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ABSTRACT

Metals are quickly trapped in the soil and, in particular, in clays, which generally behave as
reservoirs of these toxins. This retention is due to the adsorption properties and cation
exchange capacity of clays, and we have to control this in order to limit their transport in
the biosphere. This will be the subject of the study: the characterization of smectite of the
Oued Tfal region in Gafsa (Tunisia) in one hand, and its application in the retention of
cadmium through the new method of adsorption, and the study of factors affecting the
adsorbability of the metal (nature of clay, ligands, initial concentration, etc.) on the other
hand. The total surface area, determined by the methylene blue method, for the raw and
purified samples was 556 and 783m?’ /g, respectively. The adsorption kinetics depend on
several parameters. The adsorption capacities of Cd(Il) by raw and purified clays are 971
and 1,005mg/g, respectively in the single element system, confirming the close correlation
between the physicochemical properties of the adsorbent and its removal capacity. Cd
(ID-clay obeys the Langmuir and Freundlich adsorption isotherms with high regression
coefficients. The use of this adsorbent notably decreases the cost of treatment.

Keywords: Clay; Adsorption; Membrane; Kinetics; Cadmium

1. Introduction

Extensive use of heavy metals in various fields
[1-3] means that large quantities of aqueous effluents
contaminated by these metals are released into the
environment. These heavy metals are characterized by
high toxicity and high storage capacity in aquatic and
terrestrial environments where they remain for long
periods of time. Contamination of soil and water by
heavy metals is a major environmental problem that
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needs to be solved. Many methods can be applied for
the removal and/or recovery of metals from industrial
effluents [4-6]. Furthermore, conventional techniques
of depollution, which are very effective for organic
contaminants, have proved to be cumbersome, expen-
sive, or unsuitable for heavy metals which are, by defi-
nition, poorly degradable. Among toxic heavy metals,
cadmium, in particular, is considered to be an extre-
mely dangerous pollutant for human health and which
also poisons the environment. This is due to its high
toxicity even at low concentrations and due to a very
high water solubility [3,7]. Due to these legislative
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requirements in one hand, and the harmful conse-
quences of effluents containing cadmium both for
humans and for the environment on the other hand,
treatment of wastewater contaminated with heavy
metals and especially with cadmium, has become a
high priority. Cadmium is adsorbed by clays, organic
materials, and by the attenuation of metals down-
stream at waste disposal sites [8-11]. The adsorption
of metals by clays has been widely studied. Classical
methods studied involve mixing a volume of metal
solution with a mass of clay and then subjected to an
agitation and centrifugation cycle, the supernatant is
then determined through atomic absorption in order to
determine the concentration adsorbed by the clay.
However, this preparation has several disadvantages.
Since, these methods require several constraint adsorp-
tion conditions of pH, agitation, and centrifugation,
the extract may contain impurities in suspension
which can yield wrong analysis results. In this study,
we optimized an adsorption through a membrane
method which is similar to natural adsorption.

2. Experimental
2.1. Materials

Local clay from Oued Tfal was characterized in an
earlier study [12]. Natural clay from Oued Tfal was
ground in an agate mortar and sieved through a
100 pm mesh to obtain fine grains. The resulting clay
powder was dried at 60°C. The smaller than 100 um
powder was purified through repeated cation
exchange with a NaCl solution (1M) followed by
washing, sedimentation, and dialysis [13]. The raw
sample before purification was referred to as OT3 and
the purified product as OT3Na. The cation exchange
capacities (CEC) as well as the total surface areas
(SSA) were determined by the adsorption of methy-
lene blue (MB) from aqueous solutions. The mineral-
ogy was characterized by X-ray diffraction (Philips
goniometer, PW1730/10, using the CuKa, 40KV,
40mA). The cadmium and the cation concentrations
in the solution were measured by atomic absorption
spectrometry (spectrometry, Specta-Span III). The
amount of cadmium adsorbed was calculated as the
difference between the initial and final concentrations.
The descriptions of the used membrane (SPECTRA/
POR 1 6-8K MWCO 50MM 30M/PKG) were: filtra-
tion, dialysis, ultrafiltration, microfiltration, and mem-
branes and microbiology transfer tube. Microscopic
analysis was performed using an environmental scan-
ning electron microscope (ESEM) FEI Quanta 200. This
device can provide rapid information on the morphol-
ogy and chemical composition of a solid object.
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2.2. Adsorption procedures

The study of retention of cadmium by clay was
carried out under conditions as close as possible to
those of natural soil adsorption: at room temperature
and with a moderately acid pH. The retention kinetics
of different forms of cadmium by the clay depends on
the speed required to establish interactions with the
solid-solution interface and on the limitations in the
transfer of matter. To control the speed of mass trans-
fer, the stirring speed of the pump was set to 250 rpm
throughout the experiment. Cadmium is adsorbed by
the clays through a filtration membrane. This mem-
brane is a thin wall separating two different media
with the following characteristics: permeability, poros-
ity, organic, homogeneity, and selective. The reagents
used to prepare the test solutions were CdCl,-H,O
and Cd(NOj),-4H,O. The initial concentrations of Cd
(I) metal solution were either 1,028 or 10,282mg/L.
The method (Fig. 1) consisted in preparing an aqueous
solution of 5wt.% clay. This solution was then put in
a cylindrical porous membrane. The membrane was
then placed in a flat-bottomed container containing
two liters of metal solution. To follow the adsorption
kinetics, 20mL of the solution was taken at regular
time intervals to determine the amount of adsorbed
cadmium and other ions released into the solution.
The pH of each test was measured. The amount of
adsorbed metallic ions in the clay was expressed as
follows:

ge = (Co — Co)(V — 0.02n) /W (1)

‘ Pump | ‘ Metallic solution

'Membrane filtration
5wt % Clay

e

Kinetic study, 3-4 days

' }
[ Test solution | ‘ New synthesized clay |
' !

Analysis by several techniques

Fig. 1. Protocol of the new method of adsorption through a
filtration membrane.
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where g, is the amount (mg/g) of adsorbate adsorbed
per unit mass of adsorbent, Cy and C.—the initial and
the equilibrium concentrations (mg/L) of Cd(Il) in
solution, respectively, V—volume (L) of solution,
n—the test number and W (g)—mass of the adsorbent
in the solution. The ions initially present in the clay
interlayer space were almost entirely replaced by
other metal ones, which led to a new ionic matrix.

Assuming that the clay is a semipermeable mem-
brane, the locations of negative charges will retain cat-
ions on one side and release ions from the other and
vice versa. Ions released from the clay in the metal
solution were: (Na*, Ca?*, Mg2+, AP, Fe®*, and K.
The physicochemical properties of new clay matrices,
resulting from the cation exchange, were studied by
different techniques.

3. Results and discussion
3.1. Characterization of adsorbents

Clays at Oued Tefal (Gafsa Basin) were smectite
mixed with raw calcite and quartz as demonstrated
[12]. The reflections from the calcite, quartz, and other
impurity phases were relatively attenuated. This
proves the importance of purification. The 001 reflec-
tion seen on the diffractograms of the OT3Na purified
sample (Fig. 2) shows a maximum between 1.54 and
1.31 nm. This is interpreted to be a reflection of smec-
tite in the varying states of hydration that depend on:
the nature of the layers, exchangeable cations, and the
relative ambient humidity [14-16]. Treatment with
ethyl glycol showed a shift of line 001 to 1.7nm,
meaning that these clays are swelling and belong to
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Fig. 2. X-ray diffractograms
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the smectite family. Heating the sample to 550°C
made the interlayer spacing decrease to 1nm due to
the evaporation of the hydration water of the inter-
foliaceous ions leads to a reduction in the distance
between the layers. Said distance becomes similar to
that of micas, where layers are bound by anhydrous
ions [17]. The results (Table 1) obtained by the method
of the MB show a variation of the CEC for the raw
and purified samples. The raw sample OT3 presents
the lowest value for the CEC which can be explained
by the high amount of calcite in the clay. After purifi-
cation, the cation exchange capacity of the purified
sample (OT3Na) increased greatly and became compa-
rable to that of the smectite [18]. The specific surface
area of the purified clay is similar to that of a pure
montmorillonite  (400-800m?/g) [19]. This result
shows the influence of particle shape (in sheet) in
increasing the specific surface area [20].

3.2. Adsorption of Cd(Il) onto smectite

The adsorption isotherms are graphic representa-
tions of the stability data at constant temperature. This
aims to follow the variation of metal concentrations in
solution as a function of metal content adsorbed by

Table 1
Cation exchange capacity, total surface area and BET of
the OT3 raw and OT3Na purified clays

CEC (meq/100g) BET (m*/g) SSA (m*/g)
Clays  Hydrated Calcined
OT3 56 71 59 556
OT3Na 82 100 108 783
2500
2000 - -
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)
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E
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Fig. 3. Evolution of the concentration of cadmium
adsorbed by the OT3Na purified sample at two

concentrations: 1,028 and 10,282 mg/L.
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the clay. The adsorption isotherms (Fig. 3) obtained
were S-shaped as demonstrated [21,22]. The S-shape
reflects a strong competition for the adsorption sites
between the clay and the ions being studied. It is
worth noting that the positive concavity equated with
this type of isotherms suggests that the adsorption
takes place in a multilayer adsorption mechanism
[23]. Moreover, the adsorbed ions are perpendicularly
sited at the adsorbent surface.

The kinetics experiments involved several cycles.
Each cycle strongly indicates that the adsorption of
cadmium metal ions by clay is a two-step process: a
rapid adsorption of metal ions by the external surface
followed by a possible slow intraparticle diffusion.
This two-stage process can also be due to the fact that
adsorption occurs onto two different types of binding
sites on the adsorbent particles. Similar results have
also been obtained by other researchers [24-26]. The
metal forms several, almost irreversible, strong links
to internal binding sites. The results of the work on
the kinetics of binding Cd (II), Cu (II), and Ni (II) with
an initial concentration of 100mg/L of natural clinop-
tilolite clay [27], showed that the time to reach equilib-
rium was reached after 60min for all concentrations
studied. Various studies of heavy metals, such as cop-
per, zinc, lead, cadmium, and nickel confirm the fast
retention reactions of these elements in soils [28,29].
By examining the different results we can deduce that
the binding kinetics of cadmium in the clay is quite
long. The equilibrium time ranges from 74 to 75h.
This result disagrees with the available literature deal-
ing with batch adsorption trials. The comparison of
conventional adsorption (batch method) with the new
one explains the large variation in equilibrium time
between the two methods. The adsorption capacity
becomes constant after the equilibrium time is
reached.

3.2.1. Factors affecting the mobility of cadmium

The transfer process between the solid and liquid
phase are manifold and depend greatly on the nature
of the link between the metals and the solid phase
(which is also known as a carrier or retention phase),
as well as on the physical-chemical conditions prevail-
ing in the soil. These aspects will be dealt separately
in order to explain the mobility of heavy metals.

3.2.2. The effect of the nature of the ligand and the
adsorbent state

To highlight the selective role of such ligand, we
chose to introduce the metals in a solution in the form
of nitrates and chlorides to observe the effect of the
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ligand in minimizing the formation of mineral
complexes in solutions and how it encourages the
adsorption of metal clay. The adsorption selectivity
(Table 2) for a fixed concentration 1,028 mg/L, was in
descending order as follows: Cd (NO;) >Cd (Cl),
which showed a better competition between the
adsorption sites of the clay and the nitrate ligand.
Introducing the metal in solution in the form of
nitrates minimizes the formation of mineral complexes
in solution. The slight decrease in adsorption with
ligand nitrates compared to that of chlorates when the
metal concentration increases, is insignificant. Further-
more, it should be noted that the adsorption for the
divalent cation Cd(Il), is better for OT3Na the purified
sample than for OT3 the raw sample. This is due to
the impurities in the matrix which hinder the adsorp-
tion in some cases.

3.2.3. Effect of initial Cd(1l) ion concentration

These results (Table 2) show that increasing the
concentration (in other words increasing the ionic
strength) favors the ion exchange [30]. The links of the
outer sphere, based on electrostatic interactions, are
more sensitive to ionic strength [31], thus sensitivity
to ionic strength is often considered an indicator of
outer-sphere complexation [32]. Replacement power
increases qualitatively with atomic number for ions of
the same valence; in other words, replacement power
tends to increase when the size of the ion increases.
Smaller ions are retained less than large ones. The
change in adsorbability depends on the nature of the
raw or purified clay, the nature of metal and its initial
concentration. These variations can be attributed to
differences in the binding energy of the metal-clay silt
and the recess parameters: temperature, ionic strength,
and pH, which are fixed. Ghorbel-Abid et al. [33,34]
proved that the effect of increasing the equilibrium
concentration could cause changes in the edge of the
surface of the clay such as energy distribution of
adsorption sites and the loading of particle size.

Table 2
Effect of concentration and nature of the ligand on the
adsorbtion of cadmium by OT3 and OT3Na clays

Concentrations of 1,028 10,282
Cd** (mg/L)
Nature of the ligand Cl™ NOj Cl™ (NO3)

Samples Qmax (mg/g) Qmax (mg/g)
OT3 12 148 917 803
OT3Na 42 150 1,005 842
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3.2.4. Influence of pH

The pH is a factor with a crucial role in the mobil-
ity of metallic ions, as it affects the number of negative
charges that can be placed in solution; the increase in
soil pH favors the adsorption of metals [35,36]. In
general, when the pH increases, the cations are less
soluble and the anions are more soluble [37-40]. In
addition, the increase in pH often induces the forma-
tion of precipitated species that may limit the solubil-
ity and bioavailability of all ionic species. However, it
also leads to organic matter dissolution and the
subsequent formation of more soluble organometallic
complexes [41]. Changes in pH are, therefore, complex
and sometimes have opposing effects on the mobility
of heavy metals, especially in the presence of organic
and inorganic ligands. Under acidic conditions, the
metal remains in the form of free cations and the
percentage of adsorption by a colloid is low. With
increasing pH, the concentration of hydroxide metallic
cations increases and the percentage of metallic cations
bound to the colloid increases sharply. In the case of
cadmium, the slight decrease in the adsorption is
explained by the initial acidic pH (5-6) conditions
(Fig. 4). The active sites of the clay are saturated from
the beginning of the treatment with excess protons
located in the aqueous solution, which may limit the
fixation of Cd** cations in the pores and surface of the
clay. Cadmium is found in various free cationic forms
(Cd*"), hydrated Cd (H,O)Z" or hydroxy Cd (OH)".
Treatment of the adsorbent by acid can liberate diva-
lent (Fe**, Ca®*, Mg®" and trivalent (Fe**, AI**) metal
cations through ion exchange with H" protons. There
will be a competition between the cationic species of
cadmium, the metal cations released from the clay,
and protons to occupy the active sites on the surface of
the clay [42,43]. The H* protons are preferentially fixed
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Fig. 4. The pH value of a metallic solution as a function of
immersion time.
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because of their small size (steric hindrance), high
concentrations (the phenomenon of mass transfer), and
the weak electrostatic repulsion with the occupied sites
on the surface of the clay. From our experience, this
explains well the lowest removal efficiency of cad-
mium. This result is consistent with the work of
Achour and Xu [44,45] which showed that the greater
removal efficiency of cadmium on two bentonite clays
from Algeria (bentonite and Maghnia Mostaghanem)
reached a maximum at a pH between 9 and 10.

3.3. Kinetics of ions released from the clay in the metal
solution

Assuming that the clay is a semipermeable
membrane, it does not remain inert to the surround-
ing environment. When in contact with a solution,
exchange between the two phases occur until a
balance is reached. A change in the composition of
the solution (concentration of pollutants) may cause a
redistribution of chemical species between the two
phases with the consequent retention of the pollutant.
This is one of the reasons why clays are considered
to be a constituent of the highest order for contain-
ment barriers. For this reason, we carried out an
additional analysis to identify the ions released from
the clay in the supernatant solution. Analysis of this
solution (Fig. 5) shows an increase in the concentra-
tion of the ions: sodium, calcium, and magnesium.
This could be explained by an affinity between the
Cd** ion adsorbed by the clay and the Ca**, Mg**,
and Na" ions released into the solution. The stability
of the concentrations of some elements, such as iron
and aluminum is explained by the exchange in the
interlayer space and does not affect the structure of
the clay.

100 T T T T T r T

40 et e

Cimg/L)

0 10 20 30 40 50 60 70 80
Time (h)

Fig. 5. Evolution of the concentration of cations released
by the purified clay in the metallic solution: Cadmium
treated with 10,282mg/L.
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3.4. Characterization of new synthesized matrices

This part concerns the study of physicochemical
properties of new synthesized clay matrices after
treatment with cadmium through the filtration
membrane.

3.4.1. Cation exchange capacity and specific surface
area

A comparative study of these values (Table 3) and
the results found through the adsorption of cadmium
show a decrease in all sizes. In fact, this reduction dif-
fers depending on the state of the raw or purified
clay. We can show complementary results: raw or
purified clays, which have a better adsorbability of
cadmium, with a low adsorption of MB. However, the
purification of clay with distilled water and sodium
suggests an adsorption selection of metals. Indeed
matrices saturated with cadmium do not have the
same affinity for MB: the sudden drop in the CEC
value for the matrix (OT3, Cd(NOj3),, and 1,028 mg/L)
compared to the same untreated OT3 sample, shows
that the adsorption of (MB) was enhanced, when the
clay adsorbed less cadmium. On the other hand, the
comparison of the same matrix treated with two
different ligands showed a greater adsorption of the
(MB) molecule for matrices richer in CI~ than in NO3
at a high concentration. Based on the results found,
there are indications that the adsorption of the (MB) is
enhanced when the clay adsorbs less cadmium, and
depends on the initial concentration of the metal and
the nature of the raw or purified clay.

3.4.2. Analysis with an ESEM

Morphological examination via environmental
scanning electron microscopy allowed us to follow the
evolution of grain size. As an example, in this paper
we present studies of matrices synthesized from the
raw and purified samples, saturated with cadmium at
two concentrations: 10,282 and 1,028 mg/L.

Table 3
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3.4.2.1. Morphological study. The micrographs of the
four samples were examined in pairs (Fig. 6). For the
low cadmium concentration we found that there is
grain growth but with irregular geometric shapes.
With 10,282mg/L concentration, it seems that the
grains agglomerate and form large grains of a regular
geometric shape. We can argue that the cadmium has
a role in the reorganization of the constituents of the
clay.

3.4.2.2. Qualitative X-ray microanalysis study. The
micrographs of the sample (Fig. 7) confirmed the pres-
ence of major elements and cadmium. We maintained
the high peak intensity of cadmium to the concentra-
tion of 10,282 mg/L. There are significant reduction in
magnesium and aluminium peaks indicating a change
in the octahedral layer which can change the charge
thereof. To confirm this hypothesis, it is therefore
essential to map X cadmium.

3.4.2.3. Mapping X. The results that emerged from this
analysis confirmed that cadmium had entered the clay
grains. Peaks of cadmium (Fig. 8) confirm the impor-
tance of this result. The maps show that the clay
grains “trap” cadmium; we would therefore be
tempted to repeat a systematic study at different con-
centrations. In this section it has been clearly proved
that the clay grains traps cadmium. The clay was
found to be an efficient adsorbent for Cd(Il) removal
in aqueous systems.

3.5. Kinetics and the modeling of cadmium adsorption
isotherms

3.5.1. Kinetic study

In order to approach the actual reaction mecha-
nism as much as possible [46,47], we opted for a sec-
ond-order kinetic model. These mathematical models
were chosen firstly for their simplicity and also for
their application in the field of adsorption of inorganic
compounds on different adsorbents. In this study we

Cation exchange capacity and specific surface area determined by the MB method for the cadmium-saturated matrix clay

Samples Qmax (Mg/g)
OT3 199
OT3 (Cd (NO3)y; 1,028 mg/L) 118
OT3 (Cd (NO3),; 10,282 mg/L) 144
OT3Na 289
OT3Na (Cd (NO3)y; 1,028 mg/L) 230

OT3Na (Cd (NO3)y; 10,282mg/L) 178

CEC (meq/100g) SSA (m*/g)
56 556
33 258
41 321
82 783
65 509
50 391
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OT3Na, Cd(11), 1,028 mg/L)

£

(OT3Na, Cd(1I), 10,282 mg/L)
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OT3, Cd(II), 1,028 mg/L)

(OT3, Cd(I1), 10,282 mg/L)

Fig. 6. Morphology of raw and purified samples treated with cadmium at two concentrations: 1,028 and 10,282 mg/L.

have used the laws of pseudo-second-order kinetics,
which are described by the mathematical equation:

t/qe=1/2K+ /4. )

where k is the pseudo-second-order rate constant
of adsorption (gmin/mg), 4. and g; are the amount
(mg/g) of cadmium adsorbed at equilibrium and at
time f, respectively. In the previous section, it was
noted that the adsorption of metals happens in cycles
that repeat in time; for this reason, we studied the
adsorption isotherms at appropriate intervals. The
kinetic plots of ¢/g; vs. t for Cd(II) ions adsorption are
presented in Fig. 9. The k values were calculated from
the gradient of the linear plot of (t/g,) vs. time for the
metal Cd(II). The relationships were linear and the val-
ues of the correlation coefficient (R®) suggest a strong
relationship between the parameters, and also explain
that the process of adsorption of ion follows pseudo-
second-order kinetic model. From Table 4, it can be
seen that the correlation coefficient has an extremely
high value (R*>0.98). Cd*" metal ions are not adsorbed

on the clay in the same way because the initial
concentration of the metal greatly affects the rate of
adsorption. We found that the amount adsorbed at
equilibrium is greater at high concentrations. The
pseudo-second-order model gives a better description
of the reaction kinetics of adsorption of cadmium by
raw and purified clay. These results suggest that the
adsorption of metals by clays is controlled by the phys-
isorption process (or physical adsorption). Several
studies [48,49] found that the kinetics of adsorption of
metals by clay materials obey the pseudo-second order.
[50,51] have shown that the adsorption kinetics are
rapid during the first minutes of contact. This can be
interpreted by the fact that, at the beginning of adsorp-
tion, the number of active sites available on the surface
of the adsorbent material is much greater than those
remaining after a certain amount of time.

3.5.2. Langmuir and Freundlich isotherm models

Adsorption isotherms are often used as empirical
models, which do not make statements about the
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Fig. 7. X-microanalysis of OT3Na purified treated with
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underlying mechanisms and measured variables. They
are obtained from measured data by means of regres-
sion analysis. The most frequently used isotherms are
the Freundlich, and the Langmuir models. They are
mathematically expressed as:

Je =Qm b Ce/(14b Ce.),
the Langmuir monolayer isotherm (3)

Ce/ge = 1/Ki + (b/K))Ce,
the linearized forms of (3) [52] 4)
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ge = K¢ C1/" Freundlich isotherm [53] 5)

Inge =InK¢+1/nlnCe,

the logarithmic forms of (5) (6)
AG® = —RTInKj,
the changes of the Gibbs free energy (7)

where g, is the adsorption density (mg/g) at equilib-
rium of Cd(II), Q,, is the monolayer adsorption capac-
ity (mg/g), Ce is the equilibrium concentration (mg/L)
of Cd(I), (b, K)) and (K¢, n)—Langmuir and Freudlich
parameters, respectively, T (K) refers to the tempera-
ture, R (8.314]/molK) is the gas constant. We found a
good agreement between these isotherms and experi-
mental results of the linearization for the models stud-
ied (Fig. 10). Furthermore, the high coefficients of
determination, further confirmed that our experimental
data fit these models. The adsorption isotherm of Cd(II)
on all the four adsorbents was also fitted well in the
Freundlich isotherm model and the adsorption capacity
(Ky) of adsorbents for Cd (II) was increased in the order
OT3Na (Cd, 1,028 mg/L) <OT3 (Cd, 1,028 mg/L) <OT3
(Cd, 10,282mg/L)<OT3Na (Cd, 10,282mg/L). The
constant adsorption capacity Ky increases with increas-
ing initial metal concentration. The values of 1<n <10
indicate favorable adsorption conditions [54,55].
Results of the OT3 (Cd, 1,028 mg/L) matrix (Table 5)
were not consistent with the Freundlich model (1> 10,
R?<97), since it showed a monolayer adsorption. Lang-
muir theory is applicable in the case of localized
adsorption sites, which are homogeneous and of equal
energy without lateral interactions between adsorbed
particles. For the matrix OT3 (Cd, 10,282mg/L), the
experimental data fit the linearized Freundlich iso-
therms well. The effectiveness of the Freundlich equa-
tion in describing metal adsorption was also reported
by others [56-58]. We also found that these models
have good adsorbability in the case of clay. This
suggests that the adsorption through the membrane of
cadmium by smectite of Oued Tfal is controlled by
several processes. The Gibbs free energy change, AG®,
is the fundamental criterion of spontaneity. The nega-
tive values of AG® increased in the order OT3 (Cd,
1,028 mg/L)<OT3Na (Cd, 1,028mg/L)<OT3 (Cd,
10,282 mg/L) <OT3Na (Cd, 10,282mg/L) indicate that
the adsorption was more spontaneous on OT3Na (Cd,
10,282 mg/L). The obtained negative values of AG® con-
firm the feasibility of the process and the spontaneous
nature of the adsorption processes with preference
towards Cd(I) ions.
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{ OT3Na, Cd(II), 1,028 mg/L ) ( OT3, Cd(II), 1,028 mg/L )
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Fig. 8. Mapping X of cadmium on different samples treated at two concentrations: 1,028 and 10,282 mg/L.
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Fig. 9. Determination of rate constants (pseudo-second order) of the adsorption of cadmium by clays, (a): (OT3, Cd,
1,028 mg/L) and (b): (OT3Na, Cd, 10,282 mg/L).
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Table 4
Maximum quantity (Qmax) and constant speeds of pseudo-second order in the different matrices treated
Metals Clays Q. (mg/g) K (mgmin/g) R?
(CA(NO3),; 1,028 mg/L) OT3 100 0.111 0.99
(CdCly; 10,282 mg/L) OT3Na 1,000 0.420 0.99
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Fig. 10. Isothermal retention of cadmium by the purified clay OT3Na: (a) Langmuir model, x/m: amount of contaminant

adsorbed per unit mass, (b) Freundlich model.

Table 5
Isotherm parameters for adsorption of Cd(Il) onto clays
Samples Langmuir Freundlich

Ky (L/g) AG® (KJ/mol) R? K¢ (L/g) n R?
OT3 (Cd, 10,282 mg/L) 15.76 —6.822 0.96 1.6 x 10 5.30 0.98
OT3Na (Cd, 10,282mg/L) 17.40 —7.077 0.98 1.5 x 10° 6.22 1.00
OT3 (Cd, 1,028 mg/L) 1.20 —0.452 1.00 9.5 x 10° 74.43 0.96
OT3Na (Cd, 1,028 mg/L) 3.20 —2.881 0.98 45.70 10.00 0.99

4. Conclusion

Clay is currently used for the containment of
hazardous industrial waste and remediation of
industrial water and waste. The physicochemical
characterization of OT3 and OT3Na clays deposits
from Oued Tfal in the Gafsa region were used to
test and compare their adsorbing power vis-a-vis
the removal of Cd (II). The adsorption processes fol-
lowed the pseudo-second-order kinetics. These
results suggest that the adsorption of metal by the
clay is controlled by the physisorption process (or
physical adsorption) and the adsorption takes place
in a multilayer. The application of the linearized

forms of the models was checked and confirmed
that they are applicable with a good correlation of
the adsorption isotherms and that the removal effi-
ciencies of metals vary in the same way with these
models. In addition, the negative values of AG® indi-
cate that the adsorption of Cd(I) onto clays was
thermodynamically feasible and spontaneous. It was
concluded that clay shows a strong adsorption
capacity of Cd(Il). This amount adsorbed is high
and promising when compared to the other related
adsorption studies. The adsorption through a mem-
brane method could be extended for the treatment
of effluents containing other metals.



M. Mhamdi et al. | Desalination and Water Treatment 52 (2014) 4245-4256

Acknowledgments

We greatly appreciate the financial support of the
Ministry of Higher Education and Scientific Research
in Tunisia. Many thanks to Mr Nabil Fattah for the
unfailing support.

References

[1] ]J. Garcia-Miragaya, A.L. Page, Influence of exchangeable
cation on the sorption of trace amounts of cadmium by mont-
morillonite, Soil Sci. Soc. Am. J. 41 (1977) 718-721.

[2] P. Freyssinet, P. Piantone, M. Azaroual, Y. Itard, B. Clozel-
Leloup, D. Guyonnet, J.C. Baubron, Chemical changes and
leachate mass balance of municipal solid waste bottom ash
submitted to weathering, Waste Manage. 22(2) (2002)
159-172.

[3] G.S. Plumlee, T.L. Ziegler, The Medical Geochemistry of

Dust, Soils and Other Earth Materials, in: B.S. Lollar (Ed.),

Environmental Geochemistry, Treatise on Geochemistry, Else-

vier-Pergamon, Oxford, pp. 364-370, 2003.

G.T. Ballet, L. Gzara, A. Hafiane, M. Dhahbi, Transport coeffi-

cients and cadmium salt rejection in nanofiltration membrane,

Desalination 167 (2004) 369-376.

E. Bazrafshan, A.H. Mahvi, S. Nasseri, A.R. Mesdaghinia, F.

Vaezi, S. Nazmara, Removal of cadmium from industrial

effluents by electrocoagulation process using iron electrodes,

Iran. J. Environ. Health Sci. Eng. 3(4) (2006) 261-266.

[6] H. Mokaddem, Z. Sadaoui, N. Boukhelata, N. Azouaou, Y.

Kaci, Removal of cadmium aqueous solution by polysaccha-

ride produced from Paenibacillus polymyxa, ]. Hazard. Mater.

172 (2009) 1150-1155.

V. Benito, V. Devesa, O. Munoz, M.A. Suner, R. Montoro, R.

Baos, F. Hiraldo, M. Ferrer, M. Fernandez, M.]. Gonzalez, Trace

elements in blood collected from birds feeding in the area

around Donana National Park affected by the toxic spill from

the Aznalcollar mine, Sci. Total Environ. 242 (1999) 309-323.

[8] H. Kugler, F. Ottner, H. Froeschl, R. Adamcova, B.
Schwaighofer, Retention of inorganic pollutants in clayey
base sealings of municipal landfills, Appl. Clay Sci. 21(1-2)
(2002) 45-58.

[9] FM. Howari, Heavy metal speciation and mobility assess-
ment of arid soils in the vicinity of Al Ain landfill, United
Arab Emirates, Int. J. Environ. Pollut. 22(6) (2004) 721-731.

[10] J. Sastre, E. Herndndez, R. Rodr1’guez, X. Alcobé, M. Vidal, G
Rauret, Use of sorption and extraction tests to predict the
dynamics of the interaction of trace elements in agricultural
soils contaminated by a mine tailing accident, Sci. Total
Environ. 329 (2004) 261-281.

[11] J. Markiewicz-Patkowska, A. Hursthouse, H. Przybyla-Kij,
The interaction of heavy metals with urban soils: Sorption
behaviour of Cd, Cu, Cr, Pb and Zn with a typical mixed
brownfield deposit, Environ. Int. 31(4) (2005) 513-521.

[12] M. Mhamdi, N. Gasmi, E. Elaloui, N. Kbir-Ariguib, M. Trab-
elsi-Ayadi, Purification and characterization of smectite clay
taken from Gafsa, Tunisia: Progressive elimation of carbon-
ates, IOP Conf. Ser. Mater. Sci. Eng. 13 (2010) 012030-012039.

[13] P. Hang, G.W. Brindley, Methylene blue adsorption by clay
minerals. Determination of surface areas and cation exchange
capacities (clay-organic studies X VII), Clays Clay Miner. 18
(1970) 203-212.

[14] H. Suquet, C. Malard, H. Pezerat, Structure et propriétés
d’hydratation des montmorillonite [Structure and properties
of hydration of montmorillonite], Clay Miner. 22 (1987)
157-167.

[15] R. Glaeser, J. Mering, Effet du chauffage sur les montmorillo-
nites saturées de cations de petit rayon [Effect of heating on
saturated montmorillonite cation of small radius], C.R. Acad.
Sci. 265 (1967) 833-835, Paris.

[4

[5

[7

4255

[16] R. Glaeser, J. Mering, Domaines d’hydratation homogene des
smectites [Areas of homogeneous hydration of smectites], C.
R. Acad. Sci. Paris 267, série D, (1968) 463-466.

[17] S. Caillére, S. Hénin, M. Rautireau, Mineralogy of Clays: 1.
Structures and Physicochemical Proprieéteés. 2. Classification
and Nomenclature, Masson, Paris, 1982.

[18] D. Baize, Guide des analyses courantes en pédologie
[Guide Routine Analysis in Soil Science], INRA Editions,
Paris, 1988, p. 172.

[19] RN. Yong, B.P. Warkentin, Y. Phadungchewit, R. Galvez-
Cloutier, Buffer Capacity and lead retention in some clay materi-
als, J. Water Air Soil Pollut. 53 (1990) 53-67.

[20] J.C. Santamarina, Y.H. Klein, E. Prencke, Specific surface:
Determination and relevance, Can. Geotech. J. 39 (2002)
233-241.

[21] C.H. Giles, D. Smith, A general treatment and classification of
the solute adsorption isotherm: I. Theoretical, J. Colloid Inter-
face Sci. 47(3) (1974) 755-765.

[22] C.H. Giles, A.P. D'Silva, I.A Easton, A general treatment and
classification of the solute adsorption isotherm: Part II. Exper-
imental interpretation, J. Colloid Interface Sci. 263(3) (1974)
766-778.

[23] M. Khalfaoui, S. Knani, M.A. Hachicha, A. Ben Lamine, New
theoretical expressions for the adsorption type isotherms clas-
sified by BET based on statistical physics treatment, J. Colloid
Interface Sci. 263 (2003) 350-356.

[24] B.R. Coughlin, A.T. Stone, Nonreversible adsorption of diva-
lent metal ions Mn(I), Co(II), Ni(Il), Cu(I) and Pb(II) onto
goethite: Effects of acidification, Fe(Il) addition and picolinic
acid addition, Environ. Sci. Technol. 29 (1995) 2445-2455.

[25] S. Serrano, F. Garrido, C.G. Campbell, M.T. Garcia-Gonzalez,
Competitive sorption of cadmium and lead in acid soils of
Central Spain, Geoderma 124 (2005) 91-104.

[26] K. Flogeac, E. Guillon, M. Aplincourt, Competitive sorption
of metal ions onto a north-eastern France soil. Isotherms and
XAFS studies, Geoderma 139 (2007) 180-189.

[27] Kocaoba Sergi. Orhan Yuksel, Akyuz Tanil, Kinetics and
equilibrium studies of heavy metal ions removal by use of
natural zeolite, Desalination 214 (2007) 1-10.

[28] A. Rabie, A. Usman, The relative adsorption selectives of Pb,
Cu, Zn, Cd and Ni by soils developed on shale in New
Valley, Egypt, Geoderma 144 (2008) 334-343.

[29] L. Mouni, D. Merabet, D. Robert, A. Bouzaza, Batch studies
for investigation of the sorption of the heavy metals Pb** and
Zn* onto Amizour soil (Algeria), Geoderma 154 (2009) 30-35.

[30] B. Alloway, Heavy Metals in Soils. Atténuation des métaux a
I'aval de sites de stockage de déchets—Synthese bibliographi-
que 66 BRGM/RP-54417-FR—Rapport final 1990, Wiley.

[31] S. Audry, Bilan géochimique du transport des éléments
métalliques dans le systeme fluvial anthropisé [Geochemical
assessment of the transport of metal elements in the anthro-
pic river system], Lot-Garonne-Gironde, Université de Bor-
deaux I, Bordeaux, 2003, p. 415.

[32] J. Lutzenkirchen, Ionic strength effects on cation sorption to
oxides: Macroscopic observations and their significance in
microscopic interpretation, J. Colloid Interface Sci. 195 (1997)
149-155.

[33] I. Ghorbel-Abid, A. Jrad, K. Nahdi, M. Trabelsi-Ayadi, Sorp-
tion of chromium (III) from aqueous solution as bentonitic
clay, Desalination 246 (2009) 595-604.

[34] I. Ghorbel-Abid, K. Galai, M. Trabelsi-Ayadi, Retention of
chromium (III) and cadmium(Il) from aqueous solution by
illitic clay as a low-cost adsorbent, Desalination 256 (2010)
190-195.

[35] M.B. Mc Bride, Environmental Chemistry of Soils, Oxford
University Press, New York, 1994.

[36] D.L. Sparks, Environmental Soils Chemistry, Academic
Press, New York, 1995.

[37] D.A. Dzombak, FM.M. Morel, Surface Complexation Model-
ing: Hydrous Ferric Oxide, Wiley, New York, NY, 1990, p 393.
(ISBN 0-471-63731-9).



4256

[38] L.B. Young, H.H. Harvey, The relative importance of manga-
nese and iron oxides and organic matter in the sorption of
trace metals by surficial lake sediments, Geochim. Cosmo-
chim. Acta 56 (1992) 1175-1186.

[39] C. Blanchard, Caractérisation de la mobilisation potentielle
des polluants inorganiques dans les sols pollués. These: Ecole
Doctorale de Chimie de Lyon, 2000.

[40] J. Lions, Etude hydrogéochimique de la mobilité de polluants
inorganiques dans des sédiments de curage mis en dépot:
Expérimentations, études in situ et modélisation, These de
doctorat. Ecole Nationale Supérieure des Mines de Paris,
France, 2004, p. 248.

[41] V. Chaignon, Biodisponibilité du cuivre dans la rhizosphere
de différentes plantes cultivées. Cas de sols viticoles contami-
nés par des fongicides, These: Ecole doctorale, Sciences de
I’Environnement: Systeme Terre, Université d’Aix-Marseille,
2001.

[42] F. Barbier, G. Duc, M. Petit-Ramel, Adsorption of lead and
cadmium ions from aqueous solution to the montmorillonite:
Water interface, Colloids Surf. A 166 (2000) 153-159.

[43] Y. Xue, H. Hou, S. Zhu, Adsorption compétitive de cuivre
(II), de cadmium (II), de plomb (II) et de zinc (II) sur base de
scories de four a oxygene [Competitive adsorption of copper
(I), cadmium (II), lead (II) and zinc (II) based on oxygen fur-
nace slag], J. Hazard. Mater. 162 (2009) 391-401.

[44] S. Achour, L. Youcef, Elimination du cadmium par adsorp-
tion sur bentonite sodique et calcique [Removal of cadmium
by adsorption on sodium and calcium bentonite], Larhyss J. 2
(2003) 68-81.

[45] D. Xu, X.L. Tan, C.L. Chen, X.K. Wang, Adsorption of Pb(II)
from aqueous solution to MX-80 bentonite: Effect of pH, ionic
strength, foreign ions and temperature, Appl. Clay Sci. 41
(2008) 37-46.

[46] Y.S. Ho, Mc. Kay, The kinetics of sorption of divalent metal
ions onto sphagnum moss peat, Water Res. 34(3) (2000) 735.

[47] Y.S. Ho, Mc. Kay, Adsorptive removal of textile reactive dye
using Posidonia oceanica, Process Biochem. 34 (1996) 451-465.

M. Mhamdi et al. | Desalination and Water Treatment 52 (2014) 4245-4256

[48] A.R. Kul, H. Koyuncu, Adsorption of Pb (II) ions from aque-
ous solution by native and activated bentonite: Kinetic, equi-
librium and thermodynamic study, J. Hazard. Mater. 179
(2010) 332-339.

[49] E. Erdem, N. Karapinar, R. Donat, The removal of heavy
metal cations by natural zeolites, ]J. Colloid Interface Sci. 280
(2004) 309-314.

[50] Z. Yaneva, B. Koumanova, Comparative modelling of mono-
and dinitrophenols sorption on yellow bentonite from aque-
ous solutions, J. Colloid Interface Sci. 293 (2006) 303-311.

[51] AR. Dinger, Y. Giines, N. Karakaya, Waste material as adsor-
bent for removal of textile dyestuffs from aqueous solution,
J. Hazard. Mater. 141 (2007) 529-535.

[52] M. Ghoul, M. Bacquet, M. Morcellet, Uptake of heavy metals
from synthetic aqueous solutions using modified PEI—silica
gels, Water Res. 37 (2003) 729-734.

[53] A. AKlil, M. Moulflih, S. Sebti, Removal of heavy metal ions
from water by using calcined phosphate as a new adsorbent,
J. Hazard. Mater. 112 (2004) 183-190.

[54] B.H. Hameed, D.K. Mahmoud, A.L. Ahmad, Equilibrium
modeling and kinetic studies on the adsorption of basic dye
by a low-cost adsorbent: Coconut (Cocos nucifera) bunch
waste, J. Hazard. Mater. 158 (2008) 65-72.

[55] B.H. Hameed, Grass waste: A novel sorbent for the removal
of basic dye from aqueous solution, J. Hazard. Mater. 166
(2009) 233-238.

[56] A.A. Ponizovsky, C.D. Tsadilas, Lead (II) retention by Alfisol
and clinoptilolite: Cation balance and pH effect, Geoderma
115 (2003) 303-312.

[57] S.M. Shaheen, C.D. Tsadilas, V. Samaras, G. Dimitrios, Cad-
mium adsorption by alfisols as influenced by fly ash and
sewage sludge application, in: Proceedings of the 3rd Interna-
tional conference of Environmental Sciences and Technology,
Houston, TX, USA, August 6-9, 2007.

[58] A.R.A. Usman, The relative sorption selectivities of Pb, Cu,
Zn, Cd and Ni by soils developed on shale in New Valley,
Egypt, Geoderma 144 (2008) 334-343.



