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Abstract: A natural clay was used as low-cost adsorbent for simultaneous removal of Ni(ll) ions and methylene blue (MB) dye
from an aqueous solution. FTIR, XRD and SEM analysis were used to characterize the adsorbent. Batch adsorption
methodology was used to evaluate the effect of solution pH, initial pollutants concentration and contact time on adsorption
performance.The equilibrium isotherm data was analyzed using the Langmuir, Freundlich, Temkin and Dubinin—Radushkevich
(D-R) isotherm model. The Freundlich isotherm model provided the best fit to the experimental data for both pollutants as
indicated by the values of the regression coefficient. The kinetic data was analyzed using pseudo-first order, pseudo-second
order, Elovich equation and intraparticle diffusion rate equation. The pseudo-second-order model was found to explain the
adsorption kinetics most effectively to the experimental data for both pollutants. The presence of intraparticle diffusion
mechanism was indicated, although it was not the sole rate determining step. It was concluded that natural clay is an
effective adsorbent for removal for simultaneous removal of Ni(ll) ions and methylene blue (MB) dye from aqueous solution.
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1. Introduction

Natural water is polluted especially by industrial
effluents loaded with many toxic chemical products
discharged directly into the rivers, and on the earth
ground [1]. This is a serious problem because heavy
metals and organics dyes at high concentrations are toxic
to aquatic ecosystems causing harmful effects to living
organisms, plants and humans [2]. MB are widely used in
the textile and dyestuff industries. These dyes are very
toxic and even carcinogenic and this poses a serious
hazard to aquatic living organisms. The effluents from
different industries contain various dyes and are typically
of high organic contents and color strength. Colored
effluents decrease the transparency of water, influence
photosynthesis activity, and raise the chemical oxygen
demand, which hinders microbial activities of submerged
organisms. High concentrations of nickel in the human’s
organism can cause health problems such as heart and
liver damages, skin irritation, headache, dermatitis and
nasal cancer [3,4]. Therefore, the removal of these two
types of pollutants from industrial wastewaters is
required before discharge into receiving waters in order
to avoid these complications [5].

Techniques such as membrane filtration, reverse
osmosis chemical precipitation, ion exchange,
evaporation, solvent extraction, ion exchange and
electrochemical treatment, have been employed
severally to eliminate these harmful toxins from
wastewater. However, most of these processes are
expensive, complicated, ineffective at low metal
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concentrations and inapplicable to a wide range of
pollutants [6]. The adsorption technique has been found
to be one of the most effective for the removal of
pollutants from solution [7].

A lot of researches were carried out for the removal
of single pollutants from synthetic solution using various
adsorbents [8, 9]. Since, single hazardous pollutant rarely
exists alone in the industrial effluents, the adsorption
behavior of each pollutant was the result of competition
between various pollutants present in the system.

The selection of an adsorbent depends favorably on
certain factors which are use of operation, material cost,
adsorption capacity, reuse potential and its ability to be
regenerated after use [10]. A variety of adsorbents,
including clays, zeolites, dried plant parts, agricultural
waste biomass, biopolymers, metal oxides, micro-
organisms, sewage sludge, fly ash and activated carbon
have been used for pollutants removal. Clay minerals are
important constituents of soil and they play the role of a
natural scavenger for metals as water flows over soils or
penetrate underground [11]. Smectite family has unique
characteristics such as large specific surface area, high
cation exchange capacity (CEC), low-cost, wide-spread
availability, chemical and mechanical stability, layered
structure, Bronsted and Lewis acidity, etc., have made
the clay minerals excellent materials for adsorption [12].

The main objective of this study is the use of the
smectite clay as a low-cost adsorbent for Ni(ll) ions and
MB from aqueous solution. This is to minimize the
problem of high cost involved in the treatment of
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industrial wastewaters. The clay was used without
chemical modification in order to keep the process cost
low. The effect of initial concentration, solution pH,
contact time, were investigated. Equilibrium and kinetic
parameters were also determined to help provide a
better understanding of the sorption process.

2. Materials and methods
2.1. Material

The clay used in the batch experiments was collected
from Sabga, in North West Cameroon region. The clay
was dissolved in excess distilled water in a pretreated
plastic container with proper stirring to ensure an
effective dissolution. Then it was filtered through a 125
pum sieve and the filtrate was allowed to settle for 24 h,
after which excess water was decanted and the clay
residue was sundried for several days, then dried in an
oven at 105 °C for 4 hours. The dried clay was pulverized
and then passed through mesh sieves of sizes 125 um to
obtain the natural unmodified clay.

2.2. Stock solution preparation

All the reagents used in this study were of analytical
grade, obtained from TRUST CHEMICAL CO. A binary
stock solution of concentration 1000 mg/L of Ni(ll) ions
and MB was prepared by dissolving appropriate amounts
of Ni(NOs)2.6H20 and MB in double distilled water. The
working solutions were prepared by dilution of the stock
solution with double distilled water to obtain solutions of
concentration 20-100 mg/L. The pH of each solution was
adjusted to the required value by the addition of 0.1 M
NaOH or 0.1 M HCI before the adsorbent was added.

2.3. Adsorbent characterization

The specific surface area of the clay is determined by
the Brunauer Emmet Teller (BET) method. Elemental
analysis was determined by wet chemical method and
measurement of elemental concentration was done by
using an atomic absorption spectrophotometer (AAS)
supplied by PerkinElmer, USA, Model Analyst 700.
Scanning electron microscopy (SEM) investigations of the
clay samples were conducted in a JEOL JMT-300
operated at 30 kV and linked with an energy dispersive
X-ray spectrometry (EDXS) attachment. The SEM analysis
was done at 1000x magnification. X-ray diffraction (XRD)
analysis was determined using a model MD 10 Randicon
diffractometer operating at 25 kV and 20 mA. The
scanning regions of the diffraction were 16-72° on the 26
angle. The Fourier transform infra-red (FTIR)
spectroscopic technique was utilized to identify the
functional groups of the adsorbent. The pH point of zero
charge or pHp:c was determined based on the method
described [13].

2.4. Adsorption procedure

The adsorption was carried out in 100 mL pretreated
plastic bottles at an adsorbent dose of 0.2 g, metal and

dye concentration of 100 mg/L, adsorbent particle size
125 um, and contact time of 30 min. This was done by
reacting 0.2 g of the natural clay with 30 mL of the
adsorbate. The effect of pH was carried out at pH values
of 2-10. The influence of initial metal ion concentration
was carried by varying the adsorbate concentration from
20to 100 mg/L. The effect of contact time was conducted
by varying the contact time from 5 to 30 min. The
residual concentration of MB and Ni(ll) ions was
determined using Spectroquant Pharo 300 spectro-
photometer.

The quantity of a pollutant adsorbed from the
solution was calculated by:

Q (1)

where V is the volume (L), m is the mass of clay (g),
Co is the initial concentration of pollutant (mg/L) and C: is
the concentration of pollutant at a time t.

_ (Co=Cp)xV
m

3. Results and discussion
3.1. Adsorbent characterization

The physicochemical analysis of clay is presented in
Table 1. The mineral analysis of clay showed that the
most abundant oxides are SiO2, Al,03 and Fe20s whereas
K20, Ca0, Nax0, MgO, TiO2 and MnO are present only in
small quantities. The SiO2/Al.0s ratio is greater than 5 for
the sample owing to its sandy content. Fe203 content is >
5%. The Na20 (0.21%) and K20 (0.44%) contents can be
related to the presence of minor amounts of Na/K-
feldspars.

The adsorption-desorption isotherm of N2 onto the
natural clay is represented in Fig.1. The isotherm of clay
is of type IV, characteristic of a multi-layer adsorption
with a medium slightly porous structure. This result is
confirmed by SEM micrograph on Fig.2. These isotherms
show a hysteresis resulting from capillary condensation.
The form of this hysteresis indicates to the presence of
the pores in bottles with a neck a little lower than the
body. These broad loops of hysteresis are due to the
presence of cracks or of slits in which the molecules of
nitrogen do not desorbs in the same way than they were
adsorbed in multi-layer adsorption. SEM analysis is
another important tool used in the determination of the
surface morphology of an adsorbent. The SEM images of
natural clay at sizes of 100 um, 20 um and 10 pm is shown
in Fig.2. The examination of SEM micrographs of natural
clay shows that this material is presented in the form of
plates. These micrographs also show that the clays are
made of variable cluster of different sizes with a
prevalence of spherical particles. SEM micrographs of the
studied clay present homogeneous surfaces. The XRD
spectrum of natural clay in Fig.3 gives information about
the changes in the crystal line and amorphous or
crystalline nature of the adsorbent. XRD spectrum of clay
shows a material predominantly amorphous with some
minor crystalline characteristics. Some minerals could be
identified with more or less safety (Fig.3): Quartz SiO.,
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Anorthoclase (Na,K)(SisAl)Os, Anorthite (Ca,Na)(Al,Si)2
Si20s, Muscovite KAISizAlO10(OH)2 and illite KAl2(SizAl)O10
(OH)2. The FT-IR spectrum of clay is shown in Fig.4
frequency absorption band at 3688.38 cm™ (OH-Al out-
of-plane), 3620.39 cm™ (OH-Al in-plane) and 911.15
indicates the presence of OH-Al groups [14]. The bands
appearing at 1115.68 and 1003.45 cm™ are ascribed to
the formation of Si-O bond, characteristic of
aluminosilicate [15]. The additional peak at 679.77 cm™
indicates the presence of Al-OH and Si-O [15]. The bands
observed at 468.88 and 540 cm™ could be attributed to
vibrations due to deformation of Si-O and Si-O-Al bonds,
respectively [16].

3.2 Influence of initial pH

strongly dependent on the pH. The effect of pH on the
simultaneous removal of Ni(ll) and MB unto clay is shown
in Fig.5. As it can be seen from the curves plotted, the
maximum removal capacity of both pollutants is at
around pH 6. The pHp:c of natural clay is 5.6. the overall
surface charge is positive for solution pH lower than this
value and it is negative when the pH is higher than pHpzc.
MB dye used is basic, its dissolution in water releases
positively charged colored ions. The retention of both
pollutants increases with increasing negative surface
charge. This explains why the retention is more
remarkable when the pH exceeds the values of 6.
However, this loss of efficiency, as pH increases shows
that the retention is rather complex and far from being a

simple electrostatic attraction between opposite
In each study of adsorption of pollutants, the pH is charged species.
the most important parameter. The pollutants uptake is
Table 1
Major elemental compositions of the natural clay
Chemical Si0;  AlLOs Fe;03 K,0 Ca0O Na,O MgO TiO, MnO P05 LOI Total SiO,/Al,03
composition
(weight %) 68.23 13.57 6.60 0.44 0.68 0.21 0.44 0.21 001 <LD 10.51 100.91 5.03
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Fig.2. SEM micrograph of the natural clay
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3.3 Effect of initial concentration

The adsorption rate of metal ions into adsorbents is
a function of the initial concentration of the metal ions
which makes it an important factor to be determined for
an effective sorption. The effect of initial metal ion
concentration on the adsorption of Ni(ll) ions and MB
into natural clay is shown in Fig.6. It was observed that
the adsorption capacity of both pollutants increases with
increase initial concentration of pollutant. This is a result
of the increasing concentration gradient which acts like a
driving force to overcome the resistance to mass transfer
of pollutants between the adsorbate and adsorbent
species [17].

3.4 Effect of contact time

The time necessary to reach the equilibrium of
adsorption of Ni (lI) and MB onto natural clay was
investigated at initial concentration of 60 mg/L. The
effect of contact time on the adsorption capacity of Ni(ll)
and MB into natural clay is presented in Fig.7. It is
observed that the rate of removal of both pollutants
from solution was initially quick and then slowed
gradually until an equilibrium time beyond which there
was no significant increase in the removal rate.
Equilibrium removal was achieved around 30 min and
increased slightly up to 45 min for both pollutants.
Hence, a contact time of 30 min was chosen to ensure
optimum removal of pollutants.

A large number of vacant active sites are occupied
by the ions during the initial time of contact. After a
period of time, the vacant surface sites are difficult to be
available because of the repulsive forces between the
pollutants adsorbed on the clay surface and the ions in
solution. Therefore, the mesopores of the surface of clay
minerals were saturated with pollutants in the initial
stage of adsorption. Thereafter, the pollutants have to
traverse farther and deeper into the pores encountering
much larger resistance. And result was the slow
adsorption during the later period of adsorption [18].
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3.5 Kinetic study

The mechanism of the adsorption process depends
on the physical and chemical characteristic of the
adsorbent and absorbate. In order to investigate the
kinetics adsorption of MB and Ni(ll) ions, the Lagergren-
first-order, pseudo-second-order, Elovich kinetic models
and intraparticle diffusion model [19] were used.

The pseudo-first order rate equation was proposed
by Lagergren and is widely used for the adsorption of
liquid/solid system [20]. The linear form of Lagergren
equation is generally expressed as:

kit

log(ge — q¢) = logqe — 5 (2)

where ki (min?) is pseudo-first order rate constant at
equilibrium. ge and gt are adsorption uptake of adsorbate
at equilibrium and at time t(min), respectively.
Pseudo-second order model [21] suggests that both
number of adsorption sites on the material surface and
concentration of adsorbate ions in the liquid phase
determine the rate. The linearized form of model is:

t t 1

=G+ ®)
where h = kage? and k. are initial and overall rate
constants for adsorption which can be calculated from
slope and intercept of plot t/qt vs t.

Elovich kinetic relationship, developed by is suitable
to describe second order kinetics assuming that the
actual solid surfaces are energetically heterogeneous
[22]. The mathematical relationship in linearized form is:

4 = (5)In @B) + (3) int (4)

where a(mg/g.min) is the initial adsorption rate and
B(g/mg) is related to the extent of surface coverage and
activation energy for chemisorption.

Once adsorbed on the surface, solute particles
diffuse into the pores on the surface of adsorbent and
form bonding, which may be the rate determining step
[22] Weber and Morris intraparticle diffusion model is
given by:

1
qe = kqtz +1 (5)

where ks (mg/g.min?) is the rate constant for
intraparticle diffusion ka4 can be found from slope of plot
In(qt) vs In(t) and | is the intercept. For an absorbing
system the straight line should pass through the origin
and the intercept value provides an idea about the
deviation from intraparticle diffusion model or
contribution of the film diffusion mechanism [23].

From Table 2, it is seen that the pseudo-first order
equation provided a good fit to the experimental data of
both pollutants. This is indicated by the high values of
their linear regression (R?) close to 1.

The calculated adsorption capacity values from the
pseudo-second order model are in a good agreement
with those experimentally determined. Moreover, the
correlation coefficient values are quite well > 0.999, and

much higher than those found by the pseudo-first order
kinetic model. Thus, we can assert that the adsorbent
systems are well described by the pseudo-second order
kinetic model.

The adsorption data was also analyzed using the
Elovich equation. From Table 2, the correlation
coefficient of both Ni(ll) ions and MB are lower than
pseudo first and pseudo-second order models, the
Elovich kinetic model did not provide a good fit to the
experimental data.

Intraparticle diffusion model is given by equation (5).
As indicated in table 3, the presence of the intercept (l),
it shows that the plots did not pass through the origin but
were close to it. This deviation from the origin is due to
the difference in the rate of mass transfer in the initial
and final stages of the adsorption process [24].

Table 2
Comparison of the kinetic model equations on the adsorption of
N(l1)) ions and MB(ll) from solution unto natural clay

Kinetic models Ni(11) MB
Pseudo-first order
ki (min7t) 0.144 0.207
R? 0.961 0.880
Pseudo-second order
Qecal (mg/g) 8.968 8.196
h (mg/g min) 2.800 10.482
k2 (g/mg.min) 0.034 0.156
R? 0.998 0.999
Elovich equation
a (mg/g.min) 8.858 2110.26
B (g/min) 0.344 1.192
R? 0.870 0.841
Intraparticle diffusion
ka (mg/g.min'/?) 1.072 1.230
| 2.650 1.712
R? 0.655 0.827

3.6 Adsorption isotherm

Adsorption isotherm expresses the relationship
between the amount of adsorbate removed from the
liquid phase by unit mass of adsorbent at a constant
temperature.  Adsorption isotherms are basic
requirements for the design of adsorption systems. A
precise mathematical description of equilibrium
adsorption capacity is very important for reliable
prediction of adsorption parameters and quantitative
comparison of adsorption behavior for different
absorbent systems. The parameters of equilibrium
isotherms often give useful information on sorption
mechanism, surface properties and affinity of the
adsorbent. It is therefore important to determine the
most suitable correlation of equilibrium curves in order
to optimize the conditions for designing adsorption
systems [25]. In this study, the Langmuir, Freundlich,
Temkin and Dubinin-Radushkevich (D-R) isotherms were
tested to analyze the equilibrium data, and the results
are shown in Table 3.
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The Langmuir sorption isotherm has been
successfully applied to many pollutant biosorption
processes and has been the most widely used isotherm
for the biosorption of a solute from a liquid solution. A
basic assumption of the Langmuir theory is that sorption
takes place at specific homogeneous sites within the
sorbent. This model can be written in linear form [26]:

Ce_ 1 1

Qe - K1.Qmax Qmax

Ce (6)

where Qe is the equilibrium concentration on the
adsorbent (mg/g), Ce is the equilibrium concentration in
the solution (mg/L), Qmax is a maximum adsorption
capacity of the adsorbent (mg/g), and Ky is the monolayer
adsorption capacity of the Langmuir adsorption constant
(L/mg) related with the free energy of adsorption. Fig.8
and Table 3 indicates the linear relationship between the
amount (mg) of both pollutants adsorbed per unit mass
(g) of natural clay against the concentration of pollutants
remaining in solution (mg/L). The correlation coefficient
(R?) of both pollutants are very low, 0.5534 and 0.0050,
indicating a poor fit of the monolayer Langmuir isotherm
to the adsorption of Ni(ll) and MB by natural clay.

The essential features of the Langmuir isotherm can
be expressed in terms of a dimensionless constant
separation factor (R.) defined by the relationship [27]:
(7)

1

Ru= T

where Co is the initial metal ion concentration in (mg/L)
and Ku is the Langmuir equilibrium constant (L/mg). The
value of the separation factor provides important
information about the nature of the adsorption process.
The adsorption is said to be irreversible (R. = 0), favorable
(0<RL< 1), linear (R.=1) or unfavorable (RL > 1). For the
initial pollutants concentration from 20 to 100 mg/L for
Ni(ll) ions and MB used in this study, the values of R.
ranged from 0.30 to 0.67. This indicates a favorable
adsorption of metal ions and dye unto natural clay.

The Freundlich isotherm model is applied to non-
ideal sorption on heterogeneous surfaces and the linear
form of the equation is given [23]:

logQ, = log K¢ +%logC,g (8)

where Kr is a constant relating the adsorption capacity
and 1/n is a parameter relating the adsorption intensity,
which varies with the heterogeneity of the material (Fig.9
and Table 3). The values of n indicate that the type of
adsorption is favorable in the range of 2-10, moderate in
the range of 1-2 and poor if n <1 [28].

As can be seen from Table 3 and Fig.9, the values of
the correlation coefficient (R?) is 0.8263 for Ni(ll) and
0.9599 for MB. Thus, the Freundlich isotherm gave a
better fit to the data than the Langmuir isotherm model
for both pollutants. The higher R? of the Freundlich
model implied a greater tendency of the heterogeneous
surface of natural clay [29] for the removal of Ni(ll) and
MB. The value of n obtained is 0.9749 and 0.7499 for

Ni(ll) and MB respectively, indicating a unfavorable
adsorption process.
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1.2 = MB

0.8 4 °

0.6 4 .

Ce/Qe (g/L)

0.4 4

0 T T T T T 1
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Fig.8. Langmuir adsorption isotherm for removal of Ni(ll)
ions and MB onto natural clay

3 -
2 =
@
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l =
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0 3
InCe
Fig.9. Freundlich adsorption isotherm for removal of Ni(ll)
ions and MB onto natural clay
The Temkin isotherm contains a factor that explicitly
takes into account of the adsorbent-adsorbate

interactions. In this equation, it is assumed that, because
of these interactions and ignoring very low and very large
concentration values, the heat of adsorption of all
molecules in the layer would decrease linearly with the
coverage [30]. The linear form of the Temkin model is
written as:

Q. = BinA + BInC, (9)

where B = RT/br, T is the temperature (K), R is the ideal
gas constant (8.314 J/mol.K) and A and br are constants.
The constant B is related to the heat of adsorption and A
is the equilibrium binding constant (L/mg) corresponding
to the maximum binding energy. The correlation
coefficients R? of 0.8112 for Ni(ll) and 0.9620 for MB are
lower than that of the Freundlich isotherm model,
although better than the Langmuir isotherm. Therefore,
the adsorption of both pollutants into natural clay does
not fit the Temkin isotherm as well as the Freundlich
isotherm does.
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To distinguish between physical and chemical
adsorption, the adsorption data can be further
interpreted by Dubinin-Radushkevich (D-R) isotherm
[31]. This isotherm is more general than Langmuir
isotherm because it does not assume a homogenous
surface or a constant adsorption potential [32]. The
linear form of the D-R isotherm model is written as:

ane = anm - .382 (10)

Where B is the coefficient related to the mean free
energy of adsorption per mol of the adsorbate (mol?/)?),
gm is the theoretical saturation capacity (mg/g) and € is
the Polanyi potential expressed as:

€=RTIn(1 + Cl) (11)

The D-R parameters B and gm are calculated from
the intercept and the slope of the line in Fig.11,
respectively, and the values are given in Table 3. The
mean free energy of adsorption fined as the free energy
change when 1 mol of ion is transferred to the surface of
the solid from infinity in solution [33] was calculated
from b values (Table 3). It is known that magnitude of E
is useful for estimating the type of adsorption and if this
value is between 8 and 16 klJ/mol, the adsorption type
can be explained by ion exchange [34].

15 +
12

o Ni(ll)
* MB

Qe (mg/g)

InCe

Fig.10. Temkin adsorption isotherm for removal of Ni(ll) ions
and MB onto natural clay
16
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Fig.11. D-R adsorption isotherm for removal of Ni(ll) ions and
MB onto natural clay

Table 3

A comparison of the Langmuir, Freundlich, Temkin and Dubinin-
Radushkevich isotherm constants for the adsorption of Ni (1)
ions and MB into natural clay

Isotherm models Ni(ll) MB
Langmuir model
gm (Mg.8) 19.920 158.73
K. (L/mg) 0.037 0.008
R? 0.553 0.005
Freundlich model
Ke (mg/g) (mg/L)Y"  1.342 0.548
n 0.974 0.749
R? 0.826 0.959
Temkin model
B (mg/g) 1.550 1.336
A(L/g) 0.696 0.276
R? 0.811 0.962
Dubinin—Radushkevich model
am (mg/g) 48.580 116.42
B(mol?/ kJ?) 8x10° 20x10°®
R’ 0571  0.741

4, Conclusion

In this work, the removal of nickel ions and
methylene blue dyes from aqueous solution into natural
clay has been investigated. The adsorption results
showed that the natural clay is an effective absorbent for
removal nickel ions and methylene blue dyes with high
adsorption uptake under the optimum operating
condition: 30 min contact time and pH= 6. The maximum
adsorption quantity to natural clay increase in the order:
MB < Ni(ll). The equilibrium data were tested using the
Langmuir, Freundlich, Temkin and Dubinin-Radushkevich
(D-R) isotherm model and the best fit was obtained with
the Freundlich model. Kinetic parameters were also
analyzed using the Lagergren pseudo-first order, pseudo-
second order, Elovich equation and intraparticle
diffusion rate equation. The pseudo-second order
equation provided the best fit to the experimental data
and the result also indicated the presence of intraparticle
diffusion on the sorption of both metal ions, although it
was not the sole rate determining step.
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