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a b s t r a c t
Natural marne clay (NMC) is a new clay that was used for the adsorption of heavy metal ions 
(Co (II), Ni (II), and Cr (III)) from aqueous solutions. Batch method was employed to study the influ-
ential parameters such as concentration of metal ions, pH, temperature, and mixing. The adsorption 
isotherms and kinetic studies were carried out in heavy metal systems. The Langmuir isotherm model 
fitted to the equilibrium data better than the Freundlich model, with the maximum adsorption capac-
ities for Co2+, Ni2+, and Cr3+ are 48.35, 20.64, and 76.62 mg/g, respectively. The thermodynamic data 
were indicative of the endothermic sorption process of heavy metal ions onto the NMC. The selec-
tivity sequence of the adsorption was found as Co (II) > Cr (III) > Ni (II). The results showed that 
NMC was a good adsorbent, able to uptake uniquely large quantities of heavy metals from single and 
binary components, and demonstrate the practical and economic advantages of using NMC in the 
decontamination of wastewater.

Keywords: Adsorption; Clay; Isotherm; Kinetic; Marne; Selectivity

1. Introduction

Heavy metals are among the important pollutants of 
water and especially wastewater water decontamination 
and it has become a public health concern because such pol-
lutants are nonbiodegradable and persistent in nature [1]. 
Various industries such as metallurgical, tannery, mining, 
battery manufacturing, and other domestic processes have 
introduced substantial amounts of potentially toxic heavy 
metals in water reserves and environments [2]. Because of the 
industrialization development, many heavy metal ions have 
been discharged into the environment as waste, which causes 
soil pollution and water pollution [3].

Various technologies for the treatment of these pollutants 
in solution have been developed, including physical, chem-
ical, and biological processes such as coagulation-flocculation, 
precipitation, biodegradation, adsorption, ion exchange, 
membrane processes, chemical oxidation, and solvent 
extraction [4,5]. However, all these conventional methods 

are not comparable with adsorption technique in terms of  
efficiency, operating cost, process flexibility, and ease of 
operation. Further, all these techniques were found to be 
inefficient and incompetent because of the fairly high solubil-
ity and stability toward light, oxidizing agents, and aerobic 
digestion. A comprehensive survey indicates that adsorption 
technique was the most appropriate and efficient one [6,7].

Activated carbons are widely used as an adsorbent for 
metal ions from aqueous solutions owing to its excellent 
adsorption abilities [8]. However, because of its relatively 
high cost, there have been attempts to utilize low cost and 
efficient, locally available materials for the removal of metal 
ions. For instance, some clays such as sepiolite [9], kaolinite 
[10], montmorillonite [11], smectite [12], bentonite [13], 
zeolite [14], and alunite [15] have been investigated for this 
purpose.

Some of the clay minerals possess a high adsorption 
capacity toward several classes of metal ions, and their 
adsorption capabilities are comparable with those of activated 
carbons. From the recent studies of the adsorption of metal 
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ions using clay minerals, it can be seen that some of the nat-
ural clay minerals (mostly montmorillonite/bentonite) show 
significant ion removal capacities, while others still need 
modification in order to enhance its adsorption capacities.

In this regard, montmorillonite-rich materials like natu-
ral marne clay (NMC) exhibit highly interesting properties, 
e.g. high specific surface area, cation-exchange capacity 
(CEC), porosity, and tendency to retain water or other polar 
and nonpolar compounds. The aim of the present study is 
to evaluate the efficiency of natural clays in removing metal 
ions, such as Co (II), Ni (II), and Cr (III), from aqueous 
solutions by the batch adsorption process.

The aim of the present work is to investigate the pos-
sibility of NMC as an adsorbent for removal of heavy 
metal, which is, Co2+, Ni2+, and Cr3+, from aqueous solu-
tion by adsorption. Effects of pH and temperature on the 
adsorption process are also investigated. The adsorption 
capacity of heavy metal with NMC was carried out using 
pseudo- second-order model. Finally, the experimental data 
were compared using two isotherm equations, which are 
Langmuir and Freudlich.

2. Experimental

2.1. Clay minerals

The NMC is a new clay in the sense that it is used for 
the first time in Algeria and is extracted from the layer of 
Hammam-Boughrara (Tlemcen-Algeria). It was washed 
three times with distilled water, dried in a convection 
oven at 105°C during 24 h and finally crushed in a mortar.

The chemical composition of bentonite was determined 
by X-ray fluorescence spectroscopy and was found to be as 
follows: 44.13% SiO2, 13.33% Al2O3, 5.26% Fe2O3, 2.10% MgO, 
2.13% K2O, 10.88% CaO, and 1.14% Na2O.

The CEC of clay was found to be 25.8 meq/100 g of 
dry clay.

2.2. Instrumental analysis

The fourier transform infrared spectroscopy (FTIR) of 
the adsorbent sample were measured as potassium bromide 
pellets using a Perkin-Elmer Spectrum Two (version 10.4.1) 
Fourier apparatus.

The thermogravimetric analysis (TGA) was performed 
under nitrogen flow in the range 50°C–800°C with an ATG 
Q600 TA instruments, at a heating rate of 10°C/min.

The X-ray diffraction (XRD) pattern was obtained using 
(Rigaku Miniflex 600) XRD instrument with Cu Kα radiation 
at ambient temperature operated at 40 kV and 15 mA.

The specific surface area was calculated by the Brunauer, 
Emmett, and Teller (BET) equation using the adsorption data 
in the relative pressure. Perkin-Elmer model PinAAcle 900 H 
atomic absorption spectrometer (AAS) was used for heavy 
metal analysis.

2.3. Adsorption and procedure

The adsorption of heavy metal ions onto NMC was studied 
by batch method. Batch experiments were conducted at room 
temperature (20°C ± 2°C) and at a constant stirring speed of 

400 rpm using the optimum conditions of factors that influ-
ence adsorption efficiency such as pH (1–10), agitation time 
(5–180 min), metal ion concentration (100 mg/L), and NMC 
dosage (1 g). The effect of pH on the adsorption of heavy metal 
ions over a pH range of 1–10 was investigated, and the pH of 
the solution was adjusted using HHO3 (0.1 N) and/or NaOH 
(0.1 N). The adsorption of Co2+, Ni2+, and Cr3+ was also studied 
in the concentration range of 100 mg/L at different tempera-
tures (10°C, 20°C, 30°C, and 40°C) to elucidate the effect of 
temperature and adsorption thermodynamic parameters.
The samples were then centrifuged, and the concentration of 
the supernatant heavy metal solution was analyzed by AAS. 
It gives the concentration of each sample, based on the cal-
ibration curve of the Beer-Lambert law giving the quantity 
qt (mg/g) of heavy metals fixed per gram of the adsorbent 
according to Eq. (1):

q
C C
m

Vt
i tmg/g( ) = −

×  (1)

where Ci and Ct (mg/L) are the concentrations of heavy metal 
at time t = 0 and t, respectively; V (L) is the volume of heavy 
metal solution; and m (g) is the mass of the adsorbent used.

3. Results and Discussion

3.1. Characteristic results of NMC

3.1.1. FTIR analysis

The FTIR spectrum of NMC is shown in Fig. 1(a), the 
band at 3,621 cm–1 corresponds to the stretching vibrations 
of hydroxyl groups attached to the octahedral layer. The 
bands between 3,621 and 3,435 cm–1 can be associated with 
the stretching vibrations of OH groups coordinated to Al and 
Mg atoms or two Al atoms in octahedral sheets of clay [16]. 
The band at 1,623 cm–1 corresponds to the OH deformation 
of water, because the OH stretching band at 3,621 cm–1 sug-
gests the presence of some interlamellar water. The band at 
1,432 cm–1 corresponds to C–O stretching vibrations while that 
at the 1,384 cm–1 is assigned to calcite. The 1,032 cm–1 compo-
nent of the Si–O stretching band is assigned to the Si–O vibra-
tions within the layer [16,17]. The bands at 523 and 469 cm–1 
are due to Si–O–Al (where Al is an octahedral cation) [17].

3.1.2. Thermogravimetric analysis

TGA analysis of the NMC samples is illustrated in Fig. 1(b) 
showing two distinct temperature ranges. The first endother-
mic phenomenon that took place below 140°C is due to dehy-
dration of clay minerals. The corresponding weight loss of 
1.36% was ascribed to the removal of physically bound water 
[18]. A second broad endothermic phenomenon took place 
between 400°C and 600°C with an associated mass decrease 
reaching 5.04% of NMC. This loss resulted mainly from the 
removal of OH groups of the clay, and the total mass loss at 
700°C was 15.59% [19].

3.1.3. XRD analysis

A typical XRD pattern of NMC is given in Fig. 1(c); the 
prominent peak appears at 2θ = 11.82° with an intensity 
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of 1,157, corresponding mainly to calcium magnesium 
carbonate (dolomite) and calcium hydrogen phosphate 
at 2θ = 26.82°. The additional peaks at 29.56° and 39.60° 
correspond essentially to magnesium, gallium, and quartz.

3.1.4. BET analysis

Type IV isotherms in the BET classification indicate 
mesoporous materials with a limited microporosity [20]. 
In all cases, capillary condensation occurs during adsorp-
tion via “cylindrical meniscus,” while capillary evaporation 
during desorption occurs via “hemispherical meniscus,” 
separating the vapor and capillary-condensed phases. The 
hysteresis loop confirms the mesoporous structure of the 
studied clay [20].

The specific surface area of NMC was equal to 52.1 m2/g. 
The pore volume at different particle size was found to be as 
follows: 0–80 nm (0.28), 0–25 nm (0.25), and 0–14 nm (0.21). 
This material is characterized by high porosity, and total 
pore volume is 0.701 cm3/g.

The distribution of the particle size for the clay was found 
to be as follows: 100% (<15 µm), 95% (<80 µm), 92% (<53 µm), 
80% (<45 µm), and 70% (<40 µm). This material has the fin-
est granulometry, since 70% of the particle size is smaller 
than 40 µm.

3.2. Metal adsorption over NMC

3.2.1. Effect of contact time

The adsorption of heavy metal on NMC was studied 
as a function of contact time, and the results are shown 
in Fig. 2(a); the time-dependent adsorption behavior was 
measured by performing a series of experiments with a 
range of time 1–180 min; the curves describing the kinet-
ics of adsorption have same forms. They exhibit a strong 
increase in the first few minutes of contact ions-NMC, 
that 60% removal of Co2+, Ni2+, and Cr3+ was observed in 
20 min, followed by a much slow increase until reaching 
equilibrium.

The fast adsorption at the initial stage was ascribed 
due to the availability of large number of active sites of 
the adsorbent. Therefore, 120 min was perched as the opti-
mal contact time for the removal of metal ions using NMC. 
The adsorption capacity obtained at equilibrium was equal 
to 25.66 mg/g with cobalt, 15.78 mg/g with nickel, and 
23.77 mg/g with chromium.

Similar type of findings has also been reported by other 
researchers [21].

In order to study the adsorption system heave for 
metal ions to remove the metal, it is important to estab-
lish the appropriate correlation for the kinetic data of 

Fig. 1. Characterization of NMC.

Fig. 2. Kinetics of adsorption of heavy metals by NMC.
1: Co (II), 2: Cr (III), 3: Ni (II)
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different systems. The kinetics of metal adsorption can 
be modeled by the pseudo-second-order rate equation of 
Lagergren [22].

t
q K q

t
qt s e e

= +
1

2  (2)

where K is the pseudo-second-order rate constant of adsorp-
tion [(g/mg)/min]; qe and qt are the amounts of heavy metal 
adsorbed per mass unit of adsorbent (mg/g) at equilibrium 
and at time t, respectively. Fig. 2(b) shows that the curves 
representing t/qt vs. t are linear. Hence, the pseudo-second- 
order reaction rate model adequately describes the kinetics 
of heavy metal adsorption with a high correlation coefficient. 
The slopes and intercepts are summarized in Table 1.

It was observed that the pseudo-second-order model 
agreed with the experimental data better than the pseudo- 
first and second-order models for the adsorption of dyes 
(Table 1). High correlation coefficients are obtained when 
employing the pseudo-second-order model (R2 ≥ 0.999), and 
the calculated equilibrium adsorption capacity is similar to 
the experimental data, and this indicated that the adsorp-
tion of heavy metals onto NMC is controlled by chemi-
cal adsorption (chemisorption) involving valence forces 
through sharing or exchange of electrons between sorbent 

and sorbate. In chemical adsorption, it is assumed that the 
adsorption capacity is proportional to the number of active 
sites occupied on the adsorbent surface [23].

3.2.2. Effect of pH

The variations of pH were one of the most important 
factors affecting the concentration and metal recovery pro-
cedure, which was related to the formation of metal com-
plexes (metal hydroxide) and subsequently their stabilities in 
aqueous solutions [23]. The adsorptions of heavy metals by 
NMC were studied at different pH values ranging from 1 to 
10, and the results are shown in Fig. 3(a); it is seen that the 
adsorption decreases with increasing initial pH. It reaches a 
maximum value around pH = 4 for cobalt (85.89%), pH = 5 
for nickel (52.8%), and pH = 3 for chrome (79.64%). At low 
pH, there is large number of H+ ions, which neutralized the 
negatively charged adsorbent surface and thereby increased 
the diffusion of metal ions into the surface of the adsorbent; 
at higher pH values, decrease in the adsorption may be due 
to the abundance of OH− ions, which retarded the diffusion 
of metal ions.

Hence, pH equal to 3.0, 4.0, and 5.0 were taken as the 
optimal values for adsorption of Cr (III), Co (II), and Ni (II) 
onto NMC, respectively.

3.2.3. Equilibrium of adsorption

The equilibrium isotherms were determined by mixing a 
constant mass of adsorbent to 1 g of NMC, with a solution of 
volume 0.03 L containing heavy metals in the concentration 
range of 10–600 mg/L. The experimental conditions were the 
same as in the kinetics of adsorption.

Fig. 3(b) shows that by increasing the initial concentra-
tion in solution, the amount of adsorbed heavy metals grad-
ually increases. The increase in initial metal concentration 
enhances the interaction force that it is necessary to overcome 
the resistances to the mass transfer between adsorbate and 

Table 1
Kinetic parameters for Co (II), Ni (II), and Cr (III) adsorption on 
NMC

Metal ions Lagergren parameter

K (g/mg/min) R2

Co (II) 0.365 0.999
Ni (II) 0.247 0.999
Cr (III) 0.044 0.999

  Fig. 3. Adsorption of heavy metals by NMC (effect of pH and equilibrium isotherm).
1: Co (II), 2: Cr (III), 3: Ni (II)
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the adsorbent [24]. However, as the initial concentration of 
metals increased, most of the available sorption sites became 
occupied, leading to a decrease in the removal efficiency; 
this is why this increase starts to ease off after 400 ppm of 
initial metal concentrations.

3.3. Modeling of the isotherms of adsorption

Langmuir and Freundlich models were used to fit 
experimental data when the solute uptake occurs by a mono-
layer adsorption. This modelling allows determination of the 
maximum capacity of removal. The fit quality is assessed 
by the value of the correlation coefficient R2. The modelling 
provides the best fit when R2 is close to one.

3.3.1. Langmuir model

Langmuir modelling of the adsorption of heavy metals 
on NMC was carried out with the linearized equation [25,26]:

C
q bq

C
q

e

e m

e

m

= +
1

 (3)

where the constants b and qm are deduced from the slope 
and intercept of plot of Ce/qe vs. Ce.
One notes from Fig. 4(a) that the linearization of the 
isotherms of adsorption of Co (II), Ni (II), and Cr (III) 
by NMC follows linear trends with a good quality fit. 
Table 2 summarizes the results by giving the fit parameter 
for Langmuir and Freundlich isotherms. On the basis of these 
results, we can say that the Langmuir model is adequate for 
a good description of these isotherms of adsorption. The 
values of qm obtained for each metal confirm the tendency 
observed previously while following the order of affinity of 
NMC for heavy metals.

3.3.2. Freundlich model

In the Freundlich model, the isotherm equation can be 
linearized in logarithmic form as [28]:

Ln Ln Lnq K n Ce e= +  (4)

The parameters n and K are deduced from the slope and 
intercept of the line plots ln (qe) vs. ln (Ce). The curves of 
adsorption by Freundlich model are given in Fig. 4(b). The 
correlation coefficient R2 shows that the Freundlich model 
is not adequate for representing the adsorption isotherms 
of heavy metals by NMC in all these studied concentration 
domains. The Freundlich constant K, which is related to the 
adsorption capacity, increased with temperature, indicating 
that the adsorption process is endothermic. The value of n 
is an indication of the favorability of adsorption. Values of 
n > 1 represent favorable nature of adsorption [27]. Table 2 
summarized the parameters of the Freundlich model.

3.4. Thermodynamic parameters

The effect of temperature on the adsorption of heavy metal by 
NMC at initial pH and concentration of 100 ppm was stud-
ied. The thermodynamic parameters, namely, the enthalpy 
(∆H) and entropy (∆S), associated with the adsorption pro-
cess could be obtained from the slope and intercept of the 
Vant Hoff plot. The logarithm of the rate constant (Kc), ver-
sus the inverse temperature (1/T) was computed using the 
following equation [29]:

Ln K S
R

H
RTc = −

∆ ∆  (5)

 
Fig. 4. Isotherm plots for the adsorption of heavy metals by NMC.
1: Cr (III), 2: Co (II), 3: Ni (II)

Table 2
Langmuir and Freundlich parameters for the adsorption of 
heavy metals onto NMC

Langmuir parameters Freundlich parameters

qm (mg/g) b (L/g) R2 n K R2

Co (II) 48.35 0.0248 0.99 0.618 1.226 0.98
Ni (II) 20.64 0.0534 0.99 0.264 4.321 0.98
Cr (III) 76.62 0.1521 0.99 0.291 15.82 0.99



257K. Tizaoui et al. / Desalination and Water Treatment 142 (2019) 252–259

where Kc is the distribution coefficient, T is the temperature 
in Kelvin, and R is the gas constant. Distribution coefficient 
(mL/g) is also computed using the following equation:

K
C C
Cc
i e

e

=
−  (6)

where Ci and Ce are the initial and equilibrium concentrations 
of heavy metal (mg/L) in solution. Fig. 5 shows adsorption 
of heavy metals onto NMC as a function of the temperature. 
Table 3 summarizes the thermodynamic data for adsorption 
of heavy metals onto NMC.

The thermodynamic parameters ∆H and ∆S of heavy 
metal adsorption on NMC are determined graphically from 
the plot of log K versus 1/T (Fig. 5). The negative values of 
∆H for Co (II), Ni (II), and Cr (III) confirm that the adsorption 
of heavy metals by NMC is an exothermic process; also, the 
negative values of ∆S for Co (II), Ni (II), and Cr (III) suggest 
that the randomness in solid/solution interface decreased 
during the adsorption [30].

3.5. Selectivity study

Based on our previous studies and preliminary results of 
this work, it was demonstrated that Co (II) ions have higher 
capability to bind with clayey surface than other metal ions. 
In view of verifying this result, the adsorption of selected 
metals was carried out with different concentrations. The 
sorption selectivity of the Co (II) was investigated by compet-
itive loading of Ni (II) and Cr (III) in their binary and tertiary 
mixtures at the same concentration as Co (II) (100 mg/L). 
Fig. 6 and Table 4 show the results of this experiment, along 

 
Fig. 5. Thermodynamic plots for the adsorption of heavy metals by NMC.
1: Co (II), 2: Cr (III), 3: Ni (II)

Table 3
Thermodynamic data for adsorption of heavy metals onto NMC

Metals ∆H (KJ/mol) ∆S (J/mol K) R2

Co (II) –9.697 –46.391 0.82
Ni (II) –14.950 –50.962 0.96
Cr (III) –8.537 –39.280 0.98

 

Fig. 6. Selectivity of adsorption of heavy metal onto NMC (binary and tertiary mixtures).
1: Co (II), 2: Cr (III), 3: Ni (II)
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with the corresponding efficiencies for the metal adsorption 
alone, which serves as a reference point; the results demon-
strate there was no serious interference in the adsorption of 
cobalt ions from the mixed solutions with the investigated 
amounts of coexisting metal ions, Co (II) could be easily 
separated and fixed from solutions containing Cr (III) and 
Ni (II) metal ions. Chromium shows better selectivity than 
Nickel, and thereafter, the abovementioned selectivity order 
(Co > Cr > Ni) was experimentally confirmed. The main 
reason might be explained by metal cations presented dif-
ferent adsorptive affinities toward the adsorbent active sites 
(Brönsted acid sites, oxidizing sites and surface hydroxyl 
groups bound to Si, Al) [31] and the metal interactions with 
clay such as charge, radius, and electronegativity [32].

Fig. 7 illustrates the effect of concentration of Co (II) 
ions as a function of both co-ions: Cr (III) and Ni (II), on the 
adsorption selectivity by NMC. The results clearly indicate 
that Cr (III) and Ni (II) have an appreciable effect on cobalt 
uptake capacity into NMC while inhibit the cobalt sorption.

4. Conclusion

In this study, the results obtained have shown that NMC 
can be used to remove metal ions such as Co (II), Ni (II), 
and Cr (III) from aqueous solution in both single and multi-
metal ions. The adsorption capacity of Co (II) onto NMC 
is the largest compound to the other ions tested. There are 
several factors affecting the adsorption of metal ions onto 
NMC; however, the adsorption process was affected essen-
tially by physicochemical factors such as pH, NMC content, 
heavy metal concentration, and temperature. Kinetic data 

of adsorption were well fitted by the pseudo-second-order 
kinetic model. The sorption mechanism was a multi-step 
process, involving adsorption on the external surface, diffu-
sion into the bulk, and electrostatic interactions. Moreover, 
NMC could selectively adsorb more Co (II) ions than other 
heavy metal ions including Ni (II) and Cr (III) during com-
petitive adsorption in the binary and tertiary metal species 
systems, which indicated that it was a selective adsorbent of 
Co (II) from aqueous solution. Well, equilibrium data were 
fitted perfectly with the Langmuir isotherm. It indicates 
the formation of a monolayer of metal ions on the surface 
of NMC. Detailed characterization of NMC showed that the 
high surface area resulted in a high percentage of removal 
by the clay. It also demonstrated that NMC can be used in 
practical large-scale application of wastewater treatment and 
heavy metal removal.
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