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Raw bentonite (RB) locally available in Mostaganem (Algeria) deposit has been treated in the presence of NaOH  
(B-NaOH), MgCl2 (B-MgCl2) and H2SO4 (B-H2SO4) to improve its adsorption ability for the removal of copper ions from 
aqueous solutions. Characterization of all adsorbents supported montmorillonite, illite and kaolinite as major clay minerals 
identified for the raw and treated bentonites and proved the aluminosilicate structure of the clays. In synthetic solutions, the 
adsorption equilibrium of copper onto RB, B-MgCl2 and B-H2SO4 is reached in 30 min. while, equilibrium is reached after 4 
hours when using B-NaOH. The adsorption kinetics are well described by the pseudo-second-order model. The adsorption 
of copper is pH-dependent. The Langmuir, Freundlich and Dubinin-Radushkevich isotherms indicate a suitable fit between 
the experimental data and models. The corresponding parameters indicate that the sorption mechanism might be physical in 
nature. The maximum adsorption capacities of Langmuir that are obtained are in the following order 25.1 mg/g (RB) < 
28.03 mg/g (B-H2SO4) < 39.89 mg/g (B-MgCl2) < 72.80 mg/g (B-NaOH). The removal efficiency of copper in industrial 
wastewater was 45.75 %, 55.22 %, 63.27 % and 70.39 % using RB, B-MgCl2, B-H2SO4 and B-NaOH, respectively. The 
B-NaOH exhibit a higher adsorption capacity of copper with the other tested bentonites.
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Heavy metals are commonly used in various 
industrial processes such as mining, metal cleaning, 
plating baths, painting, paperboard mills, 
electroplating, fertilizer industries and ceramics, in 
the textile and photographic industries, 
pharmaceuticals that are the potential sources of 
Cu(II) ions in industrial effluents1-3. These pollutants 
have particular chemical properties that give them, at 
a rate above the standards, a toxicity for humans and 
living organisms of the animal and plant reign1.  

Among these substances, copper is considered an 
essential element of life for living organisms. 
Consumed at concentrations exceeding the pot ability 
standard, 2 mg/L of copper4, it is considered toxic. In 
the body, copper has been associated with many 
health problems such as kidney damage, high fever, 
hemolysis and vomiting…etc1. 

Different methods of treating effluents and 
contaminated water containing metal pollutants like 
Cu(II) ions have been developed over the years to 
prevent their deleterious impact on public health and 
the ecosystem. Treatment include such as chemical 
precipitation5-7, electrocoagulation8, coagulation 

flocculation, cation-exchange and membrane 
separation9-12. However, some of these techniques 
have some disadvantages such as complicated 
treatment processes, production of toxic by-products, 
high-energy consumption and cost. 

Adsorption has recently become one of the 
alternative treatment methods for wastewater 
contaminated with heavy metals. The adsorption mass 
transfer is a process in which a contaminant passes 
from the liquid phase to the surface of the solid phase 
and relates to the physical and/or chemical 
interactions. Technical applicability and cost-
effectiveness are key factors that play a decisive role 
in the selection of the most suitable adsorbent for 
purifying of inorganic pollutants from contaminated 
wastewater13. Adsorption is an effective separation 
process due to its low operating cost and low energy 
consumption14. 

Natural clays, such as bentonite, have been used  
to challenge chemical pollutants from wastewater.  
In addition, bentonite has a net negative surface 
charge that renders effective removal of cationic 
compounds from water15,16. The expanding layer of 
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aluminosilicates with different surface exchangeable 
cations such as calcium, sodium, magnesium, and 
potassium provides the affinity and capacity for 
bentonite adsorption. Bentonite adsorption is a refered 
method in water and wastewater treatment owing to 
its simple process, cheap, and abundance supply of 
adsorbent, and excellent adsorbent properties 
rendering exceptional removal efficiencies toward 
target pollutants16. 

The results involving the removal of copper with 
natural bentonite clay acid-activated17, hydroxyl 
activated14 and salt activated18 are significant and 
promising. All of these studies have applied the 
sorptive removal process due to its efficiency and  
low cost. 

In Algeria, existing literature confirmed the wide 
application of Algerian natural and treated bentonite 
for copper removal from aqueous solutions19-27. 
Although the results involving the removal of copper 
with Algerian bentonites are relevant and impressive, 
there is still a need to optimize process conditions for 
the treated wastewater and to improve the adsorption 
capacity of bentonites which is submitted for 
structural modification. The promising results 
obtained related to be above drive us to continue the 
work on this topic to evaluate other potential 
perspectivs. 

Thus, in the present work, we report the use of Raw 
Bentonite (RB) obtained from the deposit of 
Mostaganem (Algeria). This bentonite was treated 
individually in presence of H2SO4, NaOH and MgCl2 to 
improve its adsorption ability for the removal of copper 
ions from aqueous solutions. Initially, a systematic 
characterization of the RB and treated bentonites was 
carried out. The clays were characterized using X-Ray 
Diffraction (XRD), Attenuated Total Reflectance 
Fourier Transform Infrared Spectroscopy (ATR-FTIR), 
Scanning Electron Microscopy (SEM) and the point of 
zero charge (pHpzc) to evaluate structural 
modifications. Using synthetic solutions of distilled 
water, the effect of many reactional parameters such  
as contact time, pH of solutions, the dosage of  
the adsorbent, initial concentration of metal were 
investigated. To understand the adsorption mechanism, 
kinetic models as pseudo-first-order PFO), pseudo-
second-order (PSO) and intra-particle diffusion were 
applied to experimental data. In order to describe  
the sorption equilibrium, Langmuir, Freundlich and 
Dubinin-Radushkevich isotherms were tested. The raw 
and treated bentonites were tested for their potential 

use in removal of Cu(II) ions from the industrial 
wastewater. The discussion of findings aim to approach 
the research gaps with new considerations based on the 
obtained experimental data and to provide insight into 
to the performance of Algerian modified bentonite in 
adsorption of copper in wastewater. 
 
Experimental Section 
 
Adsorbents 
 

Raw bentonite 
The local bentonite used namely raw bentonite 

(RB) was supplied by ENOF (Algerian bentonite 
Company-National Enterprise for Non-Ferrous 
Mining Products and of Useful Substances). This 
naturally abundant clay is locally available in the 
M'Zila deposit in Mostaganem (Algeria) was used  
in its raw state. Some characteristics of this clay  
were determined by the laboratory of the ENOF.  
The specific surface analysis of the RB was found  
to be 19.81 m2/g. The major cation in this bentonite  
is calcium with a capacity of exchange that of  
46.7 meq/100g that is the highest compared to other 
mineral elements28. Bentonite obtained was sieved to 
obtain particles size less than < 2 μm, it was dried at 
75°C and then grounded. 
 
Bentonite treatments 

 The treated bentonite with NaOH was obtained by 
mixing 50 g of the RB with NaOH solution (1 N) 
at a weight ratio of 20% into a reactor of 250 
mL14. Under continuous stirring, the mixture was 
heated to about 100°C for 1 hour. The treated 
bentonite was then filtered and washed with 
distilled water until the pH of the filtrate was 
between 6 and 7. Finally, the clay was dried at 
110 °C and named B-NaOH.  

 The treated bentonite with MgCl2 was obtained by 
introducing 50 g of the RB into 500 mL of a 1 M 
solution of MgCl2, 6H2O and stirred for 24 hours. 
The filtered mixture was washed with distilled 
water until the chloride ions disappear. The clay 
was then dried at 110°C29 and designated B-
MgCl2. 

 The treated bentonite with H2SO4 was obtained by 
the introduction of 50 g of RB into a 250 mL 
reactor, followed by the sulfuric acid solution 
(10% H2SO4) in a mass ratio of 20%14. The 
mixture was then heated to about 100°C for 1 
hour. The activated bentonite was then, filtered 
and washed with distilled water. When all traces 
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of the acid disappears and no longer gives the 
reaction of the sulfates with the barium chloride, 
the bentonite was dried at 110°C for 1 hour. The 
clay was named B-H2SO4. 

 
Characterization of adsorbents 

The structure of adsorbents was characterized by 
powder X-ray diffraction (XRD) using Benchtop X-
ray diffractometer for phase analysis (Miniflex 
600) over a range of 2θ between 2°- 70° and scanning 
rate of 0.03° min-1. The surface functional groups of 
the bentonites were studied by ATR-FTIR 
spectroscopy using Perkin-Elmer Spectrum Two. 
ATR-FTIR spectrum was recorded in wavenumber 
range of 400-4000 cm-1. The Scanning Electron 
Microscopy (SEM) in conjunction with EDX (Energy 
dispersive x-ray spectroscopy) of bentonite samples 
were obtained by using a scanning electron 
microscope (Tescan VGA3). This analysis is used to 
study the surface morphology and chemical 
composition of clay samples. The point of zero charge 
(pHPZC) was measured according to the method 
described by Sepulveda and Santana30 and Chang et 
al.31. For the determination pHPZC of adsorbents, 0.1 
M NaCl solution was used. 
 
Batch adsorption experiments 

Analytical grade Cu(II) sulfate pentahydrate 
(CuSO4, 5 H2O) (Sigma-Aldrich) was used for 
preparation of the synthetic solutions in distilled 
water.  

The tests were carried out using magnetic stirrirer 
by contacting the sample (50 mL) with a well-
determined dose of the adsorbent. The solid /liquid 
separation of the taken sample was carried out by 
filtration under a vacuum using a membrane of 0.45 
μm porosity. Thereaction parameters were varied 
including the influence of stirring time (0 to 6 hours), 
the pH of solution (from 2 to 10), the effect of the 
dose of bentonite (from 0.1 to 4 g/L) and the initial 
content of metal ions (from 1 to 100 mg/L). The pH 
of water samples was measured using a HANNA pH 
meter model pH 210. All tests of adsorption in 
synthetic solutions were performed at pH = 5.5 
(except for the pH influence study). HCl (0.1 M) or 
NaOH (0.1 M) were used to adjust the pH of the 
solutions. 

Using the Industrial wastewater of a cable industry 
company (ENICAB) located in Biskra (Algeria), the 
influence of stirring time (0 to 6 hours) was 
tested.Physico-chemical parameters of Industrial 
wastewater were determined by standard methods of 

analysis32 or by the methods described in the user 
guides of the equipment. 

The residual Cu(II) content was measured by 
atomic absorption spectrophotometer (Schimadzu AA 
6200). The amounts of copper adsorbed onto clays at 
any time (qt (mg/g)), at equilibrium (qe (mg/g)), and 
the percentage removal (%) of copper, were 
calculated based on the Equation (1), Equation (2) and 
Equation (3): 

 
qt =  (Co - Ct)

m
 V  … (1) 

 
qe = (Co - Ce)

m
 V  … (2) 

 
Copper removal (%) = (C0 – Ce) )

C0
100  … (3) 

 
Where C0 (mg/L), Ct (mg/L) and Ce (mg/L) are the 
initial concentration, concentration at time t and 
equilibrium concentrations of copper, V (L) is the 
volume of metal solution and m (g) is the mass of the 
used adsorbent. 
 
Results and Discussion 
 
Results of characterization of adsorbents 
 

X-ray diffraction analysis 
The X-ray diffraction patterns of samples are 

shown in Fig. 1(a). X-ray diffractogram of the raw 
bentonite (RB) showed a characteristic peak at 2θ = 
7.07° (d= 12.50 A°). Such a pattern is characteristic of 
smectite montmorillonite and is in good agreement 
with earlier works20,22,33. Other peaks corresponding 
to the illite and Kaolinite appeared at 2θ = 8.78° (d= 
10.06 A°) and 2θ = 12.37° (d= 7.15A°) respectively. 
This means that Montmorillonite, Illite and Kaolinite 
as major clay minerals that were identified in the 
tested RB. In addition, RB contains impurities that are 
characterized by a strong reflection at 2θ = 26.68° 
identified as quartz, calcite with peaks at 2θ = 29.44° 
and 47.55°, respectively and feldspar with reflection 
at 2θ = 30.74°. Associated montmorillonite, illite, 
kaolinite and quartz impurities were also found in all 
adsorbent. The feldspar and calcite (at 2θ = 47.55°) 
considered as impurities in the raw material clay 
disappears in the acid-activated sample (B-H2SO4) 
and the bentonite treated in presence of MgCl2 (B-
MgCl2).The treatment of bentonite with NaOH and 
MgCl2 increased the characteristic d001 peak values of 
montmorillonite to 14.45 A° and 14.86 A°, 
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respectively and the acid treatment with H2SO4 
reduced it to 10.04 A°. However, the peak was  
much less intense compared to the raw bentonite. 
This phenomenon is accompanied by the 
displacement of its position from 7.07A° to 6.12A° , 
5.94A ° and 8.80 A°, respectively which confirms  
that the RB has been changed after treatment.  
This is in agreement with previous results 
cited19,20,22,24,26,33. The increase in the interlayer 
distance d001 can be attributed to the intercalation of 
the inorganic ligand, which is preferentially oriented 
parallel to the plane of the layer33. It is known also 
that the process of acid treatment leaches out 
impurities such as calcite and some ions such as Mg2+, 
Ca2+ and Al3+ (Ref. 20). 

Attenuated Total Reflectance Fourier Transform Infrared 
Spectroscopy analysis 

The Attenuated Total Reflectance Fourier 
Transform Infrared spectra (ATR-FTIR) of RB and 
activated bentonites are presented in Fig. 1(b). All the 
detected function proved the aluminosilicate structure 
of the clay. The presence of water molecules was due 
to the adsorption related to the swelling propriety of 
the material. The band observed at 3620 cm-1 is 
characteristic of aluminous smectites34. The peak at 
3620 cm−1 could be attributed to the -OH stretching 
vibration of the Al-OH groups and the -OH stretching 
vibration of bound water, respectively31. Similarly 
with the band at 915 cm-1 of deformation35. Weak 
(less intense) band noticed at 3697 cm-1 is attributed 

 
 

Fig. 1— (a) XRD patterns, (b) Attenuated Total Reflectance Fourier Transform Infrared spectra(ATR-FTIR) and (c) Scanning electron 
microscopy (SEM) micrographs of raw and treated bentonites. 
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to the valence vibrations of the hydroxyl (-OH) bond 
in the lamellar space36,37 of the raw and treated 
bentonites. In addition, for all four clays, the band at 
1640 cm-1 can be attributed to both OH stretching 
vibration and δ(H2O) deformation19,33.  

A large band that appeared at 1000 cm−1, is 
corresponding to the Si-O vibration of the bentonite 
tetrahedral layer38,39,24. Three bending vibrations  
of hydroxyl groups associated with Al3+ at 915 cm−1 
(Al-OH-Al), Fe 3+ at 875 cm−1 (Al-Fe-OH) and Mg2+ 
at 836 cm−1 (Al-Mg-OH) confirm the substitution in 
the octahedral layer36. The rest of the bands between 
1000 and 525 cm-1 in all samples are due to stretching 
vibrations of Si-O, Si-O-Si, OH attached to Al3+, Fe3+ 

and Mg2+ groups and the silica quartz impurities, 
respectively19,31,40. The characteristic vibration peaks 
of montmorillonite are at 467.5 cm-1 (Si–O–Si) 
bending22. The main change of spectra that are found 
after treatment with H2SO4 and MgCl2 is the 
disappearance of the absorption band centered at 1429 
cm-1indicates the release of carbonate anions (CO3

-2). 
This is due to the dissolution of calcite (CaCO3)41. 
These confirmed the absence of calcite, as shown in 
the XRD patterns. 
 
Scanning Electron Microscopy (SEM) analysis 

SEM micrographs of clays tested (Fig.1(c)) showed 
a crystalline structure with multiple voids and 
micropores of pseudo-spherical smectite aggregates. 
Some other agglomerated unshaped fragments can 
also be seen. This smooth presents a high porosity of 
the bentonite particles that confers it the character of 
being a good adsorbent. 

EDX analysis (Table 1) confirms that the 
predominant cation in the RB is calcium and the clay 
is an aluminosilicate. The magnesium content 
increases after pillaring from 2.53% to 3.03% in  
B-MgCl2, which could confirm the intercalation of 
magnesium ions in the bentonite network. This is 

associated with a significant decrease in the content of 
calcium from 6.73% to 0.43%. Similarly, for  
B-NaOH, the sodium content increases after treatment 
with NaOH from 0.82% to 1.44%. In the case of  
B-H2SO4, the decrease in the content of calcium (from 
6.73% to 2.03%) and magnesium (2.53% to 0.93%) 
confirms that the process of acid treatment leaches out 
some ions such as Mg2+ and Ca2+. 
 
Results of adsorption experiments 
 

Kinetics study 
For an initial concentration of metal around  

10 mg/L and in contact of 1 g/L of the adsorbent,  
and as a function of contact time, the results obtained 
(Fig. 2(a)) show that at the equilibrium, the adsorption 
equilibrium of copper onto RB, B-MgCl2 and  
B-H2SO4 clays was reached in 30 min. While, 
equilibrium was reached after 4 hours when using  
B-NaOH. The removal efficiency of copper was  

 

Fig. 2 —(a) Effect of contact time on the Cu(II) adsorption onto 
raw and treated bentonites and plots of kinetic models (Pseudo-
first-order (PFO), Pseudo-second-order (PSO) and Elovich, (b)
Intraparticle diffusion model. 

 

Table 1 — EDX analysis of raw and treated bentonites 
(Composition (Wt %)). 

Element RB B-NaOH B-H2SO4 B-MgCl2 
O 52.55 52.71 53.17 49.45 
Si 21.51 24.66 29.88 32.36 
Al 8.55 7.47 8.58 8.83 
Ca 6.73 6.29 2.03 0.43 
Mg 2.53 1.65 0.93 3.03 
Na 0.82 1.44 0.4 0.33 
K 2.46 1.04 1.31 2.22 
Fe 4.55 4.74 4.36 3.35 
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49.51 %, 54.03 %, 96.61 % and 99.87 % using RB,  
B-H2SO4, B-MgCl2, and B-NaOH respectively.  

For models were used to interpret the experimental 
data obtained during the tests of the kinetic adsorption 
of Cu(II) ions onto the bentonites. The kinetic data 
was simulated by using nonlinear isotherm of Pseudo-
first-order (PFO)42, Pseudo-second-order (PSO)43 and 
Elovich44. The linear model of intraparticle 
diffusion45 was also tested. The forms of those  
models were expressed in equations Equation (4) to 
Equation (7), respectively. 
 

PFOmodel:qt= qe 1-e-k1  … (4) 

PSO model:qt = qe
2k2t

1+qek2t
 …(5) 

 
Elovich model: qt = 1

β
 ×ln 1×α×β×t  … (6) 

 
Intraparticle diffusion model:qt= kintt1/2+C … (7) 

 
Where qe (mg/g) and qt (mg/g) are the amount of 
copper adsorbed at equilibrium and at time t (min) 
respectively. k1 (min−1) is the rate constant for the 
pseudo-first-order and k2 (g/min.mg) is the rate 
constant for pseudo-second-order. α (mg/g/min) is the 
initial sorption rate and β (mg g-1)  is the desorption 
constant related to the extent of surface coverage and 
activation energy for chemisorption. kint (mg/g min1/2) 
is the intraparticle diffusion rate constant and  
C (mg/g) is constant related to the thickness of the 
boundary layer. 

The best fitting sorption kinetic nonlinear models 
(PFO, PSO and Elovich) were validated using  
two different statistical error functions namely 
coefficient of determination (R2)46 and Chi-square 
(χ2)47.The following expressions (Equation (8) and 
Equation(9))are used to determine R2 and χ2: 

 

 R2=1-
∑ qe, exp- qe, cal

2

∑ qe, exp- qe,  mean
2 … (8) 

 

χ2 = ∑ (qe, exp-qe,cal)
2

qe, cal
n
i=1  … (9) 

 
Where qe, exp is the equilibrium adsorption capacity 
found from the experiment, qe,cal is the prediction 
from the model for corresponding to Ce,qe, mean is the 

mean of the qe,exp values and n is the number of 
experiments.  

To estimate the goodness-of-fit of the models to the 
experimental data, the coefficient of determination is 
such that R2 is close to 1 and χ2 is close to zero. A 
high χ2 value indicates a large difference between the 
experimental and the calculated model values. 

For linear model of interaparticle diffusion, the 
Residual Sum of Squares (RSS) was also determined. 
RSS function is a statistical tool used by several 
researchers to judge the agreement between the 
experimental quantity of the pollutant adsorbed and 
the calculated quantity adsorbed48. Lower is the value, 
the curve is more adequate to the experimental values. 
It is expressed by the following equation (Equation 
(10)): 
 

RSS =∑ (q
e,exp

-q
e,calc

)2n
i=1  … (10) 

 
The experimental data of time-dependence 

adsorption of Cu(II) on each tested bentonites were 
described by kinetic models (PFO, PSO and Elovich) 
(Fig. 2(a)). The corresponding kinetic parameters 
from the PFO, PSO and Elovich models are 
summarized in Table 2 which shows that all of the 
studied adsorption systems could be better described 
by the nonlinear PSO model over the entire range of 
contact time with higher value of correlation 
coefficient (R2> 0.90) as compared with other models. 
Other than the correlation coefficients, evaluation of 
the suitability of the kinetic models also arises from 
the comparison between the calculated (qe, cal) and the 
experimentally determined (qe, exp). From Table 2, it 
can be noticed that the qe calculated by the PSO model 
was closer and comparable to the experimental 
determined values (qe, exp). In addition, there was 
good statistical signification (2value ≈ 0, R2 ≈ 1). 
Therefore, it can be concluded that the PSO equation 
is the suitable kinetic model that describes the kinetic 
adsorption of Cu(II) ions on the bentonites tested. 
This is in agreement with the study that was carried 
out on the adsorption of divalent ions by raw and 
treated bentonites27, 31.  

As shown in Fig.2 (b), the intraparticle diffusion 
plots are linear, and no straight lines pass through the 
origin. This result indicates that the pore diffusions 
were not the only step controlling the adsorptions of 
copper onto bentonite31,33. It can be also seen from 
Fig. 2(b) that three steps governed the copper 



BOUAZIZ et al.: COPPER ADSORPTION CAPACITY OF RAW AND TREATED ALGERIAN BENTONITE 
 

255

adsorptions onto raw and treated bentonites. 
According to Table 2, for each tested bentonite, the 
values of intraparticle rate constants follow the 
order:kint,1>kint, 2>kint, 3. The first linear portions had 
the steepest slopes, which suggest the instantaneous 
diffusion of copper ions from the solution to the 
external surfaces of the adsorbents and then rapid 
retention of Cu(II) ions on the exterior surfaces at the 
beginning of adsorption (kint,1). As time went on 
adsorption of copper, the second linear parts of plots 
had lower slopes. The last linear portions indicated 
the equilibrium period during which the rates of 
intraparticle diffusion of Cu(II) (kint,3) decreased 
significantly and the equilibrium was gradually 
attained. Comparing between the intraparticle 
diffusion results obtained for both adsorbents, it can 
be seen that the kint,1 of the first diffusion step 
increased with the order of magnitude of the 

efficiency of the tested adsorbents (Table 2) as 
follows: kint,1 : B-NaOH> B-MgCl2> B-H2SO4> RB. 
This means larger the intercept, the greater is the 
contribution of the surface sorption in the rate 
controlling step. 
 
Effect of initial pH 

The effects of initial pH of the solution (ranging 
from 2 to 10) on copper adsorption onto RB and 
treated bentonites were investigated. Fig. 3(a) shows 
that the uptake of copper ions by all bentonites was 
significantly influenced by the initial pH of solution. 
The sorption of copper relatively increased with 
increasing pH from 2 to 7. From pH 7 to 10, a plateau 
was observed with negligible differences in the 
copper uptake by both raw and treated bentonites.  

The sorption behaviours of all adsorbents can be 
critically linked to their pH point of zero charge 

 

Table 2 — Kinetic parameters ofPFO, PSO, Elovich and intraparticle diffusion models for adsorption of Cu(II) ions in synthetic  
solutions on raw and treated bentonites. 

Model Parameter B-NaOH B-MgCl2 B-H2SO4 RB  
Pseudo First Order qe,exp(mg/g) 9.987 9.661 5.403 4.951 

qe,cal(mg/g) 9.638 9.364 5.130 4.718 
k1 (1/min) 0.428 0.401 0.118 0.116 
R2 0.984 0.992 0.958 0.976 
2 0.11 0.053 0.11 0.06 

      

Pseudo Second Order 
 

qe,cal(mg/g) 9.968 9.658 5.372 4.950 
k2 (g/mg.min) 0.079 0.082 0.041 0.041 
R2 0.999 0.991 0.941 0.946 
2 0.005 0.06 0.153 0.134 

      

Elovich  (mg/g) 1.778 2.070 1.746 1.753 
 (mg/g.min) 194713.292 1.392x106 33.414 15.869 
R2 0.953 0.916 0.816 0.807 
2 0.321 0.546 0.481 0.482 

      

Intraparticle Diffusion  
 

1st Stage     
Kint, 1 (mg/mg.min1/2) 0.229 0.224 0.219 0.227 
C1 (mg/g) 1.362 1.318 0.133 0.022 
R2 0.861 0.836 0.998 0.991 
RSS 0.079 0.128 0.001 0.005 
     

2nd Stage     
Kint, 2 (mg/mg.min1/2) 0.008 0.007 0.006 -0.005 
C2 (mg/g) 2.365 2.427 1.381 1.262 
R2 0.989 0.866 0.846 0.973 
RSS 2.841x10-5 1.927x10-4 5.861x10-5 7.344x10-6

     

3rd Stage     
Kint, 3 (mg/mg.min1/2) 0.003 -7.275 0.018 -0.023 
C3 (mg/g) 2.537 2.351 1.517 1.515 
R2 0.974 0.832 0.838 0.925 
RSS 1.08x10-6 6.489x10-7 0.001 7.667x10-4 
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(pHpzc). Fig. 3(b) shows the plots for pHpzc 
determination for raw and treated bentonites. The 
pHpzc for the tested bentonites were determined as 
7.52 to 9.68 (Fig. 3(b)). pHzch is important for 
amphoteric clay such as bentonite because it 
demonstrates the properties of variable-charge 
surfaces at different pH31. If the pH of the solution is 
lower than the pHpzc, the edge sites of bentonite 
structure have positive charge developed arising from 
the protonation of variable-charged surface (OH 
groups) even though the basal sites possess negative 
charge density. Hence, electrostatic repulsion between 
the positively charged sorption sites and metal cations 
restricted the attachment of cations on adsorbent 
surfaces. On the contrary, when the pH of the solution 
exceeds pHpzc, the net charge on surfaces of 
adsorbents becomes negative due to the deprotonation 
of surface OH groups and the negative charges 

increase with solution pH. Surfaces with net negative 
charges attracts copper ions in the solutions through 
electrostatic action3,31,49. On the other hand, silica and 
alumina functional groups may be protonated as the 
solution pH lies below pHpzc.The hydrolysis of  
Si–OH or Al–OH bonds along the clay lattices 
produce different surface charges, as depicted by  
the following schemes ((1) and (2)) described by 
Putra et al.50 and Alexander et al.16:  
 
pH<pHpzc :  
AlOH + H+ AlOH2

+Si-OH + H+Si-OH2
+ … (1) 

 
pH>pHpzc : 
AlOH + OH-AlO- + H2O Si-OH + OH-Si-O- + H2O   
 … (2) 

 

In addition to the nature of the adsorbents, another 
property to be considered is the metal speciation at 
different pH51,52. The solution speciation of Cu (II) 
ions was modeled using the Visual MINTEQ software 
(Version 3.0)53,54 at 25°C according to thepH 
variation of the solution (Fig. 3 (c)). It seems that the 
adsorption at higher pH values (> 7) involved the 
formation of the metal complexes (Cu2(OH)2

2+, 
CuOH+ and Cu(OH)3

-) as well as hydroxide 
precipitation (Cu(OH)2). 

 
Effect of adsorbent dosage 

The effect of adsorbent dosage on removal of 
Cu(II) ions was investigated at different bentonite 
dosages and the results are plotted in Fig. 4. The 
percentage of the Cu(II) ions adsorption steeply 
increased with the adsorbent loading up from 0.1 g /L 
to 4 g/L (Fig. 4 (a)). This result can be explained by 
the fact that when the adsorbent ratio is small, the 
active sites for binding copper ions on the surface of 
bentonites metal ions on the surface of bentonites is 
less, so the adsorption efficiency is low. As the 
adsorbent dose increased, more active sites bind to 
metal ions, thus resulting in an increase in the 
adsorption efficiency until saturation3,23,31. 

As seen from Fig. 4(b), the amount of copper ions 
adsorbed per unit mass of adsorbent decreased with 
increasing adsorbent dosages. Other researchers31,55,56 

have defined a similar trend in bentonite dosage for 
metal ion adsorption. A possible reason is that in a 
system with high adsorbent content, the available 
metal ion concentrations are insufficient to saturate 
completely binding sites on the adsorbent, thus 
resulting in low adsorption capacity31,57. 

 

Fig. 3 — (a) Effect of pH on copper adsorption onto
bentonites(Cu(II)0 = 10 mg/L, adsorbent dose = 1 g/L), (b) Point of 
zero charge for used adsorbents and (c) Copper dominant species
according to pH variation in aqueous solution at 25°C using Visual
MINTEQ Software (Version 3.0) (Cu(II)0 = 10 mg/L). 
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Effect ofthe initial concentration of copper 
The effect of initial copper concentration on the 

adsorption process was investigated by varying initial 
Cu(II) ions concentration from 1 to 100 mg/L in the 
presence of 1 g/L of adsorbent. Results (Fig. 5) 
indicated that the removal of copper (%) in raw or 
treated bentonites decreased gradually with an 
increase in the initial concentration of Cu(II)ions. At 
low concentrations, the metal ions had a large number 
of available adsorption sites. However, at the higher 
initial metal concentrations, the competition of copper 
ions for adsorption sites of the adsorbent becomes 
important. As a result, each unit mass of adsorbent is 
subjected to higher amounts of Cu(II) ions. The 

adsorption sites became saturated, and no more sites 
were available for further sorption. Therefore, the 
adsorption of copper on bentonite is dependent on the 
initial metal concentration23,24,27,31.  

 
Adsorption isotherms 

The adsorption isotherm was studied to describe 
the distribution of Cu(II) ions at the adsorbent-liquid 
interface. The isotherm data were simulated by using 
nonlinear isotherms of Langmuir58, Freundlich59 and 
Dubinin-Radushkevich60 isotherm to identify the 
appropriate model representing the sorption process 
(Fig. 6). The nonlinear forms of the Langmuir, 
Freundlich and Dubinin-Radushkevich are expressed 
in Equation (11), Equation(12) and Equation(13), 
respectively. 

 

Langmuir model:qe= Qmax
0 KLCe

1+KLCe
 … (11) 

 
Where qe (mg/g) is the amount of copper adsorbed 

at equilibrium, Ce (mg/L) is the concentration of 
metal solution at equilibrium, Qmax

0  (mg/g) is the 
maximum saturated monolayer adsorption capacity of 
the adsorbent, kL (L/mg) is Langmuir constant related 
to the affinity between the adsorbent and adsorbate. 
 
Freundlich model: qe =KFCe

n … (12) 
 
Where: KF ((mg/g)/(mg/L)n) is the Freundlich constant  
and n is dimensionless Freundlich intensity parameter 
(0<n<1). 
 

Dubinin-Radushkevich model:qe= qDRe-KDRε
2
  … (13) 

 

Fig. 4 — (a) Effect of bentonite dose on removal efficiency and
(b) adsorption capacity of Cu(II) on tested adsorbent (pH0 = 5.5, 
Cu(II)0 = 10 mg/L, adsorbent dose = 0.1 g/L to 4 g/L). 
 

 
Fig.5 — Effect of initial metal concentration on adsorption
efficiency onto raw and treated bentonites (pH0 = 5.5, Cu(II)0= 
1-100 mg/L, adsorbent dose = 1 g/L). 

 

Fig.6 — Adsorption isotherms of copper onto raw and treated
bentonites. 
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Where = RTln(1+ 1
Ce

) and E= 1
2KDR

. 

 
In this equation, qDR (mg/g) is maximum sorption 
capacity, KDR (mol2/kJ2) is the constant related to the 
mean sorption energy, ε (kJ/mol) is the Polanyi 
potential. R (kJ/mol K) is the ideal gas constant, T 
(K)is the temperature and E (kJ/mol) is the mean 
adsorption energy that is required to transfer 1mol of 
ions from liquid phase to solid surfaces. 

In order to evaluate the suitability of a model 
equation to experimental results, an error function 
assessment is usually required. The best fitting 
equilibrium isotherm models were validated using 
coefficient of determination (R2) and Chi-square (χ2). 

The non-linear optimization technique was applied 
for calculating the adsorption parameters from these 
models (Table 3). The R2 and 2 values for both 
models indicated a good fit between the experimental 
and isotherm data. The maximum adsorption capacity 
of Langmuir (Q0

max) was 72.796 mg/g, 39.889 mg/g, 
28.034 mg/g and 25.096 mg/g for the B-NaOH, B-
MgCl2, B-H2SO4 and RB, respectively. Langmuir 
isotherm can also be interpreted to predict the affinity 
between copper and bentonites using constant 
separation factor (RL) (dimensionless) of the solid- 
liquid adsorption system defined by the equation 
(Equation(14))61: 
 
RL = 1

1+C0kL
 …(14) 

 
Where C0 is the initial of Cu(II) concentration (mg/L) 
and kL is the Langmuir constant.  

The condition based on RL values suggests that the 
adsorption process was unfavorable if RL>1; linear 
when RL = 1; favorable in the range 0 < RL< 1; or 
irreversible (RL = 0).  

In this study, RL values were found to be 0.65-0.02, 
0.58-0.01, 0.94-0.14 and 0.95-0.16 for B-NaOH,  
B-MgCl2, B-H2SO4 and RB, respectively (they are in 
the range of 0 and 1), this indicates favourable 
adsorption of Cu (II) ions on each of the tested 
adsorbents. 

Values of Freundlich equilibrium constants (n) 
reported in Table 3 are 0.238 - 0.476. According to 
the Freundlich theory3, when n < 1 the adsorption 
isotherm becomes favorable. This allows confirming 
that the adsorption on each adsorbent is favourable for 
Cu(II) ions.  

Using the Dubinin–Radushkevich model, the 
magnitudes of E were 3.713 kJ/mol, 1.149 kJ/mol, 
0.244 kJ/mol and 0.243 kJ/mol for B-NaOH, B-
MgCl2, B-H2SO4 and RB, respectively. These values 
were <8 kJ/mol indicating that the sorption process 
may be physical in nature62. 

 
Related Works 

The adsorption capacities of copper using raw and 
treated bentonites were compared with some results 
reported in previous studies based on the maximum 
adsorption capacity of the Langmuir (Q0

max) model 
(Table 4). Therefore, activation of bentonite 
significantly enhanced its sorption capacity and that 
treated bentonites were a very suitable sorbents in 
water treatment for the removal of copper. In fact, 
according to all of these studies, the effectiveness of 
the treated bentonite was affected by many factors 

 

Table 3 — Isotherm parameters for the adsorption of copper onto raw and treated bentonites. 

Isotherm Parameter B-NaOH B-MgCl2 B-H2SO4 RB  
Langmuir 
 

Q0max (mg/g) 72.796 39.889 28.034 25.096 
kL (L/mg) 0.533 0.720 0.061 0.053 
R2 0.999 0.973 0.991 0.992 
2 3.576.10-29 8.026 0.844 0.563 

Freundlich KF ((mg/g)/(mg/L))n 24.964 16.153 3.361 2.671 
n 0.320 0.238 0.457 0.476 
R2 0.983 0.970 0.968 0.972 
2 17.229 8.881 2.879 1.950 

Dubinin-Radushkevich 
 

qDR (mg/g) 65.833 37.45 20.989 18.017 
KDR (mol2/kJ2) 3.626x10-8 3.786x10-7 8.384x10-6 8.427x10-6 
R2 0.987 0.891 0.898 0.890 
2 13.416 32.477 9.224 7.572 

E= 1
2KDR

 (KJ/mol  3.713 1.149 0.244 0.243 
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such as the initial pH value of the aqueous solutions, 
initial concentration of copper and dosage of the 
adsorbent. This could be also attributed to differences 
in the adsorbent properties including specific surface 
area and pore size as well as the interactions between 
copper and adsorbent surface. 
 
Application on industrial wastewater  

Assessment of the raw and treated bentonites have 
been performed for their possible use in the removal 
of Cu(II) ions from the industrial wastewater of the 
Cable Industry Company (ENICAB) located in 
Biskra, Algeria. The wastewater was used before 
treatment and without adding any metal reagents.  

The pH of this wastewater was slightly acid (pH ~ 
6.08). The conductivity was more than 1000 μS/cm, 
so this wastewater was highly mineralized. The 
presence of high levels of calcium (124 mg/L), 
magnesium (594 mg/L), chloride (784 mg/L) and 
sulfate (754 mg/L) were noted in this wastewater. The 
mean concentration of copper was 18.10 mg/L. Such 
concentrations of this metal was well above the 
Algerian standard for liquid industrial discharges (0.5 
mg/L) indicated in the Official Journal of the Algerian 
Republic63. 

The monitoring of copper adsorption kinetics  
(Fig. 7) has revealed high efficiency for copper 

removal (Table 5). As in the case of synthetic 
solutions, the adsorption kinetics were well described 
by the PSO nonlinear model. In addition, the order of 
effectiveness of the tested adsorbents varied as 
follows:  
 

B-NaOH> B-MgCl2> B-H2SO4> RB. 

 

Table 4 — Comparison of maximum adsorption capacities of Langmuir (Qmax
0 ) of Cu (II) on raw and treated bentonite reported in the 

literature. 

Adsorbent Operating conditions Qmax
0  of Langmuir (mg/g) Reference 

- Raw bentonite of Mastaganem NW of Algeria 
- Bentonite-H2SO4 
- Bentonite-MgCl2 
- Bentonite-NaOH 
 

Cu : 10-100 mg/L 
Dose of adsorbent = 1 g/L 
Initial pH= 5.5 

25.096 
28.034 
39.889 
72.796 

 

 
This study 
 

- Raw bentonite 
- Treated bentonite - 5 N H2SO4 

Cu: 10-100 mg/L 
Mount of clay= 0.2 g 
Initial pH = 6.5 
 

12.2 mg/g 
15.4 mg/g 

22 

- Bentonite of Maghnia (NW Algeria)–CaCl2 
 

Adsorbent 100 mg in 50 mL of 
solution, Initial pH = 5.0 
 

55.476 mg/g 26 

- Acid activated bentonite of Mostagenem 
0.05 M HCl 
0.5 M HCl 
 

Masse of clay = 1g 
Shaking time= 1h 
T =25 °C 
 

7.1 mg/g 
10.44 mg/g 

20 

- Bentonite of Thai Nippon Chemical Industry LTD 
- Bentonite-NaOH 
- Bentonite- H2SO4 
- Bentonite-HCl 
 

 
Cu: 5.5-100 mg/L 
Dose of adsorbent = 2 g/L 
 

30.99 
74.97 
52.85 
56.30 

14 

- Bentonite (Fisher Scientific) 
- Bentonite+ Graphite powder composite 

Cu : 100-500 mg/L 
Adsorbent: 50 mg in 100 mL of 
solution, Initial pH = 6 

248.93 mg/g 
558.36 mg/g 

31 

 

 

Fig. 7 — Effect of contact time on the Cu(II) adsorption onto raw 
and treated bentonites and plots of kinetic models (Pseudo-first-
order (PFO), Pseudo-second-order (PSO)) in wastewater (Cu(II)0
= 18.10 mg/L, dose of adsorbent = 1 g/L, pH0 = 6.08 ). 
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Conclusion 
Protocols were developed to obtain low cost 

adsorbents from naturally abundant Algerian bentonite 
(RB) using NaOH, H2SO4 and MgCl2 as agents of 
activation. Results of raw and treated bentonites 
characterization have confirmed that montmorillonite, 
illite and kaolinite are major minerals clay identified 
and the detected functions proved the aluminosilicate 
composition of the clays. Calcium is the predominant 
cation in raw bentonite (RB) and its structure has 
changed after treatment with activation agents. Results 
obtained from the adsorption experiments revealed that 
in synthetic solutions, the highest removal efficiency of 
Cu(II) ions was observed for B-NaOH it exceeded 
99%. Kinetic experiments indicated the best fitting to 
the pseudo-second-order kinetic model. From the study 
of the intraparticle diffusion, three steps governed the 
copper adsorptions onto raw and treated bentonites. 
And the first linear portions had the steepest slopes 
which suggest the rapid retention of Cu(II) ions on the 
exterior surfaces at the beginning of adsorption. 
Several possible adsorption mechanisms were 
elaborated which include cation exchange and 
interactions between Cu(II) ions and protonated 
aluminol and silanol groups in bentonite. In addition, 
the adsorption at higher pH values ( > 7) include the 
formation of metal complexes (Cu2(OH)2

2+, CuOH+ 
and Cu(OH)3

-) and hydroxide precipitation (Cu(OH)2). 
The efficiency of copper adsorption on these clays 
increased by increasing the adsorbent dosage from 0.1 
to 4 g/L. In addition, it decreases with the increase of 
the initial copper content.The corresponding 
parameters of equilibrium adsorption isotherm 
indicated that the sorption mechanism might be 
physical in nature. The maximum adsorption capacities 
of Cu(II), based on Langmuir model were 25.1 mg/g, 
28.03 mg/g, 39.89 mg/g and 72.80 mg/g for RB, B-
H2SO4, B-MgCl2 and B-NaOH respectively. 

The application of removal of Cu(II) from 
industrial wastewater of cable industries indicated that 

the order of effectiveness of the adsorbents tested 
varies as follows: B-NaOH (70.39 %)> B-MgCl2 
(63.27 %)> B-H2SO4 (55.22 %) > RB (45.75 %). 

As conclusion, the tested bentonites particularly the 
ones treated in the presence of NaOH (B-NaOH) can 
be used as potential and effective adsorbent for the 
removal of copper from aqueous solution. This could 
be attributed to the fact that it is an efficient process 
and that bentonite reserves are widely available in 
Algeria. 
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