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This paper aimed to study the removal of zinc using bentonite clay from the Northeastern Brazil, 
as an adsorbent. A study of the clay subjected to thermal and chemical treatment was performed in 
order to evaluate the optimization of the adsorption capacity of this material. For the evaluation of 
the kinetic equilibrium of the process, experimental tests were carried out in a finite bath system. The 
maximum amount of metal adsorbed was 0.151 mEq of metal per gram of calcined clay and 0.257 mEq 
of metal per gram of sodium saturated clay. The kinetic models of pseudo-first order, pseudo-second 
order and intraparticle diffusion were fitted to experimental data, and the pseudo-second order model 
provided the best result. The Langmuir and Freundlich models were used for the adsorption equilibrium 
analysis, and the Langmuir model provided the best fit for sorption isotherms. The physicochemical 
characterization of clay involved X-ray diffraction, scanning electron microscopy, chemical analysis 
by energy-dispersive X-ray spectroscopy, helium pyconometry and thermogravimetric analysis. The 
modified clay has potential use for removing Zn2+ ions replacing more expensive adsorbents, since 
good adsorption properties will be also associated with great availability and low cost.
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1. Introduction
Conventionally, the removal of heavy metals is by 

chemical precipitation, although this process is relatively 
simple and economical, generates a large volume of 
sludge and, depending on the metal and the chemical 
characteristics of the effluent after the final filtration, 
the effluent may still present residual metal values above 
the acceptable environmental conditions, requiring the 
application of a complementary process to the final 
polishing of the effluent.

The adsorption proved to be an alternative to tertiary 
treatment for the removal of heavy metals from aqueous 
solutions, because it is not only very efficient, but also 
economic, since it can use low-cost adsorbents. Alternative 
adsorbents such as natural clay have been assessed due to its 
high availability and cost-effectiveness for the removal of 
heavy metals. The use of clay as an adsorbent for removing 
heavy metals is due to its ion exchange capacity (CEC) in 
the range of 60 to 170 mEq/100 g, selectivity, renewability 
and affordability compared with other natural and synthetic 
adsorbents. Due to their advantages, clay potentials as a 
heavy metal removal agent have been investigated by1-4, 
however, further studies are needed to assist in understanding 
the mechanisms and parameters involved in the process.

Arias and Sen5 studied the removal of Zn2+ ions in 
kaolin. The results show that Langmuir and Freundlich 

equations both are applicable to describe the adsorption 
of zinc (Zn2+) on kaolin within this small initial metal ion 
concentration range. Kubilay et al.6 studied the removal of 
copper (II), Zn (II) and Co (II) using a natural bentonite Clay 
was found that the efficient removal of these metals even 
at very low concentrations. The Langmuir isotherm model 
was fitted to the adsorption data and the order of affinity of 
metal ions with clay was Zn2+ > Cu2+ > Co2+.

Veli and Alyuz7 studied the removal of Zn2+ ions in natural 
bentonite clay. The removal of Zn2+ ions was 3.6 mg.g–1 for the 
initial concentration of 20 mg.L–1. Abollino et al.8 studied the 
removal of Zn2+ ions in montmorillonite. The total capacity of 
Zn2+ in montmorillonite was 3.61 mg.g–1. Tito et al.9 studied 
the zinc adsorption process by bentonite clay. The maximum 
retention capacity, 3.24 mg.g–1, was obtained in pH 4 using 
particle size of bentonite clay <0.5 mm.

The clays can be modified in various ways, such as 
treatment with organic and inorganic acids and bases, 
and heat treatment, changing directly its physicochemical 
properties to improve its adsorption capacity, increasing 
thus, the potential applications in new technologies. 
Although a chemical modification can improve the 
adsorption of heavy metal ions, the cost of chemicals 
and methods of modification should also be considered. 
Since the modification of the adsorbent surface can also 
change its properties, it is recommended that studies on 
the physicochemical characterization must be done in 
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order to achieve a better understanding of the mechanism 
of adsorption on modified materials.

According to Santos10, clays containing adsorbed water 
in the voids between the particles and the surface of the 
particles in the form of hydroxyl groups. This clay minerals 
ability to adsorb water is a problem in the adsorption of heavy 
metals in porous bed, due the clay expansion. The water 
can be eliminated by heating clay at temperatures above 
300 °C. In the case of montmorillonite water is intercalated 
between the layers that define the crystal structure and 
causes swelling or expansion of basal plane (001) to cause an 
increase in distance interplanar basal and can be eliminated 
at temperatures between 500 °C and 550 °C.

The clay thermal treatment is needed, since after this 
process it undergoes dehydroxylation and modification in 
their structure, so as not expand in water, making it more 
favorable to the adsorption in porous bed.

Preliminary study with clay sodium aiming their 
potential use in removing heavy metal. Clays have a 
high cation excharge capacity, that is, cations within the 
crystalline lamellae can be exchanged for other cations 
present in aqueous solution, without thereby modifying 
their crystal structure. This exchange is possible chemically 
modify clays directly altering their physicochemical 
properties, improving their ability to adsorption and ion 
exchange by increasing its potential applications in new 
technologies.

This study employed a modified Bofe bentonite clays for 
the kinetic study of zinc in finite bath system. The influence of 
adsorbate concentration and temperature were investigated. 
Kinetic models were tested in order to identify the adsorption 
process mechanisms. The Langmuir and Freundlich models 
were applied for the analysis of the adsorption equilibrium. 
Thermodynamic parameters were evaluated as a function of 
the temperature. Several characterization techniques were 
employed in order to identify the changes in clay that may 
influence its applicability in adsorption process.

2. Material and Methods

2.1. Adsorbent

The Bofe bentonite clay from Boa Vista, Paraíba State, 
Brazil, was used as adsorbent. Initially, the material was 
crushed and classified to obtain an average particle diameter 
of 0.074 mm. The cation exchange capacity of natural clay 
was 93.3 ± 7 mEq/100 g, determined by exchange with 
ammonium cations5. The natural clay was oven calcined at 
500 °C for 24 hours. Sodium saturated clay was prepared by 
dispersing 10% of clay weight in water and adding 10 mL 
of NaCl (2.5 M), stirring (500 rpm) and heating (45 °C) for 
4 hours. The mixture was vacuum-filtered and washed with 
deionized water to remove excess sodium, until negative test 
with 1% silver nitrate solution. The pellets were oven dried 
at 100 ± 5 °C for 24 hours.

The point of zero charge of the adsorbents, pHzpc, was 
determined by potentiometric titration, following the model 
described by Guarino et al.11. This model shows that charges 
on the surface of the solid result from an acid-base reaction 
(Surface Complexation Model). The experimental procedure 

consisted of titrating two suspensions containing 10 g of 
clay each, in 100 mL of CH

3
CDDNH

4
 (0.1 M) as supporting 

electrolyte (after waiting 10 minutes for stabilization), one 
containing CH

3
CDDH (0.3 M) and another containing 

NH
4
DH (0.25 M). This titration was performed in a wide 

range of acid and base concentrations. The surface charge, 
Q in units of mol/g, was obtained by applying Equation 1. 
The pHzpc value of the solid was obtained by constructing 
a graph of the total surface charge of the solid as a function 
of pH. This value corresponds to the pH whereby the curve 
crosses the x-axis (Q = 0).

[ ] [ ]a b

S

C C OH H
Q

C

− +− + −
=  (1)

Where C
a
 and C

b
 corrected acid and base concentrations 

(M), respectively; C
s
 concentration of suspended solid 

(g.L–1)

2.2. Characterizing the adsorbent

Natural, calcined and sodium saturated clays were 
submitted to X-ray diffraction (XRD) in Phillips equipment, 
X’Pert model, Kα cooper radiation (λ = 1.5418 Å), observing 
the diffraction angle of 2θ, step size of 0.02 degrees ranging 
between 4° and 30°. In order to evaluate the adsorbent 
morphology, a scanning electron microscopy (SEM) 
with LED equipment, LED 440i, with 500 X power was 
performed. Energy dispersive X-ray techniques (EDX) 
were used to identify the total chemical composition of 
the clay. The real density was determined by Micrometrics 
Accupyc 1330 helium gas pycnometer and the analyses 
were performed at 28 °C and 0.0010 psig/min equilibrium 
rate. The thermogravimetric analysis allowed establishing 
the relationship between physical and chemical properties 
and temperature. This analysis was carried out ranging from 
room temperature to 1000 °C in nitrogen atmosphere and 
using equipment Shimadzu, model TGA-50.

2.3. Metal solution

The aqueous solution was prepared from analytical 
grade hexahydrated zinc nitrate, Zn(ND

3
)

2
. 6H

2
D. The metal 

concentration remaining in aqueous solutions submitted to 
zinc adsorption tests was determined by the Perkin–Elmer 
ANALYST-100 Atomic Absorption Spectrophotometer.

2.4. Batch adsorption

The tests were performed using 1.0 g of adsorbent 
and 100 mL of metal solution at initial concentration 
of 3.0 mEq.L–1 and pH value of 4.5, which was defined 
according to metal speciation. The solution pH was adjusted 
by using HND

3
 (0.1 M) or NH

4
DH (0.1 M) and measured 

with a pH meter (DAKTDN).
The vials were kept at room temperature (25 °C) under 

constant stirring at 150 rpm in a Shaker with control of 
temperature and agitation. At predetermined time intervals 
aliquots were withdrawn and the metal concentration was 
determined by atomic absorption spectrophotometer. The 
adsorption capacity of metal ion at each time step was 
calculated using the Equation 2:

( )0eq eq
s

Vq C C
m

= −  (2)
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Where q
eq

 adsorption capacity of metal ion (mEq.g–1); 
C

0
 initial concentration of metal ion in solution (mEq.L–1); 

C
eq

 final concentration of metal ion after the equilibrium is 
reached (mEq.L–1); V volume of solution (L); m

s
 mass of 

adsorbent (g).
The percentage of removal (%Rem) was calculated by 

Equation 3:

0

0
%Re m 100eqC C

C
− 

= ×  
 (3)

The experimental data were fitted to kinetic models of 
pseudo-first order, pseudo-second order and intraparticle 
diffusion model. The fit was performed using the software 
Drigin 6.0.

a) Pseudo-first order model (Equation 4):

( )11 a t
t eqq q e−= −  (4)

Where a
1
 pseudo-first order adsorption rate constant 

(min–1); q
t
 amount of metal ion absorbed at time t (mEq.L–1).

b) Pseudo-second order model (Equation 5):

2( ) 1
eq

t eq
eq

q kt
q q

q a t
=

+
 (5)

Where a
2
 pseudo-second order adsorption rate constant, 

(g.(mEq min))
c) Intraparticle diffusion (Equation 6):

0.5
3tq a t=  (6)

Where a
3
 intraparticle diffusion constant, (min–1).

2.4.1. Adsorption equilibrium

The experiments were performed under the same 
conditions of the kinetic study, varying the concentration 
of adsorbate from 0.1 mEq.L–1 to 6 mEq.L–1 using the pH 
value set by the study of chemical speciation of ions, for 
an interaction time of 150 minutes. After reaching the 
equilibrium, aliquots were withdrawn to determine metal 
concentration. The adsorption capacity of metal ion was 
calculated using the Equation 2. The experimental data were 
fitted with Langmuir and Freundlich isotherms. The fitting 
was performed using software Drigin 6.0.

Langmuir isotherm (Equation 7):

1
m eq

eq
eq

q bC
q

bC
=

+  (7)

Where q
m
 maximum amount of ion adsorbed per unit 

of adsorbent mass to form a complete monolayer on the 
surface, (mEq.g–1); b constant related to adsorption energy, 
corresponds to the affinity between adsorbent surface and 
solute, (L.mEq–1).

The use of Langmuir isotherm in fitting the data to 
remove metal ions from synthetic solutions has been 
reported with good results12-16.

The essential characteristics of Langmuir isotherm 
can be expressed by the constant dimensionless number, 
separation factor or equilibrium parameter (R

L
), which 

indicates the curvature of the sorption isotherm: if R
L
 > 1, the 

isotherm is not favorable; if R
L
 = 1, it is linear; 0 < R

L
 < 1, 

favorable; R
L
 = 0, irreversible. This value is given by the 

Equation 8:

0

1
1LR

bC
=

+  (8)

Freundlich isotherm (Equation 9):
n

eq f eqq K C= ×  (9)

Where k
f
 constant related to adsorbent capacity; n 

constant related to adsorption intensity.

2.4.2. Thermodynamics of adsorption

The Langmuir isotherm model was used to fit the 
equilibrium data obtained under the conditions used to 
study kinetics in finite bath at 293 K, 313 K, 323 K and 
348 K using calcined Bofe clay as adsorbent to remove 
Zn2+. Thermodynamic parameters for the adsorption process, 
∆H, ∆S and ∆G were calculated using the thermodynamic 
Equations 10 and 11:

 ∆G = –RT × ln K
d
 (10)

( )ln d
G S HK

RT R RT
∆ ∆ ∆= − = −  (11)

Where R universal gas constant (8.314 × 10−3 kJ.(K mol)–1); 
T temperature, K; ∆H enthalpy variation, (kJ.mol–1); ∆G Gibbs 
free energy variation (kJ.mol–1); ∆S entropy variation 
(J.Kmol–1); K

d
 coefficient of adsorbate distribution (L.g–1).

The ln(K
d
) versus 1/T graph must be linear with the 

slope (–∆H/R) and intercepts the y-axis in (∆S/R), providing 
the values of ∆H, ∆S and ∆G. The variation of Gibbs free 
energy (∆G) is the fundamental criterion of spontaneity of 
the process. The given process only occurs spontaneously at 
a given temperature if ∆G < 0. This relationship is valid when 
the enthalpy variation remains constant in the considered 
temperature range.

3. Results

3.1. Adsorbent characterization

3.1.1. X-ray diffraction (XRD)

The diffractograms for natural, calcined and sodium 
saturated Bofe clay are presented in Figure 1. There were 
peaks relating to the montmorillonite (M) and quartz (Q), 

Figure 1. X-ray diffractograms of natural, calcined and sodium 
saturated clays.
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typical of this type of clay that has smectite as a predominant 
clay mineral17, moreover, these clays does not have a 
highly crystalline structure, since the peaks detected by the 
diffraction are not well-defined.

Heat and chemical treatment provided a modification 
in the clay structure, decreasing the intensity of the typical 
peak of montmorillonite (d001), indicating a possible 
distortion in the arrangement of tetrahedral and octahedral 
layers after these treatments. With the heat treatment there 
is a reduction in the basal spacing, whereas the chemical 
treatment increases this distance. The temperature causes 
thermal distortions of the crystalline structure, modifying 
thus the Bragg reflection standards. Dehydration and 
dehydroxylation occurring during calcination may be 
followed by cation movement within the octahedral 
sheet18-20. Structural and basal spacing changes caused by 
thermal treatment modify the hydration capacity of the 
clays, making them more stable in the presence of water, 
when compared to the natural sample. This enables it to be 
used in fixed bed columns, since it is a solution for natural 
clay expansion problems.

3.1.2. Morphology and qualitative chemical composition

The micrographs of natural, calcined and sodium 
saturated Bofe clays are shown in Figure 2. Comparing 
the micrographs, the particles have no defined format and 
present ripples that indicate stacking of the layers with much 
dispersed grains and variable dimensions, corroborating the 
information given by Santos20 for clays of this group. The 
morphology of the samples, regardless of the modification 
process, is very similar, without significant differences in the 
morphological structure after thermal or sodium treatment.

Chemical analysis from the energy-dispersive X-ray 
spectroscopy presented in Table 1 allowed evaluating 
qualitatively the components of the clays. There was a 
predominance of silicon and aluminum, base elements of 
the clays of smectite group, originating from the structure 
of the phyllosilicate. This clay is polycationic due to the 
presence of Ca2+, Mg2+ and Na+ cations on the natural 
clay, which is interesting for the adsorption process. After 
calcination, there was no significant change in the chemical 
composition of Bofe clay and the exchangeable cations were 
preserved. With sodium treatment, there was a reduction in 
the amount of Mg2+ and Ca2+ and an increase in Na+, due to 
ion exchange during process.

3.1.3. Particle density by He gas pycnometry

The real density values of natural, calcined and sodium 
saturated Bofe clays are presented in Table 2. Thermal 
and sodium treatments led to a slight reduction in real 
density of the clay. In the first case, due to dehydration 
and dehydroxylation caused by calcination, whereas in the 
second case, the replacement of Ca2+ and Mg2+ by Na+, an 
element with lower density and larger ionic radius, resulted 
in a decrease in the mass/volume ratio.

3.1.4. Thermogravimetric analysis

Figure 3 shows the thermogravimetric derivative 
curve samples of natural, calcined and sodium saturated 
Bofe clays. All clays have a region of water loss, volatile 

compounds, microorganisms and organic matter, around 
50 °C (P

1
). There are two types of losses: type I, water 

adsorbed with high mobility, being easily removed; and 
type II, hydration water around the exchangeable cations, 
whose presence depends on the number of hydrated cations 
in the interlayer space.Type II takes place in natural clays, 
with very hydratable cations such as Na+, K+ and Ca2+[21]. 
Dehydroxylation regions (P

2
) occur around 400 °C and 

480 °C. The range of structural hydroxyl loss for natural 
clay is in agreement with Santos20, i.e., 400 °C to 700 °C. 
Based on this analysis, the temperature of 500 °C was set 

Figure 2. (a) Natural, (b) calcined and (c) sodium saturated clays 
micrographs (500× magnification).
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for clay calcination in order to increase its stability for 
subsequent application in fixed bed adsorption column. For 
sodium-saturated clay, besides (P

1
) and (P

2
) losses, there was 

a new stage of weight loss (P
3
) regarding NaCl, interspersed 

in the clay structure during sodium treatment. This peak 
reaches about 800 °C, coinciding with the melting point of 
sodium chloride.

3.2. Determination of the adsorbent point of zero 
charge and metal chemical speciation

Figures 4 and 5 illustrate the charge variation for all 
clay samples and the ions Zn2+ speciation curve of the in 
aqueous solution with nitrate ions at 50 mg.L–1 determined 
using HYDRA.

The electrical charge of clay surfaces is dependent on 
pH. There is a particular pH value where the amounts of 
positive and negative electric charges are equal, this pH 
value is characteristic for each clay and called point of zero 
charge, pH

zpc
. The main surface functional groups in clays 

that generate loads are pH-dependent Si-DH groups and 
Al-DH. In Figure 4, the pH

ZPC
 value for calcined clay is close 

to pH 5.3, whereas for natural and sodium saturated clay is 
close to pH 6.0. This difference is because there are more 
hydroxyl groups on natural and sodium-saturated clays, 
while calcined clay underwent dehydroxylation. In order to 
maximize the removal of zinc ions from an aqueous solution, 
considering the ion behaves as a cation, it was defined that 
the adsorption process would be performed in a range of 
Ph > pH

ZPC
, and in these cases pH > 5.3 for calcined clay 

and pH > 6.0 for sodium saturated clay. However, taking 
into consideration the effect of Zn2+ precipitation under high 
pH values, a study of chemical speciation of these ions was 
carried out in relation to the pH.

In Figure 5, the metal species present in deionized water 
are in the forms of Zn2+, ZnDH+, Zn(D) and Zn(DH)

2(S)
. 

Within the pH range of 1.0-5.0, the solubility of the 
Zn(DH)

2(S)
 is high and therefore, the Zn2+ is the main species 

in the solution. Within the pH range of 5.0-9.0 the solubility 
of Zn(DH)

2(S)
 decreases and at pH 10.0, the solubility of 

Zn(DH)
2(S)

 is very low at this time, and the main species in 
the solution is Zn(DH)

2(S)
 and the fraction of ions Zn2+ in 

aqueous solution decreases.
Through the analysis of pH

ZPC
 (Figure 4) we should proceed 

the adsorption in a pH range > pHzpc, in these cases, pH > 5.3 
for the calcined clay and pH > 6.0 for sodium saturated clay. 

Table 1. Chemical analysis of natural, calcined and sodium 
saturated Bofe clays.

Components
(% mass)

Natural Calcined
Sodium 

saturated

Na 0.54 0.50 1.83

Mg 1.34 1.19 1.15

Al 7.43 6.84 7.25

Si 46.86 46.17 45.95

K 0.12* - -

Ca 0.44 0.58 0.12

Ti 0.42 0.53 0.47

Fe 3.58 3.32 3.52

Total 60.73 59.13 60.52
*≤ 2 sigma

Table 2. Real density of natural, calcined and sodium saturated 
Bofe clays.

Bofe Clay Real density (g.cm–3)

Natural 2.5024 ± 0.0038

Calcined 2.4866 ± 0.0031

Sodium saturated 2.3648 ± 0.0004
Figure 3. Thermogravimetric and its derivative curve for Bofe clay: 
(a) natural, (b) calcined and (c) sodium saturated clays.
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However, by the chemical speciation, at pH = 5.0 starts the 
precipitation of zinc. Thus, to ensure the adsorption process, 
the pH was set to 4.5 for all conditions studied.

The pH of the dispersion formed by natural, calcined 
and sodium saturated Bofe clays were measured, whereby 
1 g of clay was dispersed in 100 mL of deionized water. The 
results were pH 7.7, 4.3 and 7.9 for natural, calcined and 
sodium saturated clays, respectively.

The pH of the clay results in part from the nature of 
exchangeable ions present. According to the chemical 
composition obtained by EDS (Table 1), the exchangeable 
ions of Bofe clays are alkali metal cations and alkaline earth 
metals, which give an alkaline pH to the dispersions formed 
by natural clays. With calcination, no loss of cations, but 
dehydroxylation occurs, which provides an acid pH for the 
dispersion formed with the calcined clay.

3.3. Adsorption experiments

3.3.1. Adsorption kinetics

The Figure 6 shows the kinetic curves for the adsorption 
capacity for Zn2+ ions fitted to models of pseudo-first order 
and pseudo-second order by natural (a), calcined (b) and 

sodium saturated (c) Bofe clays. The intraparticle diffusion 
model was also fitted to the experimental data, however, it 
had no satisfactory results and the curves were not presented.

The parameters obtained from fitting of the pseudo-first, 
pseudo-second order and intraparticle diffusion models 
are listed in Table 3. The value of R2 demonstrates that the 
pseudo-second order model best fitted the experimental 
results compared to the pseudo-first order model for all 
the clays analyzed in this study. The kinetic model of 
pseudo-second order assumes that the limiting step of 
the process is chemisorption involving valence forces by 
sharing or exchanging electrons between the adsorbent 
and the metal22.

The capacity of Zn2+ removal on sodium saturated 
Bofe clay increases, whereas in calcined clay, it decreases 

Figure 4. Potentiometric titration of natural, calcined and sodium 
saturated clays.

Figure 5. speciation curve of the Zn2+ ion in aqueous solution with 
nitrate ions at differents concentrations determined through the 
HYDRA application

Figure 6. Kinetic curve for zinc adsorption fitted to pseudo-first-
order kinetic model and second-order kinetic model: (a) natural, 
(b) calcined and (c) sodium saturated clays.
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compared to natural Bofe clay (Table 3). However, the 
calcination of clay is necessary, since after this process the 
clay suffers dehydration and dehydroxylation, which cause 
changes in the structure so as it does not expand in water, 
making it favorable for the adsorption in fixed bed22. Dn 
the other hand, sodium treatment improved the adsorption 
capacity, easing the exchange of metal ions by sodium ions.

3.3.2. Adsorption equilibrium

The Figure 7 shows the adsorption isotherms of Zn2+ by 
calcined and sodium saturated Bofe clay fitted to models 
of Langmuir and Freundlich. The isotherms had a similar 
behavior, and both can be classified as favorable. Table 4 
quotes the parameters obtained by these adjustments.

Dbserving the R2 values in Table 4, the Langmuir model 
best fits the concentrations of Zn2+ adsorbed than Freundlich 
model. Similar results were found by Bhattacharyya and 
Gupta23 for the removal of heavy metals on montmorillonite. 
The values for Freundlich constant is 0.2-0.3 indicating 
that the adsorptive characteristics of calcined and 
sodium-saturated Bofe clays are good for zinc adsorption. 
The amount of metal adsorbed at equilibrium, adjusted by 
Langmuir model, was 0.13 mEq.g–1 and 0.24 mEq.g–1, for 

calcined and sodium saturated Bofe clays, respectively. 
The greater amount of metal adsorbed at equilibrium to the 
sodium saturated clay may be related to the phenomenon 
of ion exchange existing in this process, as with the use 
of NaCl is increased the number of cations Na+, which is 
more easily exchangeable by being monovalent, which are 
surrogate of zinc. Therefore, the model of pseudo-second 
order showed better agreement with the values obtained by 
Langmuir model.

To evaluate the affinity between adsorbate and 
adsorbent, the dimensionless separation factor (R

L
) was 

calculated, based on Langmuir constant b and the initial 
zinc concentration presented in Table 5. The values of R

L
 

for zinc adsorption on calcined and sodium saturated Bofe 
clays range between 0 and 1, characterizing a favorable 
adsorption, mainly for the highest initial concentrations 
of metal.

3.3.3. Thermodynamic study

The Figure 8 shows the isotherms of Zn2+ adsorption on 
calcined Bofe clays fitted with Langmuir models at 293 K, 
313 K, 323 K and 348 K. For all temperatures, the isotherms 
had the same behavior and are classified as favorable. 

Table 3. Zn2+ adsorption rate coefficients for pseudo-first-order and pseudo-second-order on Bofe clay.

Bofe clay Pseudo-first-order Pseudo-second-order

qm (mg.g–1) a1 (min–1) R2 qm (mg.g–1) a2 (g.mg–1.min–1) R2

natural 6,899 0.787 0.927 7.135 0.152 0.981

calcined 4.648 0.677 0.951 4.799 0.214 0.991

Sodium saturated 8.067 0.819 0.963 8.296 0.151 0.994

Table 4. Ion Zn2+ parameters obtained by fitting the model of Langmuir and Freundlich.

Bofe clay Langmuir Freundlich

qm (mg.g–1) b (L.mg–1) R2 kf (L.g–1) N R2

calcined 4.395 0.767 0.9822 18.663 0.213 0.9459

Sodium saturated 7.967 0.161 0.9817 17.909 0.276 0.9709

Figure 7. Adsorption isotherms adjusted to the models of Langmuir and Freundlich: (a) calcined and (b) sodium saturated clays.
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Negative values of ∆S suggest a reduced randomness in the 
solid-solution interface during the adsorption of Zn2+ on 
calcined Bofe clay. For all temperatures studied, the negative 
values of ∆G indicate that, thermodynamically, there was a 
decrease in Gibbs free energy confirming the viability of the 
adsorption process and that the clay-Zn2+ interactions took 
place spontaneously. Another aspect is that the variation of 
Gibbs free energy decreased with the temperature increase, 
pointing out that the adsorption process is more favorable at 
high temperatures. These results are in agreement with that 
obtained by Kubilay et al.6 in adsorption experiments for the 
removal of Zn2+ on bentonite clay between 293 and 353 K.

4. Conclusion
Calcined and sodium saturated Bofe clays presented an 

adequate capacity of Zn2+ adsorption in aqueous solution, 
under the studied conditions. The characterization evidenced 
the changes occurred in the clays after treatment. Although 
with less capacity for zinc removal, the calcined clay is 
more suitable to be employed in fixed bed column, due 
to the stability gained from the thermal treatment. The 
pseudo-second-order kinetic model best represented the 
mechanism of interactions involved during the adsorption. 
The experimental data at equilibrium satisfactorily fitted 
the Langmuir model. These results show that calcined and 
sodium-saturated Bofe clays may be used for elimination of 
Zn2+ through adsorption mechanisms and can replace other 
adsorbents more expensive, because of high availability, 
low cost, even after the treatments, and good adsorption 
properties.
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Table 7. Thermodynamic parameters of adsorption of Zn2+.

Langmuir model

T
(K)

kd

(L.g–1)
∆G

(J.mol–1)
∆H

(kJ.mol–1)
∆S 

(J.(Kmol)–1)

273 1.225 –460.87 –1.99 –5.13

298 1.286 –624.38

323 1.677 –1388.67

348 1.755 –1628.57

Table 5. Separation factor values (R
L
) for Zn2+ adsorption by 

Bofe clay.

Bofe calcined Bofe sodium saturated

C0 RL C0 RL

1.92 0.41 2.1 0.75

4.9 0.21 4.5 0.58

10.2 0.11 10.4 0.38

22 0.06 21.7 0.22

34.1 0.04 41 0.13

44.7 0.03 65 0.09

55.5 0.03 70 0.08

95 0.01 90 0.06

188 0.01 190 0.03

Table 6. Zn2+ ion parameters obtained by fitting the Langmuir model.

Langmuir model

T (K) qm (mg.g–1) b (L.mg–1) R2

273 3.716 0.549 0.9648

298 4.304 0.767 0.9822

323 5.098 0.548 0.9652

348 6.137 0.268 0.9715

Figure 8. Isotherms of Zn2+ adsorption on calcined Bofe clay fitted 
to Langmuir models at 293 K, 313 K, 323 K and 348 K.

Moreover, the maximum capacity adsorbed increases with 
the increase of the temperature of the process, indicating 
that the energy increase favors the removal of zinc on the 
clay surface, and this can be attributed to the fact that by 
increasing temperature of the solution, the mobility of 
molecules also increases and, therefore, easing the diffusion 
of Zn2+ in the clay. Kubilay et al.6 performed experiments 
of zinc adsorption on bentonite clay and observed the 
same trend, i.e., as the temperature increases, the amount 
of adsorbed ion also increases. Table 6 lists the parameters 
obtained from these adjustments.

To verify the effect of temperature on zinc adsorption 
by calcined Bofe clay, the thermodynamic parameters 
enthalpy (∆H), entropy (∆S) and Gibbs free energy (∆G) 
were calculated and presented in Table 7.

The negative value and the value lower than 40 kJ.mol–1 
of ∆H indicate that Zn2+ adsorption on calcined Bofe clay 
is an isothermal process throughout the temperature range 
studied and of physical nature (physisorption), with weak 
Van der Waals bonds between Zn2+ and clay (Table 7). 
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