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The  present  work  aimed  to achieve  mineralogical  and  spectroscopic  characterization  of the  Late  Creta-
ceous clays  of  Aleg  formation  (Coniacian-Lower  Campanian  system),  Tunisia,  for  the  removal  of several
toxic metals  in  aqueous  system.  The  collected  clay  samples  were  first  characterized  by  different  tech-
niques  including  X-ray  fluorescence  (XRF),  thermal  analysis  (TG/TDA),  X-ray  diffraction  (XRD),  Fourier
transform  infrared  (FTIR)  and  scanning  electron  microscopy  (SEM).  Results  showed  that  the  natural  clay
samples  are  mainly  composed  of  silica,  alumina,  iron,  calcium  and  magnesium  oxides.  The  sorbents  are
mainly  mesoporous  materials  with  modest  specific  surface  area of  <71  m2/g.  Then,  the  possible  use  of
the studied  clay  samples  as  adsorbents  for the removal  of  Pb(II),  Cd(II),  Cu(II)  and  Zn(II)  from  aque-

 
 

 

eavy metals
dsorption isotherm

ous  solutions  was  evaluated.  Langmuir,  Freundlich  and  Dubinin–Radushkevich  (D–R)  isotherm  models
were  used  to simulate  the  equilibrium  data.  The  maximum  adsorption  capacity  varied  between  6.78
and 131.58  mg/g,  showing  much  higher  removal  efficiency  than  the  relevant  previous  studies.  Langmuir
isotherms  showed  the  best  fitting  to  the  experimental  data.  Among  the  studied  clay  samples,  the  amount
of  calcium  carbonates  was  the  most  influencing  parameter  for heavy  metal  removal.  The  results  suggest
that the  studied  clay  samples  can  be effectively  used  for the  treatment  of  contaminated  wastewaters.
. Introduction

The present study has been carried out to evaluate the applica-
ility of natural clays in the removal of several metal ions (Pb(II),
d(II), Cu(II) and Zn(II)) from aqueous solutions by batch adsorption
rocess. The use of natural adsorbents is particularly beneficial for
he development of cost effective process for heavy metal removal
rom wastewater. In this regards, many previous works have been
ndertaken to study the efficiency of various type of clay includ-

ng kaolinite [1,2], bentonite [3,4], sepiolite [5],  montmorillonite
6] and other natural adsorbents [7].

In Tunisia, the Coniacian-Early Campanian clay deposits
eceived considerable attention due to their importance for the eco-
omic growth of the raw material sector [8–10]. The well-known
leg formation, discovered in Jebel Oum el Aleg to the north of

afsa (south of Tunisia), consist of a thick series of gray marl and
hale above the Campanian-Maastrichtian limestone beds [8,11].
n the Gabes region of southeastern Tunisia, the clay levels of this
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formation are widely exposed on the sides of Bouloufa anticlines
and Jebel Aidoudi where the lithostratigraphic section showed an
argillaceous complex (100 m)  admitting carbonate intercalations in
the lower part; a marly and calcareous complex (130 m)  and a clay
sequence (150 m)  with fibrous gypsum [12,13].

On the other hand, environmental pollutants like Pb(II), Cd(II),
Cu(II) and Zn(II) have to be removed from wastewaters before being
discharged in the receiving ecosystems. Adsorption onto cost-
effective natural materials is the most commonly utilized technique
due to its simplicity when compared to other methods like ion
exchange and precipitation. Clay minerals have a great potentiality
to adsorb pollutants due to their large specific surface area, chem-
ical and mechanical stability, layered structure, and high cation
exchange capacity [14,15].

The use of natural clays without any pre-treatment is one of the
significant targets of this study to decrease the cost of the removal
process. Moreover, the advantages of Tunisian clay were demon-
strated with this regards. The effects of contact time and initial
metal solution concentration were studied in detail. The effects
of the removal of impurities (i.e. carbonates) on the adsorption

of heavy metals were also emphasized. The adsorption isotherms,
including Langmuir, Freundlich and Dubinin–Radushkevich (D–R)
isotherm were applied to the equilibrium data to describe the main
interactive mechanisms involved in the removal process. Kinetic

dx.doi.org/10.1016/j.cej.2011.05.015
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
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arameters were also calculated from the pseudo-first-order and
seudo-second-order models for better description of the adsorp-
ion mechanism. The optimization of adsorption parameters and
he establishment of adsorption isotherms are of crucial impor-
ance for understanding the mechanisms involved in heavy metals
emoval and wastewater cleanup processes.

. Materials and methods

.1. Materials

.1.1. The sorbent
Two natural clay samples (S and Y) present in the Late Creta-

eous Aleg formation were collected from Gabes (Y sample) and
afsa areas (S sample) (south of Tunisia). The preparation of the
dsorbent from natural clays was done for the removal of carbon-
te minerals and organic matter to concentrate the clay minerals,
nd to improve their sorption properties. Carbonates were removed
sing acetic acid (1 mol/L) in a water bath at 80 ◦C. Organic mat-
er was oxidized by treating the carbonate-free samples with 30%
2O2. Both original and treated clay materials were dispersed in
ater and saturated with 1 M NaCl solution for three times under

ontinuous stirring. The obtained Na+ homoionic clay samples were
hen dialyzed several times to remove chloride [16,17].  Hereafter
bbreviated name of clay samples were used, where RS and TS, RY
nd TY were assigned to the raw and treated S and Y clays, respec-
ively. The obtained materials were dried at 105 ◦C for 24 h and
hen crushed to collect the desired particle size ranges. Sorption
ests were conducted on a size range of less than 210 �m.

.1.2. Chemicals
All the chemicals used were of analytical reagent grade supplied

y Wako Pure Chemical Industries Ltd. (Japan). Ultrapure water
UPW) produced with a Milli-Q system (Millipore Corp., France)
as used throughout the experimental studies. Stocks of copper,

admium, lead and zinc solutions (1000 mg/L) were prepared by
issolving CuCl2·2H2O, CdCl2·2.5H2O, PbCl2 and ZnCl2 in 1000 mL
f ultrapure water. Working standards were prepared by dilution of
he stock solution. 0.1 M HCl and 0.1 M NaOH solutions were used
or pH adjustment.

.2. Physicochemical characterization

Chemical compositions of natural and treated samples were
etermined by subjecting the powdered and pressed clay sam-
les to an electron microprobe equipped with X-ray dispersive
pectrometer (JXA8621 Superprobe; JEOL, Tokyo). Mineralogical
nalysis was carried out for untreated sample representing the
owdered natural clay and the fine fraction (<2 �m).  Carbon-
tes were removed using acetic acid (1 mol/L) in a water bath at
0 ◦C. Organic matter was oxidized by treating the acetic acid-
reated samples with 30% H2O2. Free iron and aluminum oxides
ere removed by citrate–bicarbonate–dithionate method (CBD) as
escribed elsewhere [18,19].

After CBD treatment, the separation of clay fractions (<2 �m)
as carried out using simple gravity sedimentation method [19,20].
liquots of separated subsamples of clay fraction were saturated
ith Mg2+ and K+ and transferred onto standard glass slides for

nalysis. Mg-saturated clay samples were solvated by glycerol.
he K-saturated clay samples were heated to 350 and 550 ◦C for

 h. XRD patterns, obtained with an X-ray diffractometer (RAD-X;
igaku Intl. Corp., Tokyo) using Cu K� radiation (40 kV, 25 mA),

 
 

 

ere recorded between 2 and 40◦ and then computer-processed
o get peak position and its intensity.

Infrared spectra were obtained using an FT-IR spectrophotome-
er (FT-720; Horiba Ltd., Tokyo) over the region of 4000–650 cm−1
g Journal 172 (2011) 37– 46

at room temperature. Powdered samples were scanned 25 times at
4 cm−1 resolution.

Thermogravimetric analysis was performed with a TG/DTA
instrument (EXTRA 6000, TG/DTA 6300; Seiko, Tokyo) using alu-
minum as inert reference material. About, 5 mg of less than 53 �m
sized natural clay was heated from 25 to 1000 ◦C at the regular
increment of 10 ◦C/min in air atmosphere. The weight change dur-
ing the temperature increase was measured. Differential thermal
gravimetry (DTG) and differential thermal analysis (DTA) were used
for peak identification. SEM images were obtained using a JEOL
electron microscope (JEOL Corp., Tokyo).

2.3. Characteristics of N2 adsorption on the sorbent

N2 adsorption data were used for the determination of the spe-
cific surface areas of adsorbents and for the analysis of pore size
distribution using Coulter instrument (SA3100, Beckman Coulter,
CA, USA).

Physical gas adsorption is often the technique for examining the
pore characteristics of materials [21]. The technique determines the
amount of gas adsorbed on clays: a direct indication of the porous
properties of the material and the isotherm, obtained from the
measurement of adsorbed gas, provides information about the sur-
face area, pore volume and pore size distribution [7,22].  The lower
portion of the isotherm was  used for the measurement of specific
surface areas, whereas the entire adsorption–desorption isotherm
was used for pore analysis according to BJH methodology [22,23].
Powdered clay samples were degassed at 150 ◦C for 180 min before
measurements.

2.4. Batch adsorption

Batch adsorption is a simple technique commonly utilized to
assess the adsorptive capacities of natural and synthetic sorbents.
Beside its easy manipulation, it helps to bring out important infor-
mation about the efficiency of a given sorbent to remove the studied
solute in static conditions. Thus, batch adsorption is widely used
for environmental purposes, especially for wastewater treatment.
Adsorption of the selected metal ions was carried out at different
initial concentrations range of 10–100 mg/L, pH 6 and agitation
speed of 200 rpm within the equilibrium time of 60 min. 1 g/L of
each raw (RS and RY) and treated (TS and TY) adsorbent was
placed in a polypropylene centrifuge tube containing metal ion
solution of known concentration and pH. The pH of metal solu-
tion was  adjusted prior to mixing with the adsorbent with 0.1 M
HCl and 0.1 M NaOH. The tubes were shaken at 200 rpm for 60 min
to reach equilibrium. The suspension was  then centrifuged and
10 mL of supernatant were filtered with 0.45 �m syringe driven fil-
ter (Millex-LH, PTFE, Millipore Corp., Ireland). Finally, the samples
solutions were stored at 4 ◦C till the measurement of the desired
metal (Pb(II), Cd(II), Cu(II) and Zn(II)) concentration using ICP-OES
Instruments, Optima 7300 DV series (PerkinElmer Inc., Tokyo). The
amount of removed heavy metal was  calculated from the difference
between initial and final concentration. All experiments were run
in triplicate.

2.5. Adsorption isotherm models

Langmuir, Freundlich and Dubinin–Radushkevich (D–R)
isotherm models were used in this study to establish the relation-

ship between the amount of adsorbed metal onto clays and its
equilibrium concentration in aqueous system.

Langmuir adsorption isotherm [24] is based on the assumption
of monolayer adsorption onto a surface with a finite number of
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Table 1
Physico-chemical properties of the studied clay samples (% by weight).

Elements and properties Natural samples Treated samples

RS RY TS TY

SiO2 40.096 57.567 57.144 61.759
Al2O3 16.320 21.138 22.495 21.359
Fe2O3 7.386 10.181 9.891 10.093
CaO 26.667 2.370 2.372 0.324
MgO 4.667 3.615 2.751 1.391
TiO2 1.158 1.111 1.472 1.249
K2O 3.060 1.744 3.604 1.635
Na2O nd 0.605 – 1.608
P2O5 0.429 0.901 0.015 0.019
SO3 nd 0.665 nd nd
Cr2O3 0.067 0.046 – –
MnO  0.083 nd 0.130 0.090
SrO 0.050 0.031 0.047 0.024
CuO  0.002 0.003 nd nd
ZnO  0.018 0.020 0.024 0.023
CdO  nd nd nd 0.333
PbO  nd nd 0.005 nd
SBET (m2/g) 17.84 71.94 10.22 59.14
Fine  fraction of <2 �m (%) 42.75 88.53 – –
CEC (cmol(+)/kg) 37.45 36.87 20.17 29.66

3
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dentical sites. Langmuir isotherm could be arranged in its linear
orm as following:

Ce

qe
= Ce

qm
+ 1

KLqm
(1)

here Ce is the equilibrium concentration of the studied metal
mg/L) and qe is the amount of the metal adsorbed per gram of
dsorbent (mg/g). qm and KL are Langmuir constant relating the
dsorption capacity (mg/g) and the energy of adsorption (L/g),
espectively. These constants can be calculated from the slope and
ntercept of the linear plots of Ce/qe versus Ce, respectively.

The dimensionless parameter of adsorption (RL) (defined as
L = 1/(1 + KLC0), where C0 (mg/L) is the initial concentration) was
sed as an indicator to assess the extent of adsorption.

Depending on the RL value, there are four possibilities for
dsorption; (i) favorable adsorption if 0 < RL < 1, (ii) unfavorable
dsorption when RL > 1, (iii) linear adsorption for RL = 1, and (iv)
rreversible adsorption for RL = 0 [1,10,25].

The adsorption data were also fitted to Freundlich isotherm [26],
hich is described by the linear form following the equation:

og qe = log KF + n log Ce (2)

here KF and n are Freundlich constants, determined from the
ntercept and slope of the linear plot of log qe versus log Ce.

Finally, Dubinin–Radushkevich (D–R) isotherm was  applied to
he adsorption data to determine the predominant adsorption
ype (physical or chemical). The linear form of this model [27] is
escribed by the following equation:

n qe = ln qm − ˇε2 (3)

here ε is the Polanyi potential (ε = RTln[1 + (1/Ce)]), R (J/mol K): gas
onstant, T (K): absolute temperature and  ̌ (mg2/kJ) is a constant
elated to the adsorption energy.

The values of qm and  ̌ are calculated from the intercept and
lope of the plot ln qe versus ε2. The mean energy of adsorption E
kJ/mol) is calculated from the equation [1,27,28]:

 = 1√
−2ˇ

(4)

The removal mechanism occurs basically via physi-
al interaction when E < 8 kJ/mol, and via ion-exchange if

 kJ/mol ≤ E ≤ 16 kJ/mol [29,30].

.6. Adsorption kinetic models

The well-known pseudo-first-order and pseudo-second-order
inetic models were applied to the experimental data in order to
xamine the adsorption process.

The pseudo-first-order equation can be written as follows:

dqt

dt
= k1(qe − qt) (5)

here qe and qt are the adsorbed quantity (mg/g) at equilibrium and
t time t, respectively; k1 (min−1) is the adsorption rate constant.
he value of k1 and qe can be calculated from the slope and intercept
f the linear plot of ln(qe − qt) versus t, respectively.

The pseudo-second-order kinetic model was also used to
escribe the sorption of metal ions. The differential equation for
he reaction is expressed as:

dqt = k2(qe − qt)
2 (6)

 
 

 

dt

here k2 is the pseudo-second-order rate constant (g/mg min).
oth constants, k2 and qe, were calculated from the intercept and
lope of the linear plot t/qt against t, respectively.
Total pore volume (cm /g) 0.04 0.12 – 0.09

nd: not detected.

3. Results and discussions

3.1. Characterization of clay samples

3.1.1. Chemical composition by XRF
Chemical analysis showed that the main constituents of raw (RS

and RY) and treated (TS and TY) clays were silica, aluminum and
iron oxides (Table 1). The results indicated that RS clay, collected
from Gafsa area, contained high amount of calcium and its chemical
composition was  significantly affected upon acetic acid treatment.
In comparison between RS and TS, the percentage of silica increased
from 40.096% to 57.144%, with a significant increase in the mass
fraction of aluminum and iron oxides. The data also indicated that
the fraction of CaO and MgO  decreased from 26.667 to 2.372% and
from 4.667 to 2.751%, respectively. The occurrence of magnesium
oxide in both samples may  bear witness to the presence of smectite
[31] and also small amount of dolomite in the carbonate rich clay
(RS). It should be emphasized that SiO2, Al2O3, and Fe2O3 contents
were obviously higher in RY than RS clay, but this difference disap-
pear after the removal of carbonates. The removal of carbonate and
organic matter enhanced the percentage of silica and aluminum
in the treated clays, but both the exchangeable and the octahedral
cations have clearly decreased. Similar results were reported by
Al-Degs et al. [7] and Eloussaief and Benzina [15].

The ratio SiO2/Al2O3 is equal to 2.46, 2.72, 2.54 and 2.89 for
RS, RY, TS and TY, respectively. These values are higher than those
of ideal kaolinite (1.18) [14,32] and montmorillonite (2.36) [14]
suggesting that the studied clay samples were relatively enriched
in silica with regard to aluminum probably because of detrital load
from the neighboring continental zone [20]. The high K2O content
may  indicate the presence of large amounts of illite in both samples
[31] (Table 1).

Based on the chemical properties, it is expected that the studied
clay samples show variable adsorptive behavior. High carbonate
contents may  enhance Pb, Cu and Zn removal. It is probable that
both RY and TY remove higher amounts of metal cations than the
carbonate free sample (TS). It should be emphasized that SiO2,
Al2O3 and Fe2O3 contents were higher in RY and TY. Such com-
position would contribute to higher removal of metals due to the

presence aluminol (Al–O) and silanol (Si–O) groups at the surface
of the studied clay samples.
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Fig. 1. Nitrogen adsorption isoth

.1.2. BET adsorption isotherms
Fig. 1 shows the nitrogen adsorption isotherms of the raw

nd treated clay samples. Nitrogen adsorption on the studied
lay samples resulted in type IV isotherms in the BET classifica-
ion, indicating mesoporous materials with limited microporosity

33]. In all cases, capillary condensation occurs during adsorp-
ion via “cylindrical meniscus”, while capillary evaporation during
esorption occurs via “hemispherical meniscus”, separating the
apor and capillary-condensed phases. This results in hysteresis

Fig. 2. Barret–Joyner–Halenda (B
Ps/Po

at 77 K for natural clay samples.

loops and confirms the mesoporous structure of the studied clays
[34,35].

As shown in Table 1, specific surface areas of the natural
and treated clay samples (less than 210 �m sized powder) were
17.84 m2/g, 71.94 m2/g, 10.22 m2/g and 59.14 m2/g for RS, RY,

TS and TY, respectively (Table 1). All samples had an overall
mesoporous structure with a predominant average pore diameter
ranging from 20 to 80 nm (Fig. 2). The percentage of small pores
(diameter range < 6 nm), being 12.96 and 34.71% for RS and RY,

JH) pore size distribution.
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firmed by its higher weight loss (7.16%) when compared to that of
Y sample (4.90%).

 
 

 

Fig. 3. Scanning electron microgra

ecreases to 8.41 and 10.65% for TS and TY samples, respectively.
mong all samples, RY had the highest number of pores in the lower
iameter (<6 nm)  range (Fig. 2), resulting in a higher specific sur-
ace area (71.94 m2/g) and total pore volume (0.12 cm3/g), when
ompared with other samples.

.1.3. Scanning electron micrograph (SEM)
The SEM image of RS, collected from Gafsa area, revealed a uni-

orm paste with some rhombohedra of dolomite; the presence of
hich was confirmed in the treated sample (TS). SEM images of the
atural and treated clays are shown in Fig. 3. The original Y sam-
le (RY) showed platy flakes and spongy structure, that could be a
ypical scanning electron micrograph of sodium montmorillonite
36].

.1.4. XRD analysis
XRD pattern of the randomly oriented powder is shown in Fig. 4.

atural S sample (RS), collected in Gafsa area, consisted mainly
f calcite as demonstrated by the main peak near 3.03 Å (1 0 0),
olomite at 2.89 Å (0 0 6) and the additional peaks of quartz pre-
ailing at 3.33–3.34 Å  (1 0 1). For natural Y sample (RY), the main
eak near 12.2 Å is attributable to clay minerals combined with
ubordinate peak of quartz. Further examination revealed that the
riented fine fraction (<2 �m)  consisted of smectite, illite and kaoli-
ite as major clay minerals (Fig. 5). The basal spacing at 7.18–7.21 Å
0 0 1) and (0 0 2) reflection at 3.57–3.58 Å  confirmed the presence
f kaolinite [15,31,37].  Kaolinite, the major clay mineral in S sam-
les, was associated with illite as indicated by the characteristic
eaks at 9.81 Å (0 0 1) and 5.02 Å (0 0 2). For Y sample, high smec-
ite content associated with small amounts of illite and kaolinite
as found (Fig. 5).
.1.5. Thermogravimetric analysis
The thermal analysis diagrams of the clay samples are shown in

ig. 6. Two distinctive peaks could be recognized, the first endother-
ic  one occurred below 140 ◦C because of the dehydration of clay
the raw and treated clay samples.

minerals. The corresponding weight loss of 3.53% and 4.81% for S
and Y sample, respectively, was  ascribed to the removal of phys-
ically bound water. This peak is likely due the presence of mixed
layer smectite/illite. Hajjaji et al. [38] found that adsorbed water
of swelling clay such as montmorillonite and beidellite drives off
nearby 140 ◦C. The second broad endothermic phenomenon took
place between 400 and 600 ◦C with the associated mass decrease
of 7.16% and 4.90% for S and Y clay powder, respectively. This peak
probably resulted mainly from the removal of OH group of kaolinite
[20,31]. It is worth to mention that this intense peak would include
the decomposition of carbonate minerals of S sample as was con-
Fig. 4. X-ray diffractograms of randomly oriented clay powder (S, smectite; K, kaoli-
nite; Q, quartz; C, calcite; D, dolomite; spacing is in angstrom).
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Fig. 5. X-ray diffractograms of oriented clay fractions (I, illite; K, kaolinite; Q, quartz; S, smectite; spacing is in angstrom).
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Fig. 6. Thermal curv

.1.6. Fourier transform infrared spectroscopy
Fig. 7 shows the FTIR spectra of the raw (RS and RY) clay sam-

les as well as their respective decarbonated samples (TS and TY).
he band near 3694 and 3619 cm−1 confirmed the presence kaoli-
ite [38]. The stretching vibrations of the surface hydroxyl groups

Si–Si–OH, or Al–Al–OH) were found at 3694.94 and 3619.73 cm−1.
he other vibration at 1635.34 cm−1 is attributable to the bending
f adsorbed water (Fig. 7). Maravelaki-Kalaitzaki and Kallithrakas-

Fig. 7. Infrared spectra of natural clay samples.
atural clay samples.

Kontos [39] reported that peaks occurring at 3694, 3669 and
3651 cm−1, as in the present samples, resulted from the outer
hydroxyl ions in kaolinite, while the peak at 3619 cm−1 corre-
sponds to the absorbance of the inner hydroxyl ions. The stretching
bands near 1435.34, 871.67 and 711.60 cm−1 are assigned to calcite
[20,40]. The removal of carbonate minerals by acid treatment led to
the elimination of the above mentioned bands of calcite in TS and
TY spectra. In the low frequency range (1200–650 cm−1), the max-
imum absorption of silicate minerals was  observed at 998.95 and
991.23 cm−1 for RS and RY, respectively. Other vibrations at 912.16,
796.46, 779.10 and 692.32 cm−1 are also characteristics of silicate
minerals. Quartz usually gives two  characteristic bands near 800.31
and 780.02 cm−1, as was  the case of the studied clay materials.

3.2. Adsorption experiment

Adsorption experiments were performed to evaluate the
removal capacity of natural and treated clays. The data showed
clear difference in the removal percentages. It seemed that the
physico-chemical characteristics of the studied clay samples have
played an important role in the adsorptive behavior. Carbonate con-
tent enhanced the removal of the studied metals, especially the
removal of Pb increased linearly as function of the initial concen-
tration. Specific surface area was another influencing factor in the
removal mechanism.
3.3. Effect of initial concentration

The effect of initial concentration on the adsorption of the
selected metal ions was  carried out with concentrations of 10, 20,
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Fig. 8. Effect of initial concentration on Pb(II), Cd(II

0, 60, 80 and 100 mg/L under the operating pH of 6 and agita-
ion speed of 200 rpm within the equilibrium time of 60 min. As
hown in Fig. 8, the removal amount increased with increasing ini-
ial metal concentration until the saturation of available adsorption
ite. The removal of Pb(II) by RS showed a linear increase due to pre-
ipitation as lead carbonate. After the equilibration time of 60 min,
he removal capacity decreased from more than 100 mg/g for RS
o 31.437 mg/g Pb(II) for TS because of the removal of carbonate

inerals. The same behavior was observed with Cu(II) and Zn(II)
emoval by S sample (RS and TS) with a decrease from 27.397 mg/g
o 12.97 mg/g and from 22.73 mg/g to 10.63 mg/g, respectively,

ut not for Cd(II). The amount of Cd(II) removed was 6.784 mg/g,
.826 mg/g, 15.06 mg/g and 16 mg/g by RS, TS, RY and TY, respec-
ively (Fig. 8), indicating that the removal of cadmium was  not
nfluenced by carbonate content. As for RY and TY, they removed

able 2
dsorption isotherm constant values for Freundlich, Langmuir and D–R models.

Freundlich Langmuir 

kf (L/g) n R2 q0 (mg/g) kL (L/mg) RL

Lead
RS 21.962 0.46 0.993 131.579 2.054 0.00
RY  18.698 0.264 0.9954 51.282 0.436 0.02
TS  14.256 0.21 0.9598 32.895 0.533 0.01
TY  20.551 0.241 0.991 50.761 0.552 0.01

Cadmium
RS  21.577 0.236 0.8381 6.784 0.123 0.07
RY  23.823 0.079 0.8478 15.06 0.279 0.03
TS 23.121 0.255 0.901 6.826 0.17 0.05
TY  27.04 0.092 0.9211 16 0.275 0.03

Copper
RS  13.801 0.142 0.9164 27.397 0.188 0.94
RY  9.005 0.162 0.8902 17.889 0.472 0.97
TS 5.542 0.19 0.9737 12.97 0.259 0.96
TY  10.749 0.111 0.8989 17.094 0.858 0.98

Zinc
RS 16.253 0.08 0.9349 22.727 1.055 0.00
RY  2.937 0.454 0.7953 15.601 1.477 0.00
TS 8.918 0.003 0.8493 10.627 0.123 0.07
TY  14.52 0.015 0.6219 15.015 1.571 0.00
Initi al conce ntrati on (mg/L)

II) and Zn(II) adsorption onto natural clay samples.

similar amounts of Pb(II), Cd(II), Cu(II) and Zn(II) due to the small
amounts of carbonate in the raw sample, therefore similar physico-
chemical properties of both forms (Table 1).

3.4. Adsorption isotherms

The isotherm constants, summarized in Table 3, showed the cal-
culated Freundlich parameters (kF and n) that indicate favorable
adsorption (0 < n < 1). In addition, the adsorption energy (E) given
by D–R model suggested the physical nature of the removal mech-
anism in most cases (E < 8 kJ/mol). Moreover, the separation factor

(RL) varied between 0 and 1, confirming favorable adsorption under
the experimental conditions of the study (Table 3). The maximum
adsorbed capacity q0 (mg/g) and qm (mg/g), calculated from Lang-
muir and D–R, respectively, were comparable in most cases. So,

Dubinin–Radushkevich (D–R)

R2 qm (mg/g)  ̌ (mol2/kJ2) E (kJ/mol) R2

5 0.9825 149.325 0.067 9.355 0.9909
2 0.9951 53.339 0.014 5.969 0.9859
8 0.9983 35.06 0.014 6.016 0.9806
8 0.996 53.144 0.015 5.729 0.9969

5 0.9775 7.39 0.033 3.9 0.6487
5 0.969 17.257 0.006 9.32 0.7474
5 0.9624 7.314 0.035 3.79 0.646
5 0.9713 18.644 0.006 8.96 0.8365

9 0.9891 23.478 0.014 5.97 0.7648
9 0.9946 19.412 0.036 3.7 0.7677
3 0.9893 15.161 0.061 2.85 0.4677
8 0.9992 18.957 0.027 4.29 0.6571

9 0.9979 25.358 0.012 6.345 0.3821
7 0.9936 8.34 0.032 3.959 0.8934
5 0.9915 18.585 0.095 2.288 0.883
6 0.9797 15.636 0.029 4.123 0.4939
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Table 3
Pseudo first and second order kinetic parameters for the sorption of Pb(II), Cd(II), Cu(II) and Zn(II) onto natural clay.

Measured qe (mg/g) Pseudo-first-order Pseudo-second-order

k1 (1/min) qe (mg/g) R2 k2 (g/mg min) qe (mg/g) R2

Lead
RS – – – – – – –
RY  37.163 0.011 0.975 0.9934 0.008 37.924 0.9898
TS 20.163 1.082 0.989 0.9852 0.032 20.718 0.9998
TY 36.667 0.007 0.985 0.9408 0.076 36.865 0.9998

Cadmium
RS  6.203 0.003 0.363 0.801 0.141 6.134 0.997
RY  9.034 0.017 0.232 0.7673 1.036 9.036 0.9998
TS  5.923 0.006 0.275 0.0747 0.456 5.906 0.9998
TY 9.597 0.022 0.691 0.4807 0.229 9.432 0.9998

Copper
RS  20.958 0.007 8.815 0.9894 0.008 21.355 0.9983
RY 17.307 0.005 3.34 0.9743 0.077 17.263 0.9998
TS  11.860 0.008 0.993 0.8361 0.02 11.903 0.9981
TY  17.547 0.006 2.35 0.4554 0.071 16.819 0.9996

Zinc
RS  16.023 0.018 10.543 0.961 0.009 16.68 0.9957
RY  9.05 0.014 0.615 0.9327 0.051 9.222 0.999
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TS 13.368 0.033 4.18 

TY  14.476 0.027 0.475 

t can be concluded that both isotherms describe the experimental
esults with better fit to Langmuir model due to the high coefficient
f correlation (R2 ≈ 1).

.5. Effect of contact time

The effect of contact time on the sorption of lead, cadmium, cop-
er and zinc was  analyzed kinetically over a range of 5–120 min
Tables 2 and 3). In this study, the reaction was  stimulated by
haking with clay samples (raw and carbonate free samples) at
00 rpm at 25 ◦C with the initial metal solution pH of 6. The initial
etal concentration was 60 mg/L, 10 mg/L, 40 mg/L and 20 mg/L
or Pb(II), Cd(II), Cu(II) and Zn(II), respectively, while the amount of
lay was 1 g/L. The results show that adsorption process is clearly
ime dependent (Fig. 9). From this figure, it was observed that more
han 95% of the total adsorptive capacity occurred within 30 min,

Fig. 9. Effect of contact time on Pb(II), Cd(II), Cu(II) a
0.965 0.224 13.386 1
0.7593 0.434 14.476 1

after what the removal further increased but to a much lower
extent. From theoretical point of view, adsorption process requires
long equilibration time while the practical approach needs a short
contact time. Based on the kinetic results, an equilibration time
of 60 min  was selected as a compromise between theoretical and
practical approach.

According to the experimental results, the removal of Pb(II)
by RS is governed by the precipitation of lead carbonate because
of high contents in carbonate minerals. Thus, lead was  totally
removed from solution within less than 5 min  [41].
3.5.1. Kinetic study
The adsorption of Pb(II), Cd(II), Cu(II) and Zn(II) onto raw (RS and

RY) and carbonate-free (TS and TY) clays was  investigated kineti-
cally using pseudo-first-order and pseudo-second-order models.

nd Zn(II) adsorption onto natural clay samples.
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Table 4
Comparison of adsorption capacity with those of previous removal studies with natural clays.

Metal Sorbent qmax (mg/g) kL (L/mg) pH Reference

Lead RS 131.579 2.054 6 Present study
RY 51.282  0.436 6
TS 32.895 0.533 6
TY  50.761 0.552 6
Kaolinite clay 31.75 0.049 5 [1]
Smectitic clay 25 0.99 4 [10]
Illitic  clay 25.44 0.041 7 [15]
Kaolinite 11.52 20.7 – [42]
Montmorillonite 31.06 30.96 –

Cadmium RS 6.784 0.123 6 Present study
RY  15.06 0.279 6
TS  6.826 0.17 6
TY  16 0.275 6
Kaolin 3.04 0.07 6 [3]
Bentonite 9.27 22.7 6
Kaolinite 6.78 32.3 5.5 [43]
Montmorillonite 30.67 29.58 5.5
Illite 5.263 0.38 3.5 [44]

Copper  RS 27.397 0.188 6 Present study
RY  17.889 0.472 6
TS  12.97 0.259 6
TY  17.094 0.858 6
Kaolin 4.47 0.15 6 [3]
Bentonite 7.59 3.78 6
Illitic clay 17.98 0.212 5.5 [45]
Kaolinite 4.3 19.9 6 [14]
Montmorillonite 25.5 43.7 6

Zinc  RS 22.727 1.055 6 Present study
RY 15.601  1.477 6
TS  10.627 0.123 6
TY 15.015 1.571 6
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Bentonite 8.271 

Montmorillonite 13.269 

Clinoptilolites 17.8 

The adsorption of heavy metals onto the studied clay did not
ollow the pseudo-first-order model because of the big differ-
nce between experimentally measured and calculated amounts
Table 3).

The pseudo-second-order kinetic model was also used to
escribe the sorption process. Both constants, k2 and qe, were calcu-

ated from the intercept and slope of the linear plot t/qt against t. The
alculated and measured amounts of sorbed solute at equilibrium
uggested that the process of Pb(II), Cd(II), Cu(II) and Zn(II) removal
etter fit to the pseudo-second-order than the pseudo-first-order
inetic model (Table 3). Moreover, the coefficients of determina-
ion R2 are higher than those obtained from the pseudo-first-order

odel. Similar results were found by Sari et al. [1] who studied the
emoval of Pb(II) ions from aqueous solutions by Turkish kaolinite
lay.

.6. Comparison to other studies

Based on previous relevant studies, the amount of heavy metals
emoved by various clay materials is highly variable (Table 4). In
he current study, natural clay samples demonstrated a substan-
ial removal of metals when compared with treated forms. It was
lear from the study data that the removal efficiency was dependent
pon the physicochemical characteristics of the clay and the metal
emoved. The calculated Langmuir capacities were 131.58 mg/g,
1.28 mg/g, 32.89 mg/g and 50.76 mg/g for lead, and 27.40 mg/g,
7.89 mg/g, 12.97 mg/g and 17.10 mg/g for copper removal by RS,

Y, TS and TY samples, respectively. The lowest removal occurred

or cadmium and zinc. Generally, the removal remained roughly
onstant in the case of RY and TY; and decreased somewhat for
he TS sample with regards to RS because of carbonate removal.
0.144 4 [4]
0.007 3 [6]
– – [46]

All these results indicate much higher removal efficiency for the
present clay samples than was  shown by Bhattacharyya and Gupta
[14], who  reviewed the removal of metals like lead, cadmium, cop-
per and zinc by various kinds of clay (Table 4). We  found that
the clay samples collected from southern Tunisia exhibited greater
removal efficiency than those reported in literature. Therefore, it is
plausible to confirm that the Coniacian-Early Campanian clays of
southern Tunisia are suitable for the removal Pb(II), Cd(II), Cu(II)
and Zn(II) from aqueous solutions.

4. Conclusions

Clay samples of the Late Cretaceous Aleg formation, Tunisia,
showed different mineralogical properties: the clay of Gabes area
was mainly montmorillonite with substantial amounts illite and
kaolinite whereas the sample collected from Gafsa district con-
tained high amounts of carbonates, kaolinite and illite.

From the adsorption of heavy metal studies, both smectitic and
calcareous clays could be used for several metal cations (Pb(II),
Cd(II), Cu(II) and Zn(II)) removal in aqueous systems. Our study
showed that good adsorptive capacities could be achieved under
the operating conditions of 60 min  contact time, pH 6 and clay
concentration of 1 g/L. The experimental data demonstrated a high
degree of fitness to the pseudo-second-order kinetics and Langmuir
model. From the comparative study of the current and previously
published data, the studied clay samples exhibited greater removal
efficiencies than was reported in literature. It is therefore possible

to affirm that the Late Cretaceous clays from Tunisia are promis-
ing natural resources that can be effectively used to remove toxic
metals from wastewater. Studies on multi-element removal will
help to improve the knowledge of the main mechanisms involved
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