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statistical analysis, equilibrium isotherms, and adsorption Kinetics
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Abstract

In this work, natural and thermally modified Chocolate B clays were used for batch adsorption of Pb* and Zn?>* from an aqueous
solution. The materials were characterized by X-ray diffraction, X-ray fluorescence spectroscopy, nitrogen adsorption, and cation
exchange capacity. The tests were performed in a finite bath following a 2? factorial design, with the variables: pH and initial
concentrations of metal. Results revealed that the thermal treatment caused alterations on the Chocolate B clay structure and
decreased the specific surface area. Affinities between Pb** or Zn** and Chocolate B clay were found with adsorption capacities up
to 3.36 and 3.72 mg.g"!, respectively. The maximum adsorption capacities were 6.79 mg.g"' for Pb** and 3.35 mg.g"' for Zn>* using
thermally activated clay. The Langmuir and Freundlich models were used for the adsorption equilibrium analysis, and the Langmuir
model provided the best fit for sorption isotherms. The adsorption kinetics was evaluated by two models: pseudo-first-order and
pseudo-second-order. The pseudo-first-order kinetic model represented well the mechanism of interaction involved during Pb**
adsorption into the pores of the clay. However, the two models represented well the mechanism of interaction of Zn*" adsorption

into the pores of the clay.
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INTRODUCTION

Mining, smelting, and metal industry for manufacturing
alloys are important economic activities. However, mining-
related industries are also some of the largest sources
of environmental pollution from heavy metals. Thus,
in accordance with economic growth, the mining and
processing of these metals have markedly increased during
the last decades. Lead and zinc are important metals used in
industrial activities. A large amount of lead, zinc, and related
elements, such as cadmium, have been released into the
environment due to mineral processing activities and have
impacted water resources, soil, vegetables, and crops. In
some areas, this pollution is hazardous to human health [1-
4]. Mining and batteries are the main sources of heavy metal
(Pb and Zn) contamination [3, 4]. Heavy metals are not
biodegradable nor chemically destroyed, but must be treated
before being discharged into the environment [5]. Several
different procedures for removing metals from wastewater
have been developed, such as chemical precipitation, ion
exchange, and adsorption, among others. However, the high
cost associated with most of these methods has become a
limiting factor in its utilization [6].

Today, adsorption has become a promising choice for
the treatment of heavy metals from wastewater. Adsorption
is a solid-liquid mass transfer operation, where the heavy
metal (adsorbate) is migrated from the wastewater to a
solid surface (adsorbent) and then bonded to the adsorbent
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surface, due to chemical or physical adsorption [7]. This
process is a greener and more sustainable alternative
to other conventional technologies. The major benefits
associated with adsorption are cost-effectiveness, high
efficiency, regeneration of the adsorbent, low consumption
of reagents, and the possibility of metal recovery [8]. Several
alternative adsorptive materials have emerged, in the search
to remove contaminants as efficiently as possible. Some
reported adsorbents include: TiO, nanoparticles modified
with poly(amidoamine) dendrimer [9], amino-functional
poly(propylene imine) (PPI, G5) dendrimer linked silica
(PP1/SiO,) [10], poly(amidoamine) (PAMAM) dendrimers
(generation 4: G4) [11], Fe,O, magnetic nanoparticles [12],
nanoparticles [13], and ZIF-8 [14]. The use of clay to remove
the heavy metals present in effluents has been studied by
various authors due to its economic advantages [15-18].
Clay materials, therefore, have important advantages when
compared with other conventional adsorbents (zeolite, active
coal, resins), which include: higher adsorption capacity, low
cost, non-toxicity, high potential for ion exchange, high
availability, and high specific surface area [19]. Clays and
their minerals are abundant and cheap materials successfully
used for decades as an adsorbent for removing toxic heavy
metals from aqueous solutions [20, 21]. According to some
studies [22, 23], the thermally modified clays are efficient for
removing metal ions from the aqueous medium. Since water
cleaning is one of the significant challenges worldwide,
the use of cheap, eco-friendly, and local materials could be
critical to improving water quality in the future.

Therefore, the objective of the present work was to
thermally activate and characterize the Chocolate B clay
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and then determine the potential for removing Pb** and Zn**
from an aqueous stream by sorption, analyzing the initial
concentration and pH. Percentage of removal and removal
capacity responses were examined, as well as the best
settings for observing Langmuir and Freundlich isothermal
models. Kinetic adsorption models were used to analyze
kinetics. The present work represents a valuable platform for
the development of material preparation (thermally activate
clay) for future application of the adsorbent in pellets, that
would be mechanically more resistant or avoid the possible
flooding of the treatment columns due to the particle size of
the materials.

MATERIALS AND METHODS

Adsorbent: Chocolate B clay from Boa Vista, in the State
of Paraiba, Brazil, was provided by Bentonisa - Bentonite
Nordeste. Clay was sieved using a Brazilian ABNT standard
mesh 200 (0.074 mm) sieve. Then the sieved clay was
thermally treated using a temperature-controlled muffle
furnace. The sample was submitted to the following heat
treatment: heating from room temperature until 500 °C
with a controlled heating rate of 5 °C.min"' and then 24 h of
soaking time. The thermal treatment of the clay was carried
out in order to increase its material stability, eliminate some
impurities and ion exchange capacity [24]. The thermal
treatment temperature and time were defined from the
results of the thermogravimetry [25].

Characterization: Chocolate B clays, natural and
thermally modified at 500 °C, were analyzed using a
diffractometer (XRD 6000m, Shimadzu) with copper Ka
radiation, operated at 30 mA and 40 kV, a goniometer
velocity of 2 °/min and a step of 0.02° in the 26 scanning
range from 2° to 50°. The chemical composition was
determined using X-ray fluorescence spectroscopy (XRF)
with an energy dispersion spectrophotometer (EDX-
700X-ray, Shimadzu). Nitrogen adsorption: the textural
characteristics of the analyzed samples were investigated
using isothermal gas adsorption/desorption of N, at 77 K
(ASAP 2020, Micromeritics). The cation exchange capacity
(CEC) was determined using the Kjeldahl method [26] with
a Kjeldahl distiller (MA-036 Plus, Marconi).

Factorial experiment design: the combined effect of
initial metal concentration and pH (natural and thermally
activated Chocolate B clays) was investigated by a statistical
experimental design (22 factorial design). pH plays an
important role in the process of adsorption of heavy metal
cations by clay minerals as it affects the behavior of heavy
metal cations [27].Chen et al. [28] reported an abrupt increase
in sorption rate from 35% to 80% with an increase of pH
from 2 to 4. An even better adsorption rate was observed as
pH increased from 4 to 8, after which it became constant. A
similar trend was observed by others [29-31]. The effect of
initial pH on the removal of Pb?* and Zn?* ions was studied
using an initial concentration of 10, 30, and 50 mg.L"' for
two metals and adjusting the pH of the solutions to 3.0, 4.0,
and 5.0. These values were selected based on previous works

[24, 32]. This was made to determine whether there was a
significant effect from concentration and pH, as well as from
the interactions between these factors through analysis of
variance (ANOVA) using Minitab 19.0 software [33].

Batch adsorption studies: heavy metal adsorption kinetics
and isotherms were determined from batch experiments with
constant stirring [34]. The adsorption rate of clay minerals
gradually increases with increasing contact time then remains
constant until equilibrium is attained. Most authors reported
a time of 1-5 h for the adsorption process in the laboratory
[35-38], although a few researchers [38] achieved complete
uptake of the heavy metal species after 6 h contact time.
Based on reports from the literature, the ideal temperature
for adsorption of heavy metals is the room temperature,
though slightly lower or higher temperatures ranging from
22 to 29 °C may still be ideal [38, 39]. The lead and zinc
sources used in this work were lead nitrate [Pb(NO,),.6H,0]
or zinc nitrate hexahydrate [Zn(NO,),.6H,0], both from
Vetec Quimica. These reagents were dissolved in deionized
water to prepare lead and zinc solutions with different initial
concentrations (10, 30, and 50 mg.L"). These solutions (50
mL) were put in contact with 0.5 g of clay in Erlenmeyer
flasks and pH of 3, 4, and 5. The contents were mixed on a
shaking table (Braun Certomat MO, Biotech Int.) at 200 rpm
(25 °C) for 5 h. The pH of the solutions was measured at the
beginning and the end of each experiment and was adjusted
when needed to avoid causing the chemical precipitation of
metal species. After 5 h, the supernatants were sampled to
determine the Zn(II) concentration and Pb(II) concentration
using an atomic absorption spectrometer (AA Analyst 200,
Perkin Elmer). The adsorption capacity of heavy metal at
equilibrium (qeq) was calculated by:

\%
4= (C,-C) (A)
where C, is the initial concentration (mg.L"), ch is the final
concentration (mg.L!), q,, is the removal capacity of the
heavy metal at equilibrium (mg of metal/g of adsorbent), V
is the solution volume (mL), and m is the adsorbent mass (g).

Equilibrium studies: adsorption isotherms: to obtain the
equilibrium isotherms, 100 mL of solutions with different
lead or zinc initial concentrations (50-160 mg.L'") were
mixed with 1.0 g of clay under 200 rpm stirring rate for 5 h
with pH maintained at 5.0 and temperature of 25 °C. Kinetics
studies: the adsorption kinetics tests were carried using a
finite bath system with a concentration of 50 mg.L' and a pH
of 5.0. The tests consisted of three 2000 mL capacity beakers
containing 1000 mL of solutions at a constant temperature
of 25 °C under constant stirring, with a mixture at a ratio of
1/100 of clay mass/volume solution of lead nitrate or zinc
nitrate. Aliquots from the solution were collected at different
time intervals between 1 and 70 min, taking care that the
withdrawn volume did not exceed 8% of the total volume.

RESULTS AND DISCUSSION

Clay properties: the X-ray diffraction (XRD) patterns
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of the natural and thermally activated Chocolate B clay
samples are presented in Fig. 1. The X-ray diffractogram
of the natural Chocolate B clay (Fig. 1a) showed peaks
characteristic of smectite clay (peak corresponding to
an interplanar spacing, d,, of 15.60 A), the main clay
minerals being smectite with the presence of some
kaolinite and quartz [40, 41]. A low amount of kaolinite
was detected at 4.57 A. The diffractogram indicated a
predominance of peaks for quartz as a clay impurity from
434 to 3.44 A, confirming a substantial amount of silica
in the clay [42]. The most common method to physically
modify a ceramic material is through thermal treatment.
The structure and composition of clay minerals can
be modified by heating at high temperatures [43]. On
heating, all clay minerals pass through a temperature
range in which they are dehydrated to various degrees. In
the upper region of this temperature range, dehydration
and dehydroxylation may overlap. Dehydration causes
changes that can be controlled and utilized [44]. As
presented in Fig. 1b, the peak equivalent to the clay
mineral smectite decreased in intensity after heating
from 25 to 500 °C. The peak position of the smectite
shifted to the right, and the d value decreased from 1.56
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Figure 1: XRD patterns of natural (a) and thermally activated
(500 °C) (b) Chocolate B clay samples.

Table I - Chemical composition (wt%) of the samples.

to 0.96 nm after thermal treatment. This result indicated
a partial breakdown of the crystalline structure [45].

Table I presents the results from the X-ray fluorescence
spectroscopy (XRF). The analysis seeks to identify the
chemical constituents present in the sample in the form of
oxides. It was clear that the Chocolate B clay was composed
primarily of oxides of silicon, aluminum, and iron, from the
presence of the clay minerals quartz, kaolinite, and smectite,
respectively. The presence of a significant amount of Al,O,
in the sample (14.9%) was mostly Al that is combined in
the structure with an exchangeable cation derived from the
clay minerals in the samples [39]. The presence of Al and
Si oxides as the principal components indicates that the
material is aluminosilicate [46]. Fe,O, was also found in
significant amounts in Chocolate B clay, showing the clay
was rich in iron. Oxides of calcium and magnesium were
found in the clay at contents below 2%. Magnesium and
calcium present in the sample are generally in the form of
oxides as exchangeable cations [47, 48]. These chemical
elements contribute to the high cation exchange capacity of
the clay [46]. Comparing the composition of both samples,
only slight differences were observed. Thus, the thermal
treatment did not significantly alter the composition of the
Chocolate B clay thermally activated at 500 °C.

Table II shows the results of surface area and volume of
micropores and mesopores of the Chocolate B clay samples.
Chocolate B clay had a specific surface area (S,,,) of 82
m?.g', a value typical of Brazilian smectite clays [49]. This
value was similar to the value obtained for Brasgel clay,
which was 73 m?.g"' [50]. The surface area also affects the
ion exchange capacity of the material, because the higher the
specific surface area, the greater the number of sites on the
surface of the material and, consequently, the higher its ion
exchange capacity [51]. The thermal activation of Brasgel
clay in a range of 100 to 500 °C was studied. Values of 73
m?.g" were found for raw Brasgel and 75 m?.g! for calcined
Brasgel (300 °C) [41]. Thermally activated Chocolate B clay
had an S, of 59 m*>.g"'. Moreover, the specific surface area
results revealed that there was a slight decrease from the
natural clay to the thermally activated clay. The difference
could be attributed to the loss of structural water.

Fig. 2 shows the N, adsorption isotherms of natural and
thermally activated Chocolate B clays. They show the classic

Chocolate B clay SiO, ALO, Fe,O, CaO MgO Impurities
Natural 69 4 149 9.1 2.0 1.7 29
Thermally activated 68.2 13.8 8.9 1.9 1.8 2.7
Table II - Textural analysis of the samples.
Chocolate B clay Sppp (Mg mictopores (cm3.g™h) melDores (cm3.gh)
Natural 82 00124 0.0559
Thermally activated 500 °C 59 0.0097 0.0387
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shape of a type II adsorption isotherm, characteristic of the
formation of multiple layers of adsorbed molecules on the
solid surface. This type of sigmoid isotherm is often found
for solid or non-porous materials where pores are larger
than micropore size, which explains the low micropore
volume values [52]. Under low pressure (P/P =0 to 0.2), the
adsorption occurs on the outer surface of the particles and
surface micropores, if such pores (diameter 0-2 nm) exist.
At higher relative pressure (0.4<P/P <0.95), the second and
third adsorption layer is accompanied by condensation in
mesopores (4-40 nm). Finally, at relative pressure >0.95,
condensation in macropores (40 nm) occurs [53].

70
a)

0.2 0.4 0.6 0.8 1.0
P/P

b)

0 . . . . .
0.0 0.2 0.4 0.6 0.8 1.0
PIP

Figure 2: The adsorption and desorption isotherms of N, at
liquid nitrogen of natural (a) and thermally activated (500 °C)
(b) Chocolate B clay.

Determining the cation exchange capacity is useful for
montmorillonites, vermiculite, and for other groups of clay
minerals, alone or mixed with inert minerals, because it can
uniquely identify the type of material present [40]. Cation
exchange capacity (CEC) and specific surface area (SSA)
are important properties of clay minerals that determine
their adsorption capability. CEC is the total negative charges

present in the clay which can attract and hold heavy metal
cations [53]. The CEC for Chocolate B clay was 76 meq/100
g of clay, which is within the limits that pertain to the group
of smectites, according to the literature [48, 54], and the CEC
for thermally activated Chocolate B clay was 52 meq/100 g
of clay.

Evaluation of the potential of Chocolate B clay for
removing Pb>" and Zn** using a batch system: the removal
amount increased as the initial metal concentration was
increased until the available adsorption sites became
saturated [55]. The pH of the aqueous solution is considered
an important variable that controls cationic adsorption
onto the clay surface. This is due to the change in clay
surface properties and the metal species with increased pH
[56]. Table III lists results from the experimental design
22+3 center points for natural Chocolate B clay. The best
adsorption capacity results were obtained in test 4 for the
two metals studied, 3.36 and 3.72 mg.g"!' for lead and zinc,
respectively. The best results for adsorption capacity (qeq)
were observed in the experiments with a pH of 5.0. In this
pH range (3.0-5.0), the effect of precipitation of metals (Pb**,
Zn**) in the form of hydroxides is reduced, and potential
removal takes place by adsorption [57, 58]. The increased
capacity for heavy metals when the pH increases may be
attributed to the exchange adsorption of hydrolyzed species
that compete for exchange sites with H* [59, 60].

Table IIT - Results from the experimental design 2*+3 center
points for natural and thermally activated Chocolate B clays
(experimental conditions: initial concentration of 50 mg/L
and pH 5.0).

i q,, (mg/g)

Variables qeqﬂgﬁ%ﬁ’? - thlermally

Test activated
(m(g:,}L) pH Pb*  Zn* Pb* Zn*

10 3 0.44 0.60 0.52 0.39
50 3 3.33 2.83 4.19 1.69
10 5 0.49 0.73 0.85 0.71
50 5 3.36 3.72 6.79 335
30 4 2.07 2.07 3.22 1.82
30 4 2.05 2.01 3.29 1.72

4

30 2.06 2.04 3.08 1.87

~N O L AW N =

The main and interaction effects were evaluated
considering a statistical significance at 95% confidence level
[61]. The adsorption capacity models of lead and zinc and
regression equations for natural clay are, respectively:

Q. = -0.3650+0.07300Ci+
0.02750pH-0.000250Ci*pH+0.15500PtCt (B)

q,, 5, = 0.133+0.02725Ci-0.0300pH+
0.009500Ci*pH+0.0700P(Ct ©)
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Table IV - Results of analysis of variance (ANOVA) for the statistic model obtained for adsorption capacity onto natural and

thermally activated Chocolate B clay.

Natural Chocolate B clay Thermally activated Chocolate B clay
qeq _ Pb2+ qeq _ ZI]2+ qeq _ Pb2+ qeq _ ZnZ+
Source  df R=10000%;R?,=9999% R*=99.98%;R* =9993% R=9991%;R% =99.74% R=99.19%; R’ ;=99.36%
Sumof Mean Sumof Mean Sumof Mean Sumof Mean
squares square p-value squares  square p-value squares square squares  square p-value
;\f/f[:;?s 2 829 414 0000 707 354 0000 2523 1261 0001 4.86 243 0004
Interaction 1 000 000 0000 0.14 0.14 0006 129 129 0009 045 045 0013
Curvature 1 004 004 0002 001 001 0093 002 002 0313 012 012 004
Pueerror 2 000 0.00 - 0002 0002 - 002 001 - 001 001 -
Total 6 833 - - 723 - - 2656 - - 544 - -

The models indicated that the system was strongly
dependent on pH, contributing positively to the capacity
of heavy metals. Table IV lists results of analysis of
variance (ANOVA) for the statistic model obtained for
adsorption capacity onto natural Chocolate B clay. The
adjusted correlation coefficient was R*=99.99% for Pb** and
R?=99.93% for Zn** indicating that model equations were
satisfactory.

For modified clay, the best results were obtained in assays
carried out under higher heavy metal concentrations, the best
result being again that of test 4, with the removal of 6.79 mg
of Pb?*/g of clay and 3.35 mg of Zn**/g of clay. From these
results, there was a greater affinity of modified Chocolate B
clay with lead metal in relation to zinc metal (Table III). It
can also be observed that experiments 1 and 2 showed the
lowest removal potentials, due to the chosen pH (3), because,
according to Inglezakis et al. [62], the more acidic the
solution, the greater is the competition between the H* ions
and the ions of the transition metals to be adsorbed, which
makes their adsorption difficult. The main and interaction
effects were evaluated considering a statistical significance
at a 95% confidence level [61]. For the adsorption capacity,
the initial concentration had a strong influence, with the best
results occurring (qeq) for the highest concentration level
(C,=50 mg.L"), with little influence from the pH. It appears
that the statistical data, therefore, corroborated the results of
the experimental design for the adsorption capacity of Pb*
and Zn*". The adsorption capacity models of lead and zinc
and regression equations for modified clay are, respectively:

G,y = -0.041+0.0066C,-0.1188pH+

0.02838C,pH~+0.1092PtCt (D)
Qs = 0.088-0.01775C,-0.0075pH+
0.01675C pH+0.2683PtCt (E)

The models indicated that the system was strongly
dependent on pH, contributing positively to the capacity of
heavy metal (Table IV lists ANOVA for the statistic model

obtained for adsorption capacity onto thermally activated
Chocolate B clay). The adjusted correlation coefficients
were R?=99.74% for Pb** and R*=99.36% for Zn** indicating
that model equations were satisfactory. The chemical
composition of Chocolate B clay was not modified by
thermal activation, but the cation exchange capacity (CEC)
and the specific surface area were reduced. Therefore,
Chocolate B clay was selected for the equilibrium and the
kinetic studies. Adsorption by various materials is often
studied as a potential tool for the purification of water and
industrial effluents. In general, works in this field report
experimental results about the adsorption capacity of solutes
at equilibrium, and about the kinetics of adsorption. The
data are then described using various models or empirical
formulas. Freundlich and Langmuir isotherms were selected
because they are classic models in the literature.
Adsorption  isotherms: the equilibrium isotherm
represents the distribution of the adsorbed material between
the adsorbed phase and the solution phase at equilibrium.
The adsorption equilibrium isotherms are some of the most
important data because they help clarify the mechanism of
the adsorption process. The affinity between the amount of
ions adsorbed on the clay and its equilibrium concentration
in an aqueous solution was evaluated using the Langmuir
model and Freundlich isotherms. The Langmuir model is
suitable for characterizing the monolayer adsorption with the
basic assumption that the adsorption occurs at specific sites
and that the adsorbent is homogeneous [63]. The Freundlich
isotherm, on the other hand, applies generally to non-specific
adsorption systems with heterogeneous surfaces where
multilayer adsorption can occur [64]. The mathematical

expression representing the Langmuir isotherm is given by
q,C,
g™ K, +C, ()

where ¢, is the maximum amount of adsorption with
complete monolayer coverage on the adsorbent surface
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(mg.g"), and K, is the Langmuir constant related to the
energy of adsorption (L.mg™"). Eq. G shows the Freundlich
isotherm model:

q, =K.C" G)

where K and n are the Freundlich adsorption-isotherm
constants, indicating the extent of adsorption and the
degree of nonlinearity between solution concentration
and adsorption.

The non-linear models of Langmuir and Freundlich
were fitted to the experimental equilibrium data, and
the results are shown in Fig. 3. It can be seen that the
equilibrium data for Chocolate B clay in the adsorption
of metals Pb*" and Zn** were adjusted for both Langmuir
and Freundlich, which is consistent with the observation
made by others [65]. The parameters obtained for the
non-linear Langmuir-Freundlich equations are shown in
Table V. Compared to some other adsorbents, such as
Bofe clay with a q_of 4.39 mg.g"' [66], and a lateritic
clay with a q_ of 5.60 mg.g' [67], both for heavy
metals adsorption from aqueous solution, the values for
maximum adsorption capacity for Zn*" obtained in this
study were superior. Table V shows the calculated values
of the Langmuir and Freundlich model parameters. The
Langmuir adsorption maxima q_ were determined to be
19.85 and 12.64 mg/g for Pb** and Zn*', respectively.
Mellah and Chegrouche [68] used natural bentonite
for the elimination of Zn(II) from an aqueous solution.

12

10

—Langmuir
--- Freundlich

d,, (mg.g”)

0 10 20 30 40 50 60
-
C, (mg.L")

The process was favored by high values of initial
Zn(II) concentration and reduced particle size of clay
adsorbent. It was also observed that process performance
was strongly dependent on the agitation speed.

Kinetic studies: to determine the kinetics of the
adsorption process, there are several models determining
the adsorption kinetics. In this study, the data were
adjusted to the pseudo-second-order [69, 70]. From
the results, it was found that the Pb?>* and Zn>* sorption
rates were relatively fast for the first 10 min. Following
this stage, a slow adsorption process took place and
the equilibrium was then attained at approximately
30 min. Diffusional restrictions are very important in
these processes. One or more mechanistic steps may
be involved: 1) external mass transport, 2) diffusional
mass transfer within the internal structure of the
adsorbent particle, and 3) adsorption at sites located
at the surface. The first step is not rate-limiting since
the effect of transport in the solution can be eliminated
by efficient mixing. The second step must be reduced
in clay minerals, because these materials expand in the
presence of large amounts of water, promoting complete
separation of the unit layers. Adsorption rate prediction
provides information for selecting optimal operating
conditions in large-scale batch processes. To investigate
the mechanism of adsorption kinetics, we used the
pseudo-first-order and pseudo-second-order models
developed by Ho and McKay [71, 72]. The pseudo-first-
order model is represented by the equation rearranged to

6] b

44 . R Freundlich
& Langmuir

; . —

0 10 20 30 40 50 60
-1

C, (mg.L")

Figure 3: Adsorption isotherms of Pb** (a) and Zn?* (b) using Chocolate B clay and non-linear adjustments: Langmuir and

Freundlich.

Table V - Isothermal parameters of non-linear adjustments of Langmuir and Freundlich.

Langmuir parameters

Freundlich parameters

Metal q (mgg') K, (Lmg") R? K, (gL") n R2
Pb> 19.85 0.0352 0.989 1376 1729 0.975
In? 12.64 00181 0.994 0.466 1524 0967
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the linear form:
q,= q, [1-exp(k 0] (H)

The model of the pseudo-second-order according to Ho
and McKay [73] is given by:

t_ 1 +i ¢ K)
qt k2 qe%] qeq

where q,, is the amount of heavy metal adsorbed at
equilibrium (mg.g"), q, is the amount of heavy metal

— Pseudo-first order

---Pseudo-second order

1—- a)

0 L e e A A S A B
0 10 20 30 40 50 60 70 80

t (min)

adsorbed at any given time (mg.g"'), k, and k,, respectively,
are the equilibrium rate constants of pseudo-first-order
adsorption (min') and pseudo-second-order adsorption
(g.mg'.min"), t is the time (min), and 1<2q2eq is the initial
adsorption rate when t—0.

The experimental data adjusted to the first- and second-
order models are presented in Fig. 4. The adsorption speed
was seen to be high at the beginning of the process for
the two metals, reaching equilibrium in approximately 10
min for the two systems. This rapid adsorption is probably
due to a large number of adsorption sites available on the

4 ]
i — Pseudo-first order
|
—_ 3- --- Pseudo-second order
fe
o |
o |
i
|
E
o
1]
0 T T T T T T

0O 10 20 30 40 50 60 70 80
t (min)

Figure 4: Adsorption kinetics of Pb** (a) and Zn** (b) onto Chocolate B clay and non-linear fits: pseudo-first-order and pseudo-

second-order.

Table VI - Kinetic parameters of pseudo-first-order and pseudo-second-order models.

Pseudo-first order

Pseudo-second order

Metal 1 in-1 1 1 in-1 2
d., (mg.gh) K1 (min™) q., (mg.g?) K2 (g.mg'.min") R
Pb** 5.83 0.537 0.704 6.21 0.128 0.593
Zn* 4.00 1.826 0.999 4.02 6.348 0.999
Table VII - Heavy metal removal data by sorption using different adsorbents.
Sorbent Heavy metal Parameters q,, (mg/g) Ref.
Pb* 3.36 )
Chocolate B clay C, (10,30, 50 mg.L'"), pH (3.0,4.0,5.0) This work
Zn?* 3.72
Mechanical agitation (100 to 200 rpm), pH (6.0
2+
Gray clay Zn t08.0), C, (10 to 50 mg L") 437 [35]
Chocobofe clay Pb** C, (10,30,50 mg.L"), pH (3.0,4.0, 5.0) 3.36 [50]
Pb** 7.80
Natural zeolite Ni C,=20 mg.L'!, pH=7.5 5.40 [75]
Cu* 1.40
Brasgel clay Cd* C, (10,30,50 mg.L"), pH (3.0,4.0, 5.0) 2.63 [76]
Activated carbon Cu* C,=100 to 500 mg.L"', pH=5.0, T=30 °C 4.00 [77]
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clay surface. The kinetic experiment clearly indicated that
adsorption of heavy metals (Pb** and Zn?) by Chocolate B
clay was a process that happened in two steps: very rapid
adsorption of heavy metal ions on the external surface was
followed by a slower intraparticle diffusion into the interior
of the adsorbent. This two-stage metal ion uptake can also
be explained as adsorption occurring on two different types
of binding sites on the adsorbent particles. Rapid kinetics
has significant practical implications, as it facilitates the
use of smaller reactor volumes, ensuring high efficiency
and economy [24, 74]. As shown in Fig. 4a, the pseudo-
first-order model fitted the experimental data better than
the pseudo-second-order kinetic model for the Chocolate
B clay (Pb**). The correlation coefficient R? value for the
pseudo-second-order model (0.704) was greater than that
of the pseudo-first-order model. Fig. 4b shows the good fit
of the models proposed by Sprynskyy et al. [75], with R?
values of 0.999 and 0.999 for Chocolate B clay (Zn**). The
calculated kinetic parameters for the pseudo-first-order and
pseudo-second-order models of Pb* and Zn?* on Chocolate
B clay, with an initial concentration of 50 mg.g!, are listed
in Table VI. The second-order behavior indicated that the
process was essentially controlled by the diffusion of zinc
species into pores, which exemplifies that second-order
kinetic models can be successfully used in order to describe
interactions that take place during metal adsorption into the
clay pores [35].

Adsorption capacities of Zn** and Pb** for the adsorbent
used in the present work were compared with those of other
adsorbents reported in the literature (Table VII). Based on
the removal of heavy metals, the Chocolate B clay was
efficient, with values of q, of 3.36 mg.g"!' for Pb** and 3.72
mg.g"' for Zn**. Similar results were found elsewhere [35, 50,
75-77]. Although traditional adsorbents such as zeolites and
activated carbon present higher q  values, we can affirm that
Chocolate B clay has a reasonable adsorption capacity. The
use of clays as adsorbents has advantages over many other
commercially available adsorbents (in this case, zeolite and
activated carbon) in terms of low cost, abundant availability,
high specific surface area, excellent adsorption properties,
non-toxic nature, and large potential for ion exchange.

CONCLUSIONS

The chemical composition of Chocolate B clay was not
modified by thermal activation, but the cation exchange
capacity (CEC) was reduced. The N, physisorption isotherms
obtained can be classified as type II or BET, characteristic
of multilayered formation composed of adsorbed molecules
on the solid surface, typical of non-porous solids or pores
greater than the micropores. Thermal activation caused the
reduction of the surface area. Both natural and thermally
activated Chocolate B clays possessed a high affinity for
the two heavy metals (Pb*" and Zn*"). The effects of process
parameters such as pH and initial concentration were
studied. The most significant effect was found to be pH. This
work presented an equilibrium study of the adsorption of

Pb* and Zn** in the Chocolate B clay, which is important to
comprehend and analyze the entire process. The Langmuir
isotherm model provided the best fit for the experimental
adsorption data for Pb** and Zn** ions. Kinetic models of
pseudo-first-order and pseudo-second-order were fitted to
experimental data. For the Chocolate B clay system with
Zn**, the two models fitted well, but for the Chocolate B clay
system with Pb**, the pseudo-first-order model fitted better.
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