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Abstract: Heavy metal pollution poses a great risk for the environment and the human health. Cadmium
is among the most common pollutants found in wastewater, known for its great toxicity even in small
doses. This work aims to study the removal of cadmium using natural Moroccan clay (MC). The clay was
characterized using X-ray diffraction, X-ray fluorescence, Fourier transform infrared spectroscopy, BET,
and SEM. The effects of several experimental parameters on the clay adsorption capacity towards cadmium
ions, such as MC dose, initial concentration and contact time, initial pH, and temperature were studied.
The kinetic models Pseudo-first order, Pseudo-second order, and Elovich are evaluated to identify the
adsorption process. The adsorption mechanism was determined by the use of the adsorption isotherms:
Langmuir, Freundlich, and Temkin model. The results show that the heavy metal retention obeys the
Pseudo-second order (R220.99). The Langmuir isotherm model provided the best fit (R2>0.99) to the
experimental data for the adsorption of Cd(II) by MC as compared to the Freundlich and Temkin model.
The maximum monolayer adsorption capacity of Cd(II), using the Langmuir model equation, is equal to
5.25 mg/g. The adsorption is a spontaneous and an endothermic process characterized by a disorder of the
medium.
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INTRODUCTION particular, is an environmental problem of global
interest (2). They are considered one of the most
Increased urbanization and industrialization = dangerous inorganic contaminants among many

activities have led to global economic development,
which has significantly contributed to human well-
being, but this had a negative effect on the
environment. Indeed, the uncontrollable control of
waste and wastewater discharges creates a series of
environmental problems, making it difficult to
access adequate quality water for human
consumption (1). Heavy metals pollution, in

others released into the environment. The reason
behind this is their persistence in nature and their
toxicity even at a very low concentration (3).

The protection of Aquatic Resources and the
environment and the elimination of heavy metals
are always a great challenge. The accumulation of
this toxic waste comes mainly from human activities
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such as agriculture, mining, and industry. Currently,
they are of great concern because of their toxicity to
ecosystems and their harmful effects on human
health. Cadmium is considered to be dangerous
micropollutants (4), the toxicity caused by this
metal is considered to be high even to the state of
traces (5).

Numerous studies have made it possible to develop
various industrial effluent treatment processes to
reduce these contaminants quantity in aquatic
environments. These studies include chemical
precipitation processes, coagulation/flocculation, ion
exchange, membrane processes, and adsorption (6-
14).

The adsorption process has proven to be highly
efficient and cost-effective for removing organic
substances (pesticides, dyes, phenolic compounds,
etc.) and heavy metals (cadmium, lead, mercury,
etc.). (7-11).

Moreover, the research and development of new
low-cost, cost-effective, and efficient adsorbents for
ecosystem treatment remains a great challenge.
Natural adsorbents such as agricultural solid waste,
algae, soils, and clays modified or not have shown
promising profitability for trapping pollutants
(4,6,15,16). Recently clay minerals have received
considerable attention as alternative adsorbent
materials that are less expensive, abundant and
have multifunctional properties depending on the
type of clay (17). The main advantages of using
these materials are due to their different
characteristics, abundant availability, and low cost
(18).

This work aims to enhance Moroccan natural clay's
value in the retention of cadmium ions from
synthetic aqueous solutions. The influence of

adsorption conditions such as MC dose, initial
concentration and contact time, initial pH, and
temperature  were investigated. To better

understand the nature of the reaction mechanisms
involved in the adsorption phenomenon, the linear
shapes of different kinetic and isothermal models
were calculated and evaluated.

EXPERIMENTAL SECTION

Characterization techniques

The X-ray diffraction analyses were carried out
using a PANalytical X'Pert PRO Plus diffractometer,
using Cu-Ka radiation (A=1.5406 A). The value of
26 angle was scanned between 3 and 90° range at a
goniometer rate of 20 = 4°/min. The chemical
composition of MC was determined with X-ray
fluorescence using an Axios-Panalytical device. The
analysis of the MC by Fourier Transform Infrared
Spectroscopy was carried out by using a Vertex 70

RESEARCH ARTICLE

spectrometer, the analysis was performed by
scanning from 4000 cm™* to 400 cm™ with a
resolution of 4 cm™. BET Nitrogen adsorption
measurements were obtained using a Micromeritics
Flex 3 to obtain the specific surface area of MC. The
morphology of MC was observed by Scanning
electron microscopy (SEM) and Energy Dispersive X-
ray (EDAX) (FEI Company, Quanta 200).

Adsorbent and Adsorbate

The adsorbent used in this work is an unmodified
clay collected from Marrakech region in southern
Morocco. Before any use, the material was crushed
and sieved; only the granulometry below 120 pm is
retained. The particles were then dried at 100 °C
overnight and before any use.

The used stock solution of metal ions (Cd(II)) was
prepared by dissolving a known amount of metal
salt Cd(NOs)> 4H,O (98%), purchased from
Solvachim (Casablanca, Morocco), in distilled water.
The desired working concentrations solution is
prepared by diluting the stock solution.

Adsorption Experiments

The adsorption tests were conducted in the batch
method under different experimental parameters,
such as the adsorbent dose, initial concentration
and contact time, pH of the solution, and
temperature. After the adsorption process, MC was
separated from the liquid phase using a 0.45 pm
membrane filter; the recovered filtrate was analyzed
by Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES). The data obtained from
the adsorption experiments are used to calculate
the adsorption efficiency and capacity by the
following equations:

(Co_cr)

0

R%= X100 (Eqg. 1)

(Co-C)

A(mgig)= m 4

(Eq. 2)

Where Co(mg/L) and C:(mg/L) are respectively the
initial and the residual concentration of adsorbate,
V(L) is the solution volume, and m(g) is the
adsorbent mass.

RESULTS AND DISCUSSION

Characterization of the adsorbent

X-ray diffraction

X-ray diffraction was done to determine the
mineralogical composition of MC. The obtained XRD
patterns for MC are shown in Figure 1. According to
the XRD pattern, our compound is not pure and
contains a high quantity of quartz (JCPDS file No:
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01-085-0797; peaks around 4.26 A (20.81° 28),
2,46 A (36.43° 20), 2.28 A (39.45° 20), 2.23 A
(40.38° 20), 2.12 A (42.62° 20), 1.98 A (45.90°
28), 1.82 & (50.11° 26), 1.67 A (54.72° 26), and
1,66 R (55.24° 20). X-ray diffraction analysis
indicated that the clay's mineralogical composition is
mainly composed of illite (JCPDS file No: 00-001-
1098), with the presence of a small amount of
kaolinite (JCPDS file No: 01-083-0971) 7.24 A
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(12.5° 20), albite (JCPDS file No: 01-084-0752)
1.45 A (64.06° 20), and vermiculite (JCPDS file No:
01-076-0847) 4.46 A (19.81° 20).

Illite was characterized by interreticular distances
(R) and 26 position of the diffractometric reflects at
10.11, 8.76°; 5.01, 17.71° ; 3.68, 24.18° ; 3.50,
25.42° ; 3.24, 27.45° and 3.20, 27.86°.
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Figure 1: X-ray diffraction patterns of MC.

X-ray fluorescence

Elemental chemical analysis of the raw clay shown
in Table 1 shows that silica and alumina are the
predominant constituents. They are found in a
Si0/Al;03 ratio equal to 3.64, which is an indication
of large proportion of quartz (19,20). The low CaO
content indicates a low amount of calcium carbonate
(21). The loss on ignition (LoI) equal to 5.77% by
mass. It is due to the decomposition of carbonates
and dehydroxylation of clay minerals (18,22).

Fourier Transform Infrared Spectroscopy

The FT-IR spectra (Figure 2) show a band that
ranges between 3100-3700 cm™ located at 3436
cm! due to the presence of the stretching vibrations
of the internal OH groups of H.O molecule (23,24),
the two bands at 1637 cm™ and 1381 cm™ are
attributed to the deformation of H,O (25,26). The
bands located at 693, 776, 1005 cm™, and 1031

cmt correspond to Si—O stretching vibrations
(16,23,26-29). Intense peaks at 472 cm™ and 533
cm™ are attributable respectively to the deformation
of Si—O—Mg and Si—0O—Al (30). The band located at
912 cm is attributed to the bending vibrations of
the groups AlI-AI-OH and AlI-Mg-0OH (31,32).

Table 1: Chemical composition of MC.

Elemental Composition Weight %
SiO2 65.80
AlLOs3 18.10
Fe20s 3.56

K20 2.12

MgO 1.41

Na20 1.07

CaO 0.78

TiO2 0.76

Lol (Loss on ignition) 5.77
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Figure 2: FT-IR spectrum of MC.

Specific surface areas - BET
Figure 3 presents the nitrogen adsorption-

desorption isotherm at 77 K of MC. The obtained
isotherm is the type IV, with a hysteresis loop of

type H4 and those according to the IUPAC
classification (33). The specific surface area of MC
obtained by the BET method is 23.07 m?/g.
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Figure 3: Adsorption—-desorption isotherms of N, at 77 K of MC.

Scanning electron microscopy (SEM) and Energy
Dispersive X-ray (EDAX)

The Scanning electron microscopy (SEM) for MC
before and after adsorption are shown in Figure 4.
The shape of the MC adsorbent particles have
irregular structures (Figure 4a). The loaded MC
showed some white particles on the surface of the
mineral (Figure 4b), indicating the adsorption of
cadmium on the surface of MC.

The elemental compositions of MC before and after
adsorption were obtained with EDAX analysis, and
the spectra were shown in Figure 5. The results
showed that O, Si, Al, Fe, and K were the major
elements of MC clay, with the presence of small
quantities of C, Ti, Na, Mg, and Ca (Figure 5a).
However, the additional peak corresponding to Cd
element was observed in Figure 5b, which confirm
the adsorption of Cd(II) onto MC.
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Figure 4: SEM of MC before (a)and after (b) adsorption.

Adsorption experiments

Adsorbent mass effect

The mass effect on the adsorption of cadmium ions
onto MC was conducted by contacting different
masses of MC (0.1 g to 1.2 g) with 0.1 L of Cd(II)
10 mg/L solution for 180 minutes. The results are
illustrated in Figure 6. The efficiency of adsorption

increases when MC mass increases in the solution.
This is due to the increase in specific surface area
and the adsorption active sites attributed to the
increase in the adsorbent mass (34). From this
result, a MC mass of 0.8 g will be used in all the
following experiments.

Figure 5: EDAX of MC before (a) and after (b) adsorption.
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Figure 6: Evolution of heavy metal removal efficiency versus MC mass.

Initial concentration and contact time effect

Contact time is a major parameter that controls the
effectiveness of the adsorption phenomenon. Figure
7 shows the evolution of the adsorption capacity q:

concentrations (10—200 mg/L). It is found that the
adsorption capacity (q:) increases with time in
proportion as the concentration of the metal ion
increases.
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Figure 7: Time effect on the adsorption capacity of MC clay versus various initial concentrations of Cd(II).

Monitoring the initial concentration effect (Figure 8)
shows that ge(mg/g) increases with the accrues of
the initial metal concentration, this increase is over
when MC reaches its maximum adsorption capacity
and becomes saturated with the adsorbed metal. In
fact, at weak concentrations, the adsorption sites of
MC are unoccupied and tend to fix more cadmium

ions. In general, the amount of metal adsorbed
increases from 1.09 mg/g to 5.12 mg/g with
increasing initial concentration from 10 mg/L to 200
mg/L of the metal solution and then reach a plateau
corresponding to the adsorption sites saturation
(35). The maximum adsorption capacity value
obtained is 5.12 mg.g.
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Figure 8: Adsorption capacity of MC.

Initial solution pH effect

To understand the influence of pH on Cd(II)
adsorption onto MC, adsorption tests were
conducted in a different value of pH (2—6); the
results are shown in Figure 9. At acidic pH the
adsorption efficiency is too low, which can be
explained by the competition between metal ions
and hydronium Hs3O* ions present in the acid
solution; hydronium ions are more adsorbed than

metal ions due to their high mobility. At a slightly
acidic pH (from 4 to 6), adsorption is more
pronounced, and the adsorption efficiency increases
with increasing pH. The mechanism involved at this
pH range is an ion exchange that occurs between
Cd(II) and the cations localized in the MC exchange
sites (36). The almost total elimination of Cd(II) is
obtained beyond pH = 5.
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Figure 9: pH effect on Cd(II) adsorption onto MC.

Temperature Effect

The temperature effect on MC adsorption capacity
was studied. The experiments were conducted at
various temperatures varied from 25 °C to 55 °C.
The amount of adsorbed cadmium ions increased
with temperature (Figure 10), indicating an

endothermic nature of adsorption. The rise in
temperature leads to an increase in the adsorption
capacity of MC clay. This increase may be due either
to an increase in the MC available active sites or to
an increase of the cadmium ions mobility in the
solution (37).
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Figure 10: Temperature effect on the absorption capacity of MC.

Adsorption Kinetics
For the kinetic study of the adsorption process, the

obtained experimental data were fitted by three
kinetic models, pseudo-first-order, pseudo-second-
order, and Elovich, to describe the adsorption

process.

The pseudo-first-order kinetic model expressed by
Eq. (3) (38) :

(Eq. 3)

1 —q,)=log q,—
Og (qe qt) Og qe 2.303
The pseudo-second-order equation is given by Eq.
(4) (39):

1,1,
ql kzqe qe

(Eq. 4)

Where ge and q: are respectively the amounts of
Cd(II) adsorbed on MC clay at equilibrium and at
time t expressed in (mg/g). ki(mint) and kz(g/mg

min) are the pseudo-first-order and pseudo-second-
order rate constants, respectively.

The Elovich kinetic model, describe chemisorption
adsorption. Expressed by the equation (5) (40):

1 (Eq. 5)

B

Where a (mg.gl.mint') and B (g.mg?) are
respectively the initial adsorption rate and the
desorption constant.

q.= (GB)+%IH t

Table 2 summarizes the kinetic data.; the curves
are shown in Figure 11. The pseudo-second-order
model's obtained correlation coefficients are
superior to those of pseudo-first-order and Elovich
models. Also, the calculated values of the
adsorption capacities at equilibrium ge, from the
pseudo-second-order are closer to the experimental
values. From these results, it can be concluded that
the adsorption of Cd(II) on MC is based on a
chemical reaction, involving an exchange of
electrons between the MC and the metallic solution

(41,42).
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Table 2: Kinetic parameters for Cd(II).
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Concentration pseudo-first-order pseudo-second-order Elovich
L ge (exp)
(mg/L)
qe (cal) K1 R;12 qe (cal) K2 R322 a B Re2
10 1.10 0.75 0.0539 0.9444 1.14 0.1371 0.9989 1.3862 6.3572 0.9352
40 3.45 1.63 0.0239 0.7992 3.54 0.0456 0.9995 4.1336 2.0121 0.8878
60 4.09 0.78 0.0387 0.6750 4.14 0.1301 0.9995 157.4839 2.5336 0.4992
80 4.37 0.85 0.0366 0.7933 4.39 0.1981 0.9999 2.83E+10 7.0824 0.9576
100 4.93 1.53 0.0190 0.6284 4.96 0.0578 0.9991 2017.6545 2.7966 0.9016
150 4.92 2.01 0.0211 0.7619 5.00 0.0394 0.9992 30.1701 1.8206 0.8643
200 5.12 1.88 0.0275 0.8306 5.19 0.0501 0.9989 1.43E+04 3.1313 0.9530
a b
1 200
= 10ppm ® 40 ppm m 10ppm ® 40 ppm
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Figure 11: Kinetic models: Pseudo-first order (a), Pseudo-second order (b) and Elovich (c).
Adsorption isotherms Ce 1 Ce Eq. 6
To understand the mechanisms that take place —= +— (Eq. 6)
during the adsorption of Cd(II) onto MC and d. K.qm Qn

estimating MC adsorption capacity, three isotherm
models are used, the Langmuir, Freundlich, and
Temkin models.

The Langmuir isotherm model assumes monolayer
coverage of a defined adsorption site without any
interactions between the adsorbed ions (43).

The following equation gives Langmuir linear form:

Where: gm: maximum adsorbed capacity (mg/g),
KL(L/mg): equilibrium constant characteristic of the
adsorbent, Ce(mg/L): adsorbate concentration at
equilibrium.

The separation factor constant R, is an essential
characteristic used to ascertain the Langmuir
isotherm model, which is defined by (44):
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1

R=——"—— (Eq. 7)
(1+K,C,)

Where Co(mg/L) is the initial concentration and

Ki(L/mg) is the Langmuir constant.

Depending on the separation factor constant values,
the adsorption is favorable if 0 <RL<1,
unfavorable if RL > 1, irreversible if RL = 0 or linear
if RL = 1.

The Freundlich isotherm model assumes that the
adsorption processes occur on heterogeneous
surfaces with a non-uniform energy distribution of
adsorption sites on the surface. The Freundlich
model admits the existence of interactions between
the adsorbed molecules (45).

The following equation gives Freundlich linear
equation:

log q,=log KF+%log C, (Eq. 8)

Where Kr adsorption capacity, n: the adsorption

intensity, qe: adsorption capacity at equilibrium
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(mg/g), and Ce: the solute concentration at

equilibrium (mg/L).

The Temkin isotherm assumes that sorption's free
energy is a function of the surface coverage. The
linear form is written as follows (46) :

qezﬂln Kﬁgln c, (Eq.9)
by by

Where T: temperature (K), R universal gas
constant (8.314 J.molt.K1), br (J/mol) : heat of
adsorption constant, and Kr(L/min) equilibrium
binding constant.

The calculated parameters of the adsorption
isotherms with their correlation coefficients are
reported in Table 3, and the curves are shown in
Figure 12. According to the correlation coefficients,
the Langmuir model is the most representative of
the adsorption mechanism with correlation
coefficients close to unity (R2=0.9981). Overall, it
seems that the adsorption of metal cations is done
by monolayer on identical sites of energy. This
result showed that the heavy metal cations are
homogeneously adsorbed through ionic adsorption
assured by the negatively charged surface of MC.

Table 3: Isothermal parameters for Cd(II).

Langmuir Freundlich Temkin
Je(exp) qm,cal KL R? Kr i/n R2 Kr bT(J/ mol) B R2
5.12 5.25 0.1741 0.9981 1.4797 0.2758 0.9501 0.2006 1817.1277 1.3635 0.9850
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Figure 12 : Adsorption isotherms: Langmuir (a), Separation factor R. (b), Freundlich (c) and Temkin (d).

The RL values of different concentrations are
tabulated in Table 4. All values are less than unity,
implying that the Langmuir isotherm best describes
heavy metal cations adsorption on MC (47).

Freundlich and Temkin's models are not suitable for
modeling the metal cations' adsorption on the
studied adsorbent.

Table 4: Separation factor R. of the Langmuir isotherm.

Concentration (mg/L) 10 40 60 80 100 150 200

RL 0.3825 0.1252 0.0876 0.0680 0.0550 0.0361 0.0281
Thermodynamic parameters
To completely understand the adsorption nature and It is therefore:
to describe thermodynamic behavior of the
adsorption of Cd(II) onto MC clay, the free energy _AS AH (Eq. 11)
(AG), enthalpy (AH), and entropy (AS) were In kd_ R - RT q-
evaluated.

The equilibrium constant of adsorption Kg is related
to the free energy of the reaction AG(J.mol?!) and
thus to the enthalpy AH(J.mol!) and the entropy
AS(J.mol1.K1) of adsorption by the relation:

AG=AH-TAS=—RTIn K,  (Eq.10)

Where Kq: equilibrium constant, T: temperature (K),
and R: universal gas constant (8.314 J.mol1.K1).

Figure 13 represents the plots of In(Kq4) as a function
of 1/T. The slope and the intercept allow calculating
respectively the standard variations of AH, AS and
AG. The obtained results are illustrated in Table 5.
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Figure 13: Representation of In(Kq) as a function of (1/T).

The endothermic character of the adsorption
process is confirmed by the positive values of AH,
and as they are higher than 40 kJ/mol, it is,
therefore, chemisorption (48). The spontaneous

nature of the adsorption process is confirmed by the
negative values of AG. Positive values of AS evokes
the increase of disorder at the solid/liquid interface
during adsorption (49).

Table 5: Thermodynamic parameters.

T(k) Ka(g/L) AG° (KJ.mol™?) AH°(KJ.mol™?) AS° (KJ.mol1.K1)
298 2.08 -1.82

308 1.68 -1.33 44.97 0.15

318 2.49 -2.41

328 12.03 -6.78

Mechanism of adsorption

To understand the nature of interactions between
the MC clay and the metal cations and to identify
the different functional groups involved in this
interaction, FTIR spectrophotometric analyses of the
unloaded and the Cd-loaded clay were carried out.
The FTIR spectrum is illustrated in Figure 14. The
reduction in peak size at 3436 cm™ and 1637 cm™
indicates the hydroxyl group's involvement in the
adsorbent-adsorbate interaction. Thus, the
reduction of peaks attributed to the Si—O and
Al—-AlI—OH group indicates the involvement of the
silanol and aluminol groups in the adsorption
mechanism (50).

Possible mechanism (51):
250" + Cd** --> (S0).Cd
With S = Si or Al.

Comparison with other adsorbents

Table 6 shows a comparison of the maximum
adsorption capacity (gmax) of MC with different
adsorbents reported in literature. As can be seen,
the gmax of MC for cadmium is higher compared with
other adsorbent clay materials. Nevertheless, MC is
promising adsorbent in the removal of cadmium
ions from aqueous solutions considering of its low
cost and its availability.
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Figure 14: FTIR spectrum of MC before and after adsorption.

Table 6: Comparison of adsorption capacity of Cd(II) on different adsorbents.

Adsorbent dmax(mg.g?) Reference
Ball clay 2.75 (52)
Kaolinite 4.38 (53)
Palygorskite 4.54 (54)
Kaolin 3.04 (55)
Diatomite 3.24 (55)
Kaolinite 0.88 (56)
Moroccan Clay 5.12 This study
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