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ABSTRACT

The removal of nickel ions from aqueous solutions using magnesite tailing was studied in
batch system. The effects of initial pH, adsorbent dosage, contact time, and temperature on
nickel removal were investigated. Kinetic models were evaluated to describe the kinetics of
nickel adsorption onto magnesite tailing. The adsorption kinetics conformed to the
pseudo-second-order kinetic model. The Langmuir and Freundlich models were used for
the analysis of adsorption equilibrium. The equilibrium data obeyed the Langmuir isotherm
model. The thermodynamic parameters exhibited that the adsorption process was spontane-
ous and endothermic. The Fourier transform infrared spectroscopy analysis was applied to
characterize the unloaded and nickel-loaded magnesite tailing. The functional groups such
as hydroxyl, carbonate, silicon oxide, and iron oxide on the adsorbent surface may be
responsible for nickel adsorption.
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1. Introduction

The existence of heavy metals in aquatic systems
can be detrimental to a variety of living species.
Among heavy metals, nickel is one of the most widely
used ones in the manufacture of stainless steel, super-
alloys, metal alloys, dyes, electroplates, porcelain
enamels, coins, and batteries. Direct exposure to nickel
causes allergy. The inhaled nickel compounds are car-
cinogenic and metallic nickel is possibly carcinogenic.
A general toxicity value of nickel is 130 μg/L. But, this
value may not be sufficiently protective of individuals
sensitized to nickel. Thus, World Health Organization
recommends a drinking water standard of 0.02 mg/L
for nickel [1]. The nickel contents in these wastewaters
and waters should be removed by a suitable method.

A few methods for removal of heavy metals from
water are chemical precipitation, ion exchange, solvent
extraction, and reverse osmosis. These methods are
usually costly and ineffective for various concentra-
tions. Adsorption is a feasible alternative method for
the removal of metals as it has been found to be very
effective, economical, and simple. However, the use of
this method is restricted by the high cost of adsor-
bents such as activated carbon and synthetic ion
exchangers. So, natural minerals and tailings have
received wide attention recently as potential low-cost
adsorbents for the removal of heavy metals [2–21].

Magnesite (MgCO3) is one of the most important
magnesium minerals. It is the basic source for the pro-
duction of magnesium and magnesium compounds.
These products are extensively used in the manufac-
ture of basic refractory bricks, heat-insulating compo-
sitions, paper, plastics, rubber, ink, glass, ceramics,
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paints, and pharmaceuticals. The natural magnesite
includes some impurities like calcium carbonate, silica,
and ferric oxide. Mechanical beneficiation is used to
remove part of these impurities. The purity of the
remaining mineral after mechanical beneficiation is
inadequate for industrial applications where relatively
pure mineral is required [22]. In Turkey, these magne-
site tailings are currently simply accumulated in the
plant areas. These tailings contain 35–39% MgO. There-
fore, it is necessary to utilize these tailings including a
high amount of magnesite in order to prevent a storage
problem as well as an economical loss [23].

Minerals and clays—such as magnesite, calcite,
dolomite, sepiolite, kaolinite, montmorillonite, clinop-
tilolite, and bentonite—and waste minerals and
sludge, low-rank coals and bagasse fly ash have been
investigated for use as potential adsorbents for the
removal of heavy metals from solutions, due to their
availability and comparatively lower cost [2–21]. Mag-
nesite, calcite, and dolomite which are known as car-
bonate minerals are effective for the removal of heavy
metals [3,4,6,8–10,21]. The removal of cesium, barium,
chromium, and zinc ions by magnesite was reported
in the literature for different pH values and initial
concentrations [3,4]. However, no information is avail-
able in literature for the removal of nickel by magne-
site. The aim of this study is to investigate the
usability of magnesite tailing for the removal of nickel
from aqueous solutions. The effects of different
parameters such as pH, contact time, adsorbent dos-
age, and temperature on the removal of nickel were
examined. Kinetic models were tested to investigate
the adsorption kinetics. The Langmuir and Freundlich
isotherms were used to evaluate the experimental
data. Thermodynamic parameters were also calcu-
lated. The unloaded and nickel-loaded magnesite tail-
ings were characterized by Fourier transform infrared
spectroscopy (FTIR) analysis.

2. Materials and methods

2.1. Materials

The magnesite tailing was obtained from the
KÜMAŞ Plant in Turkey. It was crushed, ground, and
sieved through a 200 mesh sieve. A nickel stock solu-
tion of 500 mg/L was first prepared by dissolving an
accurate quantity of NiCl2·6H2O in deionized water.
All solutions for adsorption experiments were pre-
pared by appropriate dilutions from the stock solu-
tion. The pH values of the solutions were adjusted
using diluted NaOH and HCl solutions. The chemicals
used during the experiments and analyses were
reagent-grade Merck products.

2.2. Characterization

The chemical analysis of the magnesite tailing was
carried out using X-ray fluorescence analyzer (XRF
ARL 8610). The chemical composition of the magnesite
tailing is as follows: 37.80% MgO, 11.17% SiO2, 6.25%
CaO, 0.77% Fe2O3, 0.13% Al2O3, 0.05% MnO, 0.01%
K2O, 0.01% P2O5, <0.01% Na2O, <0.01% TiO2, and
43.70% LOI. The X-ray diffractograms of magnesite
tailing and nickel-loaded magnesite tailing were
obtained using a Philips X’pert Pro diffractometer
(XRD) with Cu Kα (Figs. 1 and 2). Both X-ray diffrac-
tograms indicated the presence of magnesite (MgCO3),
quartz (SiO2), and dolomite (CaMg(CO3)2). The spe-
cific surface area (BET—Brunauer, Emmett & Teller),
pore size distribution (BJH—Barrett, Joyner &
Halenda), and total micropore volume (DR—Dubinin–
Radushkevic) of magnesite tailing were determined
from N2 adsorption isotherm with a surface area ana-
lyzer (Quantachrome, Autosorb-1 C). The specific sur-
face area and an average pore diameter of magnesite
tailing were measured to be 23.12 m2/g and 9.26 nm,
respectively. Magnesite tailing has a high surface area
when compared to the surface areas of carbonate min-
erals [9,10]. The presence of micropores (about 50%)
and mesopores (about 50%) was determined in the
magnesite tailing (Fig. 3). FTIR spectra of unloaded
and nickel-loaded adsorbents were recorded using
KBr pellets on a Perkin–Elmer spectrum 100 Model
infrared spectrophotometer over 400–4,000/cm. The
pH of the zero point of charge (pHzpc) was deter-
mined by adding 0.1 g of adsorbent to a series of
flasks that contained 50 mL of 0.01 M NaCl. Before
adding the adsorbent, the pH of the solution was to
be in the range of 2–12 by adding 0.1 M HCl or 0.1 M
NaOH. These flasks were kept for 48 h in shaker and
the final pH values of the solutions were measured.
The pHfinal values were plotted against the pHinitial

values. The pH is the point at which the pHfinal vs.
pHinitial curve intersects the pHinitial = pHfinal line [24].
The pHzpc value of the magnesite tailing was obtained
as 8.0. The pH values of the solutions were measured
by a pH meter (Hanna HI 8314). The concentrations of
the nickel ions were determined by an atomic
absorption spectrometer (THERMO ICE 3300).

2.3. Adsorption experiments

The adsorption experiments were carried out in
100 mL capped volumetric flasks placed on a tempera-
ture-controlled water bath (Nüve) with the shaker
(Memmert). A fixed amount of adsorbent was
equilibrated to 50 mL of the nickel chloride solution.
The adsorbent was removed by centrifugation. The
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Fig. 1. X-ray diffractogram of magnesite tailing.
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Fig. 2. X-ray diffractogram of nickel-loaded magnesite tailing.

Fig. 3. Pore size distribution of magnesite tailing.
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concentration of the nickel remaining in the superna-
tant was measured by an atomic absorption spectrom-
eter. The amount of nickel adsorbed (qe) and the
removal yield were calculated using the following
equations, respectively:

qe ¼ ðC0 � CeÞV
1; 000m

(1)

%Removal yield ¼ ðC0 � CeÞ
C0

� 100 (2)

where C0 is the initial concentration of nickel (mg/L),
Ce is the concentration of nickel at equilibrium
(mg/L), V is the volume of solution (mL), and m is
the mass of magnesite tailing (g).

To examine the effect of pH, the experiments were
performed at varied pH values (2–8) under the condi-
tions of adsorbent dosage of 0.01 g/50 mL, contact
time of 24 h, temperature of 25˚C, and initial nickel
concentration of 10 mg/L.

The adsorption of 10 mg/L of nickel chloride solu-
tion by different adsorbent dosages (0.01–0.2 g/50 mL)
was carried out at a pH value of 6.0, a contact time of
24 h, and a temperature of 25˚C.

Batch experiments were also repeated for various
time intervals to determine when the adsorption equi-
librium was reached at the constant conditions of pH
value of 6.0, adsorbent dosage of 0.15 g/50 mL, and
initial nickel concentration of 10 mg/L for tempera-
tures of 25, 35, and 45˚C.

Nickel adsorption experiments were accomplished
to obtain the isotherms for a range of 10–50 mg/L at a
pH value of 6.0, an adsorbent dosage of 0.15 g/50 mL,
a contact time of 24 h, and at various temperatures
(25–45˚C).

The average absolute value of relative error
(AARE) is used to compare the predicted results with
the experimental data. This is defined as follows:

AARE ¼ 1

N

XN
i¼1

Predicted value� Experimental value

Expermental value

� �

(3)

3. Results and discussion

3.1. Effect of initial pH

The effect of initial pH on the adsorption of nickel
was examined in the pH range of 2–8. When pH
increased from 2 to 8, the removal yield increased
(Fig. 4). The maximum removal yield was obtained at
pH values higher than 6. The effect of pH can be
explained in terms of pHzpc of the adsorbent and

species of nickel formed in the solution. The pH value
with which the charge of the solid surface is zero is
defined as the zero point of charge (pHzpc= 8.0). At
low pHzpc the surface charge of the adsorbent is posi-
tive while it is negative above pHzpc. At pH values
lower than 8, Ni2+ and Ni(OH)+ are dominant species
[12,25]. At pH > 6, the positive surface charge of the
adsorbent decreased and the number of negatively
charged sites increased, and, thus, the adsorbent sur-
face attracted more positively charged adsorbate parti-
cles, Ni2+ and Ni(OH)+. The lowest nickel removal
was obtained at pH 2. At pH < 6, the increased num-
ber of protons on the sites of magnesite tailing surface
limited the approach of Ni2+ due to the repulsive
forces. These results are in agreement with those of
the previous studies [15,16,20].

3.2. Effect of adsorbent dosage

The effect of adsorbent dosage on nickel removal
is shown in Fig. 5 for a 50 mL portion of the 10 mg/L
nickel solution. When the adsorbent dosage increased
from 0.01 to 0.15 g, the nickel removal yield increased
from 14.19 to 84.45%. This increase may be attributed
to the increase in the adsorbent surface area of magne-
site tailing and/or adsorptive sites. A further increase
in adsorbent dosage over 0.15 g did not lead to a sig-
nificant change in the nickel removal. This situation
may be related to a decrease in the nickel concentra-
tion of the solution. Therefore, the optimum adsorbent
dosage was taken as 0.15 g.

3.3. Effect of contact time and temperature

The effect of contact time on the adsorption of
nickel at three different temperatures is presented in

Fig. 4. Effect of initial pH on the adsorption of nickel by
magnesite tailing (adsorbent dosage = 0.01 g/50 mL,
contact time = 24 h, temperature = 25˚C, and initial nickel
concentration = 10 mg/L).
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Fig. 6. The adsorption rate was initially fast and 50%
adsorption was completed within 120, 5, and 5 min
for 25, 35, and 45˚C, respectively. The adsorption equi-
librium was achieved within about 720 min. Further-
more, as shown in Fig. 6, the adsorption capacity of
magnesite tailing increased with an increase in the
temperature from 25 to 45˚C. This situation revealed
that the adsorption process was endothermic.

3.4. Adsorption kinetics

In order to describe the kinetics of nickel adsorp-
tion onto magnesite tailing, the obtained kinetic data
were analyzed using three kinetic models: pseudo-
first-order, pseudo-second-order kinetic equations and
intraparticle diffusion models. The pseudo-first-order
equation presented by Lagergren [26], can be given as
follows:

log ðqe � qtÞ ¼ log qe � k1t

2:303
(4)

where qe and qt are the respective amounts of nickel
adsorbed (mg/g) at equilibrium and at time t (min)
and k1 (1/min) is the rate constant of the pseudo-
first-order adsorption.

The pseudo-second-order equation described by
Ho and McKay [27] may be expressed in the form:

t

qt
¼ 1

k2q2e
þ t

qe
(5)

where k2 (g/mg min) is the rate constant of pseudo-
second-order adsorption.

If there is the possibility of intraparticle diffusion
being the rate-limiting step, the intraparticle diffusion
rate constant can be obtained from Eq. (6) based on
the theory proposed by Weber and Morris [28]:

qt ¼ kpt
1=2 þ C (6)

where kp (mg/g min1/2) is the intraparticle diffusion
rate constant (slope of the plot of qt vs. t

1/2) and C is
the constant related to the boundary layer thickness.

The plots of log (qe− qt) vs. t, t/qt vs. t, and qt vs. t
1/2

obtained from these models were checked statistically
and graphically (Fig. 7 for t/qt vs. t). The kinetic
parameters of these models were calculated using lin-
ear least-squares fittings (Table 1). The correlation coef-
ficients of pseudo-first-order kinetic model were found
to be lower, and the calculated qe values also gave
different values compared to the experimental values.
The correlation coefficients of intraparticle diffusion
model were also lower, and the plots of qt vs. t

1/2 did
not pass through the origin. These results showed that
intraparticle diffusion was not the rate-limiting
mechanism. The correlation coefficients of pseudo-
second-order kinetic model were higher and the
calculated qe values showed greater agreement with the
experimental data with an average deviation of 0.79%.
The pseudo-second-order kinetic model indicates that
the chemisorption would be the rate-determining step
controlling the adsorption process of nickel ion.

3.5. Adsorption isotherms

Adsorption isotherm can be indicated graphically
by plotting the amount of adsorbed nickel per unit
amount of magnesite tailing against equilibrium con-
centration of nickel (Fig. 8). The isotherm is an L2 type,
indicating that the adsorbate–adsorbent interaction is

Fig. 5. Effect of adsorbent dosage on the adsorption of
nickel by magnesite tailing (pH 6.0, contact time = 24 h,
temperature = 25˚C, and initial nickel concentra-
tion = 10 mg/L).

Fig. 6. Effect of contact time on the adsorption of nickel by
magnesite tailing at different temperatures (pH 6.0, adsor-
bent dosage = 0.15 g/50 mL, and initial nickel concentra-
tion = 10 mg/L).
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much stronger than the solvent–adsorbent interaction
at the adsorption sites [29]. The adsorption capacity of
the magnesite tailing increased with initial concentra-
tion and temperature. When the initial nickel solution
concentration increased from 10 to 50 mg/L, the
adsorption capacities increased from 2.28 to 3.78 mg/g
at 25˚C and from 3.34 to 5.37 mg/g at 45˚C.

The relationship between the adsorbed amount of
nickel and its equilibrium concentration in the solution
was described by the Langmuir and Freundlich iso-
therms, which are the most common isotherm equa-
tions. These isotherms are expressed by the following
equations, respectively [30].

qe ¼ q0bCe

1þ bCe
(7)

qe ¼ KfC
1=n
e (8)

These equations can be rearranged to linear forms:

Ce

qe
¼ 1

q0b
þ Ce

q0
(9)

log qe ¼ logKf þ 1

n

� �
log Ce (10)

where qe is the adsorbed amount per amount of adsor-
bent at equilibrium (mg/g), Ce is the equilibrium con-
centration in the solution (mg/L), and the Langmuir
constants q0 (mg/g) and b (L/mg) are the monolayer
adsorption capacity and the adsorption equilibrium
constant, respectively. Kf (L/g) and n are Freundlich
adsorption isotherm constants related to the adsorp-
tion capacity and the adsorption intensity, respec-
tively. The comparison of the experimental values
with the values of qe obtained by the models of Lang-
muir and Freundlich at different temperatures are
shown in Fig. 9. The Langmuir isotherm usually fitted
better with the experimental data. The isotherm con-
stants, linear correlation coefficients, and AARE values
at different temperatures are presented in Table 2. The
correlation coefficients are usually higher in the Lang-
muir isotherm. The Langmuir isotherm is specific for
monolayer adsorption. The Langmuir equilibrium
coefficient b determines the direction of the adsorbate–
adsorbent equilibrium. The values of b increased with
an increase in the temperature. Higher values showed
that the equilibrium moved to the formation of the
adsorbate–adsorbent complex.

The separation factor (RL) can be used to confirm
the favorability of the adsorption process [31]. The RL

value is calculated using the following equation:

Fig. 7. Pseudo-second-order kinetic plots for the
adsorption of nickel onto magnesite tailing at different
temperatures.

Table 1
Kinetic parameters for the adsorption of nickel by magnesite tailing at different temperatures

Pseudo-first-order Pseudo-second-order Intraparticle diffusion

T (˚C) qexp (mg/g) qe (mg/g) k1 (1/min) R2 qe (mg/g) k2 (g/mg min) R2 kp (mg/g min1/2) C (mg/g) R2

25 2.67 1.20 0.003 0.54 2.64 0.008 0.98 0.040 1.32 0.85
35 3.02 0.98 0.002 0.89 3.00 0.010 0.99 0.031 1.95 0.93
45 3.26 1.04 0.004 0.92 3.28 0.015 0.99 0.033 2.28 0.89
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Fig. 8. Isotherms for the adsorption of nickel onto
magnesite tailing at different temperatures.
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RL ¼ 1

1þ bC0
(11)

where C0 is the initial nickel concentration (mg/L). If
RL> 1, the isotherm is unfavorable; if RL = 1, the iso-
therm is linear; if 0 < RL< 1, the isotherm is favorable;
and if RL = 0, the isotherm is irreversible [31,32]. The
values of RL calculated from Eq. (11) are in Table 2.
The RL values for the adsorption of nickel are between
0.01 and 0.28, and so its adsorption is favorable. The
maximum adsorption capacities were found to be
4.22 mg/g at 25˚C, 5.21 mg/g at 35˚C, and 5.48 mg/g
at 45˚C.

The adsorption capacities found in the present
study were compared with those of other adsorbents
used in previous studies (Table 3). It was seen that the
adsorption capacity of the magnesite tailing was
higher than those of kaolinite, clinoptilolite, calcined
Bofe bentonite clay, dolomite, iron oxide, and manga-
nese oxide-coated sand [5,17,20,21,33]. In addition, it
can be obtained cheaply in large amounts.

3.6. Thermodynamic parameters

Thermodynamic parameters were studied to reveal
the nature of the adsorption process. The thermody-
namic parameters such as the changes in free energy
(ΔG˚), enthalpy (ΔH˚), and entropy (ΔS˚) can be

calculated using the Langmuir equilibrium constants
(b) which change with temperature. These parameters
are found by using the following equations:

DG� ¼ �RT ln b (12)

ln b ¼ DS�

R
� DH�

RT
(13)

where R is the gas constant (8.314 J/mol K) and T is
the solution temperature (K). The values of ΔH˚ and
ΔS˚ were calculated from the slopes and intercepts of
the linear regression of ln b vs. 1/T (Fig. 10). The cal-
culated parameters are given in Table 4. The positive
value of ΔH˚ (87.98 kJ/mol) exhibits that the adsorp-
tion is endothermic. Furthermore, the positive value
and magnitude of ΔH˚ imply that the nature of the
adsorption is a chemical process involving sharing or
transfer of electrons between adsorbent and adsorbate.
The negative values of ΔG˚ (−23.51, −27.25, and
−30.99 kJ/mol) indicate that the adsorption of nickel
on the magnesite tailing is spontaneous for the studied
temperature range. The change of free energy for the
exchange process is between −8 and −16 kJ/mol [34].
The ΔG˚ values up to −20 kJ/mol indicate physical
adsorption while ΔG˚ values more negative than
−40 kJ/mol involve chemical adsorption [35]. Thus,
the nickel adsorption by magnesite tailing may be
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Fig. 9. Comparison of the experimental values with the qe values obtained by Langmuir (a) and Freundlich (b) isotherms.

Table 2
Langmuir and Freundlich constants for nickel adsorption by magnesite tailing at different temperatures

Langmuir Freundlich

Temperature (˚C) q0 (mg/g) b (L/mg) R2 AARE% RL Kf (L/g) n R2 AARE%

25 4.22 0.253 0.993 3.36 0.28–0.07 1.798 4.74 0.999 2.96
35 5.21 0.564 0.993 0.16 0.15–0.03 3.187 8.05 0.986 0.79
45 5.48 2.375 0.994 0.44 0.04–0.01 4.387 15.67 0.908 0.86
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physical adsorption or chemical adsorption. However,
the degree of spontaneity increases with temperature.
This is because the adsorption process contains mainly
chemical adsorption rather than physical adsorption.

The positive value of ΔS˚ (0.374 kJ/mol K) indicates
an increase in the randomness at the solid–solution
interface and reflects the affinity of magnesite tailing
toward nickel ions. Similar findings were reported for
some other natural adsorbents [5,10,14,19,33].

Table 3
Comparisons of the Langmuir adsorption capacities (q0) for nickel adsorption by different adsorbents

Type of adsorbent q0 (mg/g) b (L/mg) Temp. (˚C) pH Refs.

Kaolinite 1.67 0.112 25 [5]
2.79 0.240 40

Sewage sludge ash 7.65 0.051 20 6.0 [7]
Bagasse fly ash 6.49 0.153 306.0 6.0 [12]
Low-rank coal 7.63 0.188 22 4.0 [13]
Kaolinite 7.1 0.057 30 5.7 [15]
Acid-activated kaolinite 9.9 0.070 30 5.7 [16]
Montmorillonite 21.1 0.138 30 5.7 [15]
Acid-activated montmorillonite with tartaric acid 21.3 0.238 30 5.7 [16]
Clinoptilolite 3.28 0.182 20 7.0 [17]
Calcined Bofe bentonite clay 2.88 0.071 20 5.3 [20]

3.89 0.056 75 5.3
Dolomite 5.41 0.011 20 5.5 [21]
Iron oxide coated sand 2.93 0.20 20 [33]
Manganese oxide coated sand 3.33 0.34 20 [33]
Magnesite tailing 4.22 0.293 25 6.0 Present study

5.48 4.011 45 6.0 Present study

9
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11

12

13

3.1 3.2 3.3 3.4
1/T ,10-3 (1/K)

ln
 b

Fig. 10. Plot of ln b vs. 1/T for estimation of thermody-
namic parameters.

Table 4
Thermodynamic parameters for the adsorption of nickel by magnesite tailing

Temperature (˚C) ΔG˚ (kJ/mol) ΔH˚ (kJ/mol) ΔS˚ (kJ/mol K)

25 −23.51
35 −27.25 87.98 0.374
45 −30.99
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Fig. 11. FTIR spectra of unloaded (a) and nickel-loaded (b)
magnesite tailing.
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3.7. FTIR analysis

The FTIR spectra of the magnesite tailing and
nickel-loaded magnesite tailing are shown in Fig. 11.
The possible functional groups for each sample are
presented in Table 5. The FTIR spectra show that the
magnesite tailing are mainly composed of carbonate,
silicon oxide, iron oxide, and hydroxyl groups
(Fig. 11(a)) [9,36]. In the FTIR spectrum of unloaded
adsorbent, the bands ranging from 2,915 to 3,690/cm
were related to the –OH stretching vibration. The
absorption bands at 2,535–1,825, 1,473–1,418, and
1,095–1,058/cm showed the characteristic stretching of
–CO3 group. The weak bands observed at 1,685 and
1,618/cm were assigned to the –OH bending. The
sharp absorption bands at 890–858–750 showed the
characteristic bending of –CO3 group. The very weak
band observed at 695/cm was produced by Mg–OH
bending vibration. The absorption bands appearing at
420 and at 410/cm indicated the existence of –Si–O or
–Fe–O bending vibrations (Fig. 11(a)). These groups
are likely to be responsible for nickel adsorption. Some
peaks indicating surface hydroxyl groups disappeared
in the FTIR spectrum of the nickel-loaded magnesite
tailing (Fig. 11(b)). The shifts in the wave numbers of
the –OH stretching, –OH bending, –CO2�

3 symmetric
stretching, Si–O stretching vibration, and Mg–OH
bending vibration were observed. The peaks of –Si–O
or –Fe–O bending vibrations at 420 and 410/cm were
separated into 430, 423, and 408/cm peaks. The FTIR
spectra showed the hydroxyl, carbonate, silicon oxide,
and iron oxide groups that were included in the
adsorption process.

4. Conclusions

In this study, the removal of nickel from aqueous
solution was investigated using magnesite tailing. The
optimum pH was found as 6.0. The adsorption equi-
librium was nearly attained at 720 min. The kinetic
data were better represented by a pseudo-second-
order kinetic model. The adsorption process followed
the Langmuir isotherm model. The maximum Lang-
muir adsorption capacity was determined to be
5.48 mg/g at 45˚C. The thermodynamic studies
showed the spontaneous, endothermic, and random
nature of the process. The nickel–magnesite tailing
interactions were confirmed by FTIR analysis. The
hydroxyl, carbonate, silicon oxide, and iron oxide
groups on the adsorbent surface were found to be
responsible for nickel adsorption. The magnesite tail-
ing may be used for the removal of nickel from waste-
water, since it is a low cost and locally available
adsorbent.

Table 5
Functional groups in unloded and nickel-loaded adsorbents

Wavenumber (cm−1)

Functional group Unloaded adsorbent Nickel-loaded adsorbent

Surface hydroxyl groups (Si–OH–Si) 3,690–3,678–3,650–3,630–3,615 3,688
–OH stretching 3,358–3,050–3,020–2,915 3,355–3,055–3,023–2,913
–CO2�

3 stretching-bending 2,535 2,535
–CO2�

3 stretching 1,825 1,825
–OH bending 1,685–1,618 1,688–1,623
–CO2�

3 asymmetric stretching 1,473–1,418 1,473–1,418
–CO2�

3 symmetric stretching 1,095–1,058 1,100–1,060
–CO2�

3 out of plane bending 890–858 890–858
Si–O stretching vibration 798–780 800–780
–CO2�

3 in plane bending 750 750
Mg–OH bending vibration 695 698
Si–O or Fe–O bending vibrations 420–410 430–423–408

List of symbols

b — adsorption equilibrium constant (L/mg)
C — constant related to the boundary layer thickness
Ce — concentration of nickel at equilibrium (mg/L)
C0 — initial concentration of nickel (mg/L)
k1 — rate constant of the pseudo-first-order

adsorption (1/min)
k2 — rate constant of pseudo-second-order adsorption

(g/mg min)
kp — intraparticle diffusion rate constant (mg/g min1/2)
Ka1 — hydrolysis constant
Kf — Freundlich adsorption isotherm constant related

to the adsorption capacity (L/g)
m — mass of magnesite tailing (g)
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