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The removal of nickel ions onto calcined kaolin clay using a batch adsorption technique was conducted. The effect of the
adsorbent mass, contact time and temperature on the removal process was investigated. The calcined kaolin clay was
characterized using X-ray fluorescence (XRF) and Fourier-Transform InfraRed spectroscopy (FTIR). The adsorption data
was analyzed by isotherm, kinetic and thermodynamic studies. The major chemical components in the clay are alumina
(41.14 wt %) and silica (53.16 wt %). FTIR showed that the functional groups of aluminium monoxide (Al-O) and silicon
monoxide (Si-O) are present in the clay. The study yielded a removal efficiency of 89.89% for nickel ions at 25 ◦C. The
adsorption process appeared to follow a Freundlich isotherm and pseudo-second order kinetics were found to be in good
agreement with the experimental data. The thermodynamics of the rate processes showed the adsorption of nickel ions
to be endothermic and negative values of Gibbs free energy indicated the spontaneity of these processes. This proves
that calcined kaolin clay is a good material for the removal of nickel ions from the wastewater produced by petroleum
refineries.
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1. Introduction

Environmental pollution is an anthropogenic phe-
nomenon and mainly a result of industrialization. The
contamination of bodies of water by the indiscriminate
disposal of heavy metals has led to serious threats to hu-
mans as well as aquatic and living creatures. Nickel com-
pounds are highly toxic contaminants and are emitted
into the environment from various industries, e.g. min-
ing, metal coatings, batteries, chemical, tanneries, etc., in
quantities that pose risks to human health [1].

Many wastewater treatment methods have been intro-
duced to control water pollution such as chemical precip-
itation, ion exchange, electrodialysis, reverse osmosis as
well as membrane filtration and adsorption. Adsorption is
one of the most efficient techniques due to its simplicity
and affordability, moreover, it is more feasible even at low
concentrations of heavy metal ions [2]. The adsorbent
used for the adsorption process is of organic origin, e.g.
activated carbon and biosorbents, or mineral origin, e.g.
natural zeolite, calcium silicate powder and natural clay
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[3]. Activated carbon is the most commonly used adsor-
bent for wastewater treatment but due to it expense, low-
cost alternatives such as clay, coal, fly ash, peat, siderite,
agricultural wastes and charcoal are being developed.
Low-cost adsorbents are those that require little process-
ing and are abundant in nature, by-products or waste ma-
terials from industry [4]. Clay minerals such as kaolinite,
montmorillonite, vermiculite and illite are potential ad-
sorbents of heavy metals. They have several economic
advantages and intrinsic characteristics, e.g. are readily
available, inexpensive, have excellent textural and surface
properties, are physically and chemically stable in harsh
environments as well as offer a cost-effective alternative
to the conventional treatment of wastewater [5]. The aim
of this study is to investigate the removal of nickel ions
from wastewater produced by petroleum refineries using
calcined kaolin clay from Alkaleri in North-East Nigeria.

2. Materials and Methods

2.1 Beneficiation and calcination of samples

10 kg of raw kaolin clay was crushed and soaked in water
for 24 hours. The clay-water mixture was plunged for 3
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hours at room temperature. Colloidal kaolin clay was sep-
arated from the quartz-rich sediment and sieved through
a 230 mesh Tyler sieve to remove other coarse impuri-
ties. The thickened clay was then put in a filter cloth and
pressed under hydraulic pressure to squeeze out the wa-
ter. The cake was dried in an oven at 110 ◦C to constant
weight before being pulverized.

100 g of the beneficiated clay was fired gradually in
an electric furnace at 650 ◦C for 3 hours before being
soaked. The calcined clay adsorbent was cooled, charac-
terized and used for adsorption experiments.

2.2 Batch Adsorption

The wastewater used of a known initial concentration of
nickel ions was obtained from the effluent of a petroleum
refinery operated by Kaduna Refining and Petrochemi-
cals Company. The batch experiments were conducted by
varying the adsorbent mass, contact time and temperature
as described. The effect of the adsorbent mass was deter-
mined at 25 ◦C and 0.5 g of oven-dried calcined kaolin
was mixed with 50 mL of wastewater in a 250 mL Erlen-
meyer flask. The mixture was stirred with a magnetic stir-
rer at 200 rpm for between 10 and 50 mins. The process
was repeated by varying the adsorbent mass in increments
of 0.5 g, namely 1.0, 1.5, 2.0 and 2.5 g. The effect of the
contact time was analyzed using 0.5 g of adsorbent after
10, 20, 30, 40 and 50 mins. The effect of the temperature
was investigated within the range of 25-65 ◦C following
a contact time of 30 mins. with adsorbent masses of 0.5
and 2.5 g. The residual Ni(II) ions obtained from the fil-
trate and determined by Atomic Absorption Spectroscopy
(AAS) were analyzed to evaluate the percentage removal,
adsorption kinetics and thermodynamics.

3. Results and Discussion

3.1 Characterization of the adsorbent

Chemical composition

The chemical composition of the adsorbent is shown
in Table 1. The main components of the clay are SiO2

(53.158 wt %) and Al2O3 (41.143 wt %). Metallic ox-
ides such as TiO2, MgO and Fe2O3 are present in small
amounts, while traces of CaO, Cr2O3, ZnO and Mn2O3

are detected.
The large amounts of SiO2 and Al2O3 present de-

fine the sample as an aluminosilicate clay. Generally
speaking, kaolin clay, the chemical formula of which is
Al2Si2O5(OH)4, is principally composed of SiO2, Al2O3

and water [6].

Figure 1: Fourier-transform infrared spectrum of calcined
kaolin clay

Fourier-transform infrared spectroscopy

Fourier Transform InfraRed spectroscopy (FTIR) shows
the functional groups present in the sample of clay. The
FTIR spectra of the kaolin clay shown in Fig. 1 are within
the wavenumber range of 4000 - 400 cm−1. The spectra
depict three major absorption bands, namely silicon diox-
ide, alumina and hydroxyl groups. The peaks at 1030,
1045 and 1049 cm−1 are assigned to the stretching vi-
brations of the Si–O bond and the peak observed at 922
cm−1 corresponds to the Al–Al–OH bonds. Peaks at 733,
750 and 752 cm−1 indicate the presence of OH result-
ing from the expulsion of water and hydroxyl groups in
clay minerals during calcination [7]. The differences in
the peak intensities can be attributed to the interaction of
Ni(II) ions with functional groups on the kaolin adsorbent
surface [8].

3.2 Adsorption studies

Effect of adsorbent mass

The adsorbent mass plays a vital role in adsorption pro-
cesses. It determines the percentage removal of metal
ions and is calculated by:

%Ads =
ci − cf

ci
(1)

where %Ads denotes the amount of Ni(II) ions removed,
and ci and cf stand for the initial and final concentrations
(ppm) of the Ni(II) ions, respectively. The percentage
removal of Ni(II) ions increased from 76.31 to 89.04%
when the adsorbent mass was increased from 0.5 to 2.5
g as shown in Fig. 2. As the adsorbent mass increases,
more adsorption sites of nickel ions become available.

Effect of contact time on the uptake of nickel ions

The adsorption isotherm describes the adsorption pattern
between the Ni(II) ions adsorbed on the kaolin clay and

Table 1: Chemical composition of the calcined kaolin sample

Components SiO2 Al2O3 TiO2 MgO Fe2O3 CaO Cr2O3 ZnO Mn2O3

Amount (wt %) 53.158 41.143 3.017 0.442 0.126 0.044 0.018 0.013 0.008
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Figure 2: Effect of adsorbent mass on the removal of
nickel ion

Figure 3: Effect of contact time on the uptake of nickel
ions

the residual ions. The equilibrium uptake was determined
using:

qe =
(ci − ce)V

m
(2)

where ce denotes the equilibrium concentration, V stands
for the volume of the solution and m represents the ad-
sorbent mass.

Fig. 3 shows that the uptake of nickel ions is increased
by increasing the contact time and reaches a maximum or
saturation point after 30 to 40 mins., and thereafter the
rate of adsorption remains almost constant even as the
contact time and adsorbent mass are further increased.

The extent of the adsorption of nickel ions initially
increased rapidly and then gradually until an equilibrium
was attained. The high removal rate was due to the large
surface area initially available for adsorption of Ni(II)
ions but the capacity of the adsorbent was gradually ex-
hausted over time since the occupation of the few vacant
surface sites that remained was inhibited due to repul-
sive forces between the solute molecules in the solid and
bulk phases [9]. As the adsorption sites on the surface be-
come exhausted, the uptake rate is controlled by the rate
at which the nickel ions are transported from the exterior
to the interior sites of the adsorbent particles [10]. It was
reported that during the adsorption of metal ions, initially
the Ni(II) ions reach the boundary layer; then have to dif-
fuse onto the surface of the adsorbent and finally, must
diffuse into its porous structure. Therefore, this process
requires a relatively longer contact time [11].

Figure 4: Langmuir isotherm for the adsorption of nickel
ions

Figure 5: Freundlich isotherm for the adsorption of nickel
ions

3.3 Equilibrium isotherms

The Langmuir and Freundlich models describe this
isotherm:

1

qe
=

1

qm
+

1

qmbce
(3)

and

log qe = logKF +
1

n
log ce, (4)

where qe denotes the uptake of Ni(II) ions adsorbed on
the clay (mg/g), qm and b stand for the single-layer ad-
sorption capacity (mg/g) and the Langmuir equilibrium
constant (L/mg), respectively, and KF, n and b represent
Freundlich adsorption constants.

The Langmuir and Freundlich constants shown in Ta-
ble 2 were determined from the gradients and intercepts
using the equations displayed in Figs. 4 and 5. The mag-
nitudes of KF and n are 0.2535 (mg/g)(L/mg)1/n and
−5.08 L/mg, respectively. The constant, n, is related to
the ionic strength with regard to the adsorption of Ni(II)
ions and KF is related to both the ionic strength and
amount of Ni(II) ions adsorbed. The significance of n is
as follows: n < 1 (chemical process); n = 1 (linear pro-
cess) and n > 1 (physical process). The negative value
of n (−5.08 L/mg) obtained is indicative of chemical ad-
sorption [12].

The Langmuir constant, b, shows the affinity of bind-
ing sites for nickel ions of the adsorbent. Similarly, the
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Table 2: Parameters of Freundlich and Langmuir isotherm
models

Freundlich Model
n (L/mg) KF (mg/g)(L/mg)1/n R2 (%)

-5.08 0.2535 98.40
Langmuir Model

qm (mg/g) b (L/mg) R2 (%)
0.2378 -11.5210 94.00

Table 3: Pseudo-kinetics constants for the adsorption of
nickel onto calcined kaolin

Pseudo-first order kinetics Pseudo-second order kinetics
K1 = −0.0230 (L/min) K2 = 0.0073 (mg/(mg/min))

qe = 1.127 (mg/g) qe = 5.291 (mg/g)
R2 = 0.87 R2 = 0.98

negative value of b (−11.5210 L/mg) suggests a low de-
gree of adsorption of Ni(II) ions by kaolin clay as is
shown by the maximum adsorption capacity, qm (0.2378
mg/g). The experimental data fitted well in the Freundlich
model (R2 = 98.40%) indicating multilayer adsorption
on the heterogeneous surface.

3.4 Adsorption kinetics

The kinetics data were determined using the linear equa-
tions of pseudo-first and second order kinetics:

log (qe − qt) = log qe −
1

2.303
K1t (5)

and
t

qt
=

1

K2q2e
+

t

qe
. (6)

The parameters of adsorption kinetics are useful to pre-
dict the adsorption rate and provide considerable infor-
mation to design and model the adsorption process as
well as evaluate the adsorbent and operation control [13].
Figs. 6 and 7 showed pseudo-first and second order ki-
netics, respectively with regard to the adsorption of Ni(II)
ions. The kinetics constants are summarized in Table 3.

The pseudo-first order kinetics exhibit a higher rate
constant (K1) and lower uptake (qe). According to the
values of R2 in Table 3, it is clear that pseudo-second or-
der kinetics fitted better to the adsorption data. This sug-
gests the adsorption process is controlled by a chemisorp-
tion mechanism and the rate-limiting step is probably the
surface adsorption of nickel ions [5].

3.5 Adsorption thermodynamics

The effect of temperature on the adsorption of nickel ions
was investigated between 25 and 65 ◦C. The thermody-
namic parameters determined from equations

Kc =
qe
ce

(7)

Figure 6: Pseudo-first order kinetics for the adsorption of
nickel ions onto calcined kaolin clay

Figure 7: Pseudo-second order kinetics for the adsorption
of nickel ions onto calcined kaolin clay

∆G◦ = −RT lnKc (8)

lnKc = −∆H◦

RT
+

∆S◦

R
(9)

∆G◦ = ∆H◦ − T∆S◦ (10)

include changes in Gibbs free energy (∆G◦), enthalpy
(∆H◦) and entropy (∆S◦). Fig. 8 depicts the Van’t Hoff
plots used to evaluate the thermodynamic parameters
summarized in Table 4. The negative values of ∆G◦ con-
firm that the adsorption process is feasible and sponta-
neous while the positive values of ∆H◦ show that the
adsorption process of Ni(II) ions is endothermic.

∆H◦ can indicate the type of adsorption process in-
volved. If ∆H◦ of the adsorbent exceeds 40 or is less
than 20 kJ/mol, chemisorption or adsorption that is phys-
ical in nature occurs, respectively [8]. The positive values
of ∆H◦ and ∆S◦ obtained show that the adsorption pro-
cess is physical in nature and the solid-aqueous solution
interface becomes more irregular and random during the
adsorption of Ni(II) ions by the calcined kaolin adsor-
bent.

4. Conclusions

Thermally activated kaolin clay as an adsorbent was suc-
cessfully prepared by calcination and used to remove
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Figure 8: Effect of temperature with regard to the adsorp-
tion of nickel (II) ions on calcined kaolin

Table 4: Thermodynamic parameters for the adsorption of
nickel (II) ions onto calcined kaolin at 25 ◦C

Adsorbent
mass (g)

∆G◦

(J/mol)
∆S◦

(J/mol K)
∆H◦(J/mol) R2

0.5 -875.26 62.27 17600.74 0.979
2.5 -2553.22 111.07 30545.64 0.951

nickel ions from wastewater produced by a petroleum re-
finery. Adsorption isotherms, kinetics and thermodynam-
ics were also studied. It was discovered that the adsor-
bent mass, contact time and temperature significantly in-
fluenced the adsorption of nickel ions onto the calcined
kaolin adsorbent. The removal efficiency was increased
by increasing the adsorbent mass, contact time and tem-
perature. The adsorption data were described well by
a Freundlich isotherm and pseudo-second order kinet-
ics fitted well to the adsorption process. The negative
values of ∆G◦ indicated that the adsorption of nickel
ions was feasible and spontaneous. The positive values of
∆H◦ showed that the process was endothermic and irre-
versible. Generally speaking, the results revealed that cal-
cined kaolin is a potential adsorbent for the treatment of
wastewater laden with nickel ions produced by petroleum
refineries.
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