KEYWORDS

Heavy metals;

Abstract The removal of heavy metals, such as Cu(Il), Cd(II) and Cr(III) from aqueous solution
was studied using Chorfa silt material (Mascara, Algeria). The main constituents of silt sediment are

Silt; quartz, calcite and mixture of clays. The experimental data were described using Freundlich, Lang-

Adsorption;
Isotherms models

muir, Dubinin—Radushkevich (D-R) and Langmuir—Freundlich models. The adsorbed amounts of
chromium and copper ions were very high (95% and 94% of the total concentration of the metal

ions), whereas cadmium ion was adsorbed in smaller (55%) amounts. The Langmuir-Freundlich
isotherm model was the best to describe the experimental data. The maximum sorption capacity
was found to be 26.30, 11.76 and 0.35 mg/g for Cr’*, Cu?" and Cd*>™, respectively. The results
of mean sorption energy, E (kJ/mol) calculated from D-R equation, confirmed that the adsorption
of copper, chromium and cadmium on silt is physical in nature.

© 2010 King Saud University. Production and hosting by Elsevier B.V. All rights reserved.

1. Introduction

Pollution from heavy metals has become a serious problem for
human health and for environment. The heavy metals are not
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biodegradable and tend to accumulate in organisms causing
various diseases (Inglezakis et al., 2003). The existence of
heavy metals, such as copper (Cu), nickel (Ni), zinc (Zn), lead
(Pb), mercury (Hg), chromium (Cr) and cadmium (Cd) in
wastewater, is the consequence of several activities like chem-
ical manufacturing, paint pigments, plastics, metallurgy and
nuclear industry (Quintelas et al., 2009). Among various dis-
eases associated to the presence of these toxic elements in the
human body, there are neurotoxicity, severe gastro-intestinal
irritation, and lung cancer (Jiang et al., 2009; Agouborde
and Navia, 2009; Chakravarty et al., 2008).

For the removal of these metals from wastewater, there are a
series of processes currently used for this object: chemical pre-
cipitation (Matlock et al.,, 2001), membrane filtration
(Molinari et al., 2004), electrolytic reduction (Beauchesne
et al., 2005), solvent extraction (Silva et al., 2005), ionic
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exchange (Pehlivan and Altun, 2007) and adsorption (Ajmal
et al., 1998). Most of these methods may not be suitable at
industrial scale, due to low efficiency or expensive applicability
to a wide range of pollutants, generation of residues, difficulty to
locate optimal operating conditions when different heavy met-
als are present in a solution and need a pre-treatment (Jiang
et al., 2009; Agouborde and Navia, 2009). Adsorption on vari-
ous materials, such as activated carbon (Chen and Wu, 2004),
biomaterials (Han et al., 2006) and clay minerals (Sharma,
2008) is now recognized as an efficient and economic method
to remove metal ions from aqueous solution (Crini, 2005).

In recent years, many porous mineral materials found
increasing interest as adsorbents due to their abundance in nat-
ure, low cost, good cation adsorptive properties and large sur-
face area (Brigatti et al., 1996; Bhattacharyya and Gupta,
2008a). Mineral materials used to remove heavy metals include
kaolinite (Bhattacharyya and Gupta, 2008b), zeolite (Sljivic
et al., 2009), montmorillonite (Ijagbemi et al., 2009) and ben-
tonite (Xu et al., 2008). Among the microporous materials
most abundant in nature, one finds the silt, which can be used
as adsorbent for metal ions. This material is the sediment of
the dam, which contains generally quartz, calcium carbonates
and a mixture of clays.

The aim of the present work is to examine the possibility of
using the silt to remove the heavy metals from aqueous solu-
tions. The silt was obtained from Chorfa dam (Mascara, wes-
tern Algeria). Three studied heavy metals are chromium(III),
copper(Il) and cadmium(II). The applicability of theoretical
models, such as Langmuir, Freundlich, Dubinin—Radushke-
vich (D-R) and Langmuir—Freundlich for the equilibrium data
fitting was tested. The value of mean sorption energy, E (kJ/
mol), was calculated from D-R equation.

2. Materials and methods

2.1. Silt sampling and characterization

The silt used in this investigation was obtained from Chorfa
dam in Sig region (Mascara, Algeria). The chemical composi-
tion of the raw silt was determined by a Cameca SX-50 elec-
tronic microprobe. The grain size of this material was 75 pum.

Sample of raw silt was washed with deionized water Milli-
Q, dried at 95 °C for 24 h and sieved. X-ray analyses were per-
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XRD patterns for raw silt. Montmorillonite (M), illite (I), kaolinite (K), quartz (Q), calcite (C) and dolomite (D).

formed using INEL CPS 120 diffractometer employing Co Ko
radiation. The specific surface area of solid was measured, at
77 K, using the BET N, method via an ASAP 2010 instrument
(Micromeritics, Norcross, GA, USA). Elemental analyses of
heavy metals were conducted using an atomic absorption flame
spectrometer (FAAS, Perkin Elmer).

2.2. Metal solutions

Standard stock salt solutions of cadmium(II), copper(II) and
chromium(IIT) were used to prepare appropriate concentra-
tions of each metal for the sorption studies. A stock of Cd(II),
Cu(II) and Cr(III) solutions of 1000 ppm, were prepared by
dissolving 2.368 g of C4;H¢CdO42H,O (Prolabo), 3.8 g of
Cu(NO3),-3H,0 (Fluka) and 5.124 g of CrCl;-6H,O (Prolabo),
respectively, in 1 L of deionized water Milli-Q.

2.3. Adsorption studies

For each experiment, 20 mL of metal solution was added to
0.2 g of the raw silt. The initial concentrations of metal ions
were: 1, 2, 4, 6 and 10 mg/L. The silt suspensions were shaken
at room temperature (22 + 2 °C) for 4 h. The pH was adjusted
at 5-6 by the addition of 0.1 N NaOH or 0.1 N HClI solutions.
When adsorption procedure completed in such time, the solu-
tions were filtered through a 0.22 ym membrane filter. The
equilibrium concentrations were then analysed for residual me-
tal ion concentrations of Cd(II), Cu(II) and Cr(III) by using an
atomic absorption spectrometer with an air—acetylene flame.

The amount of metal ions adsorbed was determined by dif-
ference between the initial and final concentrations. The sorp-
tion efficiency (%) and amounts of adsorbed metal (g.) by silt
were calculated using Egs. (1) and (2), respectively:

Sorption efficiency (%) = COC_, 100 (0
0
Co—C)V
e 2
m

where Cy and C, (mg/L) are the liquid-phase concentrations of
metal initially and at equilibrium, respectively. ¥ is the volume
of the solution (L), m is the mass of adsorbent (g) and ¢.
(mg/g) is the amount of adsorbed metal at equilibrium.



Removal of Cu(Il), Cd(IT) and Cr(III) ions from aqueous solution by dam silt 403

Table 1 Chemical composition of raw silt.

SiO, CaO ALLO3

F6203

MgO Kzo T102 Na2O MHOZ

Percentage (%)

29.37 18.22 9.12 3.84

1.33 0.89 0.53 0.20 0.04

2.4. Construction of isotherms and model fitting

Sorption isotherms were constructed by plotting the amount of
metal sorbed (mg/g) against the equilibrium concentration of
metal in solution (mg/L).

Four models have been adopted in this paper, namely, the
Langmuir, Freundlich, Langmuir-Freundlich and Dubinin—
Radushkevich (D-R) equilibrium isotherm models. The Lang-
muir and Freundlich isotherms are used most commonly to de-
scribe the adsorption characteristics of metal ions in water and
wastewater treatment (Metcalf, 1991). The Langmuir-Freund-
lich isotherm is the combination of both equation, and is an
empirical model that incorporates the features of both iso-
therms (Chena et al., 2008).

The linear forms of the Langmuir, Freundlich and D-R iso-
therm equations are represented by the following equations:

2.4.1. Langmuir isotherm

The Langmuir isotherm applies to adsorption on completely
homogenous surfaces with negligible interaction between ad-
sorbed molecules. The form of Langmuir isotherm can be rep-
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Figure 2 (a) Chromium and copper adsorption isotherms on raw
silt. (b) Cadmium adsorption isotherm on raw silt.

resented by the following equation (Wang et al., 2003;
Chegrouche et al., 1997):

QOKLCe
- —c 3
%=1 K.C 3)
Eq. (3) can be expressed in linear form:
C. C. 1
—_=—4 4
qe QO KLQO ( )

where Q, the maximum adsorption capacity, is the amount
of metal ion at complete monolayer coverage (mg/g), and K
(L/mg) is a constant that relates to the heat of adsorption.

2.4.2. Freundlich isotherm

Freundlich isotherm (Freundlich, 1906) can be applied for het-
erogeneous surfaces and multilayer sorption. The Freundlich
equation is expressed as:

q. = KrC} (5)

Eq. (5) can be expressed in linear form:
1
logg, = log Ky +—Ce (6)

where Kg and n are Freundlich constants with Kg (mg/g (L/
mg)'"") being the sorption capacity of the adsorbent. Index n
is the heterogeneity factor which has a lower value for more
heterogeneous surfaces, and it gives an indication for the
favourability of the sorption process. When the values of 1/n
are higher than the unit, adsorption is favourable (Xu et al.,
2008; Hameed et al., 2009).

2.4.3. Dubinin—Radushkevich (D-R)

The D-R isotherm model is valid at low concentration ranges
and can be used to describe adsorption on both homogeneous
and heterogeneous surfaces (Zheng et al., 2008a; Shahwan and
Erten, 2004). The D-R equation has the general expression:

9e = Gmax exp(—ﬁgz) (7)

Eq. (7) can be expressed in linear form:
In qe = In Qmax — ﬂez (8)

where the saturation adsorption ¢« represents the total spe-
cific micropore volume of the sorbent. The value of f is related
to the adsorption free energy, £ (kJ/mol), which is defined as
the free energy change required to transfer 1 mol of ions from
solution to the solid surfaces (Dubinin et al., 1947; Saltali
et al., 2007) and ¢ is Polanyi potential, which is described as:

¢=RTIn (1 +Ci) ©)

where R is the ideal gas constant (8.31 J/mol K), and T is the
solution temperature (K). The value of mean sorption energy,
E (J/mol), can be calculated from D-R parameter f§ as follows:

1
E= 7 )
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Table 2 Isotherm constants estimated from linear regression.
Ton Langmuir isotherm Freundlich isotherm D-R isotherm
Qo Ky R’ /n K R fmax B E R
Cu** 2.502 0.859 0.665 1.605 4.646 0.982 2.104 0.084 2.432 0.995
cr’t 3.321 0.873 0.788 1.843 9.117 0.977 2.771 0.087 2.403 0.975
cd*t 2.635 0.072 0.209 1.099 0.115 0.963 0.376 0.265 1.375 0.794

Note: Qo in (mg/g), Ky in (L/mg), K in (mg/g (L/mg)""), gmax in (mg/g), f in (mol’/kI?), E in (kJ/mol).

The value of E (kJ/mol) gives information about the type of
adsorption mechanism as chemical ion-exchange or physical
adsorption. A value of E between 8 and 16 kJ/mol corresponds
to chemical ion-exchange processes. In the case of E < 8 kJ/
mol, adsorption mechanism is governed by physical sorption
and it may be dominated by particle diffusion if £ > 16 kJ/
mol (Dubinin et al., 1947; Saltali et al., 2007; Zheng et al.,
2008b; Erdem et al., 2009; Ozcan et al., 2006).

2.4.4. Langmuir—Freundlich

The Langmuir—Freundlich model was used for the mathemat-
ical description of the adsorption equilibrium of heavy metals
onto sediment sorbent. This isotherm equation includes three
adjustable empirical parameters and cannot be fitted to the
experimental data by linear regression. In this case, it is neces-
sary to apply nonlinear least-squares (NLLS) analysis. The
Langmuir—Freundlich isotherm as given in the following
equation:

CILFKLF(Ce)l/”

T (11)
1+‘1LFKLF(C0)1/

where K ((L/mg)"/") is the equilibrium constant, ¢,  (mg/g)
is the maximum amount adsorbed and » is the heterogeneity
factor.

3. Results and discussion

3.1. Characterization of the composite adsorbent

The chemical composition of natural silt is given in Table 1.
This result indicates the presence of silica, lime and alumina
as major constituents along with traces of iron, magnesium,
potassium, titanium, sodium and manganese oxides in the
form of impurities.

The XRD patterns of natural silt were recorded on Fig. 1
and the most intense peaks were observed at d = 3.03 and
3.34 A. This material consisted of calcite and illite as main
components, with kaolinite, quartz, montmorillonite and dolo-
mite as accessory minerals. The specific surface area calculated
by the BET equation was estimated as 65.57 m?/g.

Table 3 Isotherm constants estimated from NLLS method.
Ton Langmuir—Freundlich isotherm

qLF Kir 1/n R
Ccu?” 11.759 10.124 3.172 0.966
crt 26.304 14.889 3.572 0.915
cd>* 0.350 0.324 1.677 0.962

Note: qrg in (mg/g), Kif in (L/mg)l/n~

3.2. Adsorption isotherms

According to the adsorption procedure described in Section 2,
the dependency of the adsorbed amounts of metals on their
equilibrium concentrations in the solution was depicted in
Fig. 2. Adsorption isotherms have been classified by Giles
et al. (1960) into four principal classes. Using this classifica-
tion, the experimental isotherms obtained in the present study
were of type S.

The adsorption capacities were 0.97, 0.96 and 0.58 mg/g for
Cr*t, Cu®" and Cd*", respectively. The comparison between
previously reported adsorption capacities of investigated mate-
rials and the presented results is difficult due to different exper-
imental conditions (pH, metal concentration range, solid to
solution ratio, contact time, etc.) and the properties of the
adsorbents (Sljivic et al., 2009). Chromium and copper are
sorbed by the silt with the best efficiency 95% and 94%,
respectively, whereas the corresponding value for cadmium is
estimated as 55%.

3.3. Fitting the models to the experimental data

The experimental data are well fitted by three adsorption mod-
els. Some earlier studies also showed that the Langmuir, Fre-
undlich and D-R isotherms simulated the adsorption of
some heavy metal ions well (Zheng et al., 2008a; Erdem
et al., 2009; Pathak and Choppin, 2006).

The linear plot of C./g. versus C. (Langmuir) gives the
intercept value 1/K; Qp and the slope 1/Q,, by plotting log Q.
versus log C. (Freundlich) to generate the intercept value of
log K and the slope value 1/n. By tracing In ¢. according to
¢ (D-R), we obtain the value of ¢, from the intercept,
and the value of f from the slope.

The linearization parameters of Langmuir, Freundlich and
D-R models are summarized in Table 2. It is common to de-
scribe the goodness of fit in terms of R?, which is the square
of the correlation coefficient (Walpole and Myers, 1972). As
seen from Table 2, the Langmuir isotherm shows an inade-
quate fit of experimental data in the whole range of concentra-
tions generally giving the very low R” value. The fits of all the
isotherms by the Langmuir model were insufficient to explain
the data, although this model has been successfully applied to
describe the sorption of cadmium, chromium and copper onto
activated carbon (Demirbas et al., 2009), zeolite (Sljivic et al.,
2009), clay (Sharma, 2008), montmorillonite (Ijagbemi et al.,
2009) and peat (Batista et al., 2009). The poor ability of this
model to represent the experimental data could have been
due to the fact that the Langmuir isotherm does not take into
account adsorbate—adsorbate interactions, as expected from
our S-type isotherms.
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From Freundlich model results, it can be see that 1/n is
above one, indicating the cooperative adsorption. The high
R? value for Cu(Il) and Cr(IIl) shows that it is appropriate
to use the Freundlich isotherm. Freundlich isotherm applies
to adsorption on non-specific and heterogeneous sites on solid
surfaces, so the isotherm is valid for weak van der Waals type
adsorption as well as for strong chemisorptions (Shahwan and
Erten, 2002; Zhu et al., 2008).

The D-R isotherm fits quite well with the experimental data
of copper and chromium adsorption (correlation coefficient
R* > 0.97). This indicates that the D-R model was very suit-
able for describing the sorption equilibrium of copper on silt.

The calculated E value was found to be 2.40, 2.43 and
1.37 kJ/mol for Cr(III), Cu(II) and Cd(II) metal ions, respec-
tively. It is evident from the results that E value is less than
8 kJ/mol, which indicates that the adsorption process of
Cu(Il), Cr(III) and Cd(II) on the silt adsorbent follows physi-
cal adsorption (Hasany and Chaudhary, 1996).

Itis obvious that the regression coefficient of fitting by the Lang-
muir—Freundlich equation, listed in Table 3, are higher than the
individual Langmuir equation. The adsorption capacity of the silt
adsorbent at saturation from Langmuir—Freundlich isotherm was
26.31,11.76 and 0.35 mg/g for Cr’ ", Cu®* and Cd**, respectively.
As seen the Langmuir—Freundlich equation provides a very satis-
factory description of heavy metals on silt.

4. Conclusion

The present study is focused on the adsorption of chro-
mium(III), copper(Il) and cadmium(II) onto raw silt from
aqueous solution. The experimental isotherms obtained were
of the S type according to the classification of Giles et al.
The best efficiency sorption was recorded by chromium and
copper, while that of cadmium was estimated as 55%. The
maximum sorption capacities (from Langmuir-Freundlich iso-
therm data) were 26.31, 11.76 and 0.35 mg/g for Cr**, Cu®*
and Cd**, respectively. This result indicated that the metals
adsorption capacity was in the sequence: Cr(III) >
Cu(Il) > Cd(ID).

The fits of the isotherms by the Langmuir model were insuf-
ficient to explain the adsorption equilibrium, due to the fact
that the Langmuir isotherm does not take into account adsor-
bate—adsorbate interactions and heterogeneous surface of the
solid. For Freundlich and D-R isotherms provide the best cor-
relation of the experiment data of Cu(II) and Cr(III) adsorbed
by silt adsorbent. The regression coefficient of fitting to the
Langmuir—Freundlich equation is higher than the individual
Langmuir equation, demonstrating the suitability of the com-
bined equation. The magnitude of adsorption free energy (E) is
less than 8 kJ/mol, which indicates that the adsorption process
of Cu(Il), Cr(IITI) and Cd(II) on the silt adsorbent follows
physical adsorption.

The present study concludes that silt sediment can be used as
alow-cost adsorbent for the removal of metal ions from aqueous
solution.
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