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a b s t r a c t
This study used mixed-type clay as an adsorbent to remove Ni(II) ions from the aqueous solu-
tion. Crystallographic analyses were performed for crystalloplotic identification. Concentration, 
temperature, amount of adsorbent, and thermodynamic parameters, which are among the param-
eters affecting the adsorption, were examined. The obtained data were applied to the Freundlich, 
Langmuir, Temkin, and Dubinin–Radushkevich adsorption isotherms. It was determined that the 
data fit the Langmuir adsorption isotherm model the most. The adsorption capacities were deter-
mined as 24.81, 29.85 and 58.14 mg/g Ni on clay at 298, 308, and 313 K, respectively. Kinetics data 
were obeyed to pseudo-second-order. Thermodynamic data (for 298, 308, and 318  K) were calcu-
lated as ΔG = –18.569, –20.879, –23.189 kJ/mol, ΔH = 22.60 kJ/mol and ΔS = 0.141 kJ/mol·K, respec-
tively. The ΔH and ΔS values can be obtained directly from the slope and shift of the Gibbs plot 
presented in this study which is not seen before in the literature. The clay used in the study was 
chosen due to its low cost and easy acquisition, and as a result of the analysis, it was determined 
that it could be used as an adsorbent with moderate efficiency in removing Ni(II) ions from water.

Keywords: Adsorption; Isotherm; Kinetics; Thermodynamics; Nickel; Clay

1. Introduction

The adsorption process has recently played an import-
ant role in water and wastewater treatment thanks to solid–
liquid adsorption. The adsorption process is used for many 
purposes in water and wastewater treatment [1]. As the 
metal usage in the rapidly developing industries increases, 
the damage to the environment and nature caused by the 
aforementioned usage increases parallelly. Everyone accepts 
the carcinogenic effect of heavy metals. Heavy metals are 
considered a severe pollution source. While heavy metals 
participate in biological reactions in trace amounts, they 
can negatively affect vital functions if they are to be found 
in more than the necessary amount in the body. In addi-
tion to its meaning of rock, the term clay is a concept that 
expresses the particle size, that is, the coarseness of the par-
ticle according to the results of the mechanical analysis of 

soil and sedimentary rocks. Wentworth proposed in 1922 
to call the particles smaller than 4 microns (1/256 mm) clay 
according to chemical classification [2,3]. We can define 
clays as aluminosilicates [4].

Some usage areas of clay minerals are; cement, brick, 
tile, structural tile, floor tile, tile, sewer pipe, drainage pipes, 
sewage pipe, sanitary ware, filling, drilling, coatings (asphalt, 
etc.), pottery, tile, glass, porcelain, electro porcelain, refrac-
tory industries and for casting industry clay is an essential 
material, especially in terms of chemistry and mineral-
ogy. Clay’s physical and chemical properties determine its 
adsorbing identity.

In the current century, time is moving faster, so its signif-
icance has increased. Accordingly, kinetics’ and its sub-dis-
cipline adsorption kinetics’ significance also increase. Thus, 
the number of scientific studies on this subject is increasing 
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daily. Therefore, it would be suitable to mention two points 
about adsorption at this point: firstly, a slow-moving pro-
cess has no economic value. For example, if the adsorption 
method is used to pre-treatment a pool or city water, a slow 
adsorption rate will mean service disruption. Secondly, 
whether the adsorption time is long or short will give us 
some scientific ideas. For example, adsorption that equili-
brates quickly indicates that the affinity between the adsor-
bent and the adsorbed is good. Numerous models have been 
proposed to explain the adsorption kinetics. The most well-
known ones are the pseudo-first-order kinetic model, [5] 
pseudo-second-order kinetic model, intraparticle diffusion 
model, and Elovich kinetic model.

The formulas and explanations related to the kinetic 
models mentioned above are given in Table 1.

Adsorption is the process of deposition of matter from 
the liquid or gas phase to the surface of the solid phase. 
Many isotherm models identify the interaction between 
adsorbate and adsorbent molecules. The Table 2 gives 
information about the isotherm models widely used in the 
literature.

2. Materials and methods

The used material (Merck Trademark, USA) 
NiN2O6·3H2O is analytical grade. The used Siirt Koçpınar 

Table 1
Adsorption kinetic models and equations

Kinetic model – Formula Explanation

Pseudo-first-order
log logq q q kte t e�� � � �

where k1 is the first-order rate constant of adsorption; qe indicates the amount of substance 
adsorbed at equilibrium, and qt indicates the amount of substance adsorbed at the end of 
time (t) [6–9].
In this case, qe and qt are the amounts of adsorbed material at equilibrium and time t (min), 
and k1 is the rate constant of adsorption (min–1), respectively [10–12].

Pseudo-second-order
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This model is based on the assumption that adsorption can be chemical. In the equation, 
k2 (g/mg·min) is the second-order rate [13,14].

Weber and Morris
(intraparticle diffusion model)
q k t Ct � �

The intraparticle model is widely applied to study as the rate-limiting step during adsorption. 
Adsorption of the solute in a solution includes adsorbate mass migration, surface diffusion, 
and pore diffusion. k is the rate constant mg/g·min1/2, and C is the boundary layer thickness. 
The values of C presents the boundary layer effect [15].

Elovich kinetic model
q tt � � � �1 1

�
��

�
ln ln

This model assumes that the adsorption rate of the solute decreases exponentially as the amount 
of adsorbed material increases [16].

Table 2
Adsorption isotherm models and equations

Isotherm model – Formula Explanations
Freundlich
log log logq K

n
Ce F e� �

1
According to the Freundlich model, the adsorption sites on the surface of an adsor-
bent have a heterogeneous structure. It consists of different types of adsorption sites. 
The linearized Freundlich expression is given in the equation on the left [17,18,19].

Langmuir
C
q

C
q K q

e

e

e

L m

� �
max

1
The mathematical expression of the linearized Langmuir model is given on the left side. 
Where; KL: Langmuir constant (L/mg) [20].

Dubinin–Radushkevich (D-R) model
ln ln lnq q qe m� � ��2

E � �
1
�

Dubinin–Radushkevich: It is used to characterize the adsorption curve according to the 
pore structure of the adsorbent. R is gas constant (8.314 J/mol·K), T is the absolute tem-
perature (K), β isotherm constant related to adsorption energy, qm is theoretical adsorption 
capacity, and ɛ is Polanyi potential. The average adsorption energy (E) helps us to predict 
the adsorption mechanism. For example, if the E value is 8–16 kJ/mol, the adsorption 
process is characterized by ion-exchange, if E < 8 kJ/mol, the adsorption is physical [21].

Temkin model
ln ln lnq B K B Ce T T T e� �

In this isotherm, the enthalpy of adsorption calculation is developed for all molecules 
present in the solution while considering the interactions between the adsorbed sub-
stances. The B value is the constant related to the heat of adsorption (J/mol) and is 
expressed as BT = RT/b. b is the Temkin isotherm constant. T is the absolute temperature 
(K). R is the ideal gas constant (J/mol·K) [22].
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mixed type clay (SKMTC) as adsorbent was supplied 
from Koçpınar Village-Siirt, Turkey. The clay was dried, 
grounded, sieved, and then characterized by X-ray diffrac-
tion (XRD), X-ray fluorescence (XRF), Fourier-transform 
infrared spectroscopy (FT-IR), scanning electron micros-
copy-energy-dispersive X-ray spectroscopy (SEM-EDX), 
Brunauer–Emmett–Teller (BET) methods. The XRD analy-
sis of the clay was performed with the Bruker D8 Advance 
XRD analyzer (4-700 detail clay) with Cu-X-ray tube, and 
the quantitative analysis was performed using the Rietveld 
(1969) method using the PANalytical X’Pert highscore plus 
program and the ICSD database. The multipoint surface 
area and pore size determination analysis of the sample 
was carried out thanks to BET method. Vacuum treat-
ment was applied to the sample at 77.3  K temperature 
for 23 h. Adsorption experiments were carried out in two 
groups as equilibrium and kinetic. The study was carried 
out at 298, 308, and 318  K temperatures. The amount of 
nickel remaining in the solution was analyzed using the 
atomic absorption spectroscopy (AAS) instrument. The 
values of qe and qt were calculated using Eqs. (1) and (2).

In order to determine the chemical composition of the 
adsorbent, the samples were dried at 105°C for XRF analy-
sis, and the analysis results were obtained thanks to the UQ 
program of Thermo ARL brand XRF device. FT-IR analysis 
was conducted with Agilent Cary 630 brand device. Field-
emission scanning electron microscopy (FESEM-EDX) analy-
sis was performed-both before and after the experiment with 
Quanta FEG-250 model device to determine the changes 
occurred due to the presence of nickel in the adsorbent.

q
C C V
me

i e�
�� �

	 (1)

q
C C V
mt

i t�
�� �

	 (2)

where qe; the amount of substance adsorbed in equilibrium 
(mg/g), qt; the amount of substance adsorbed at any time 
t (mg/g), Ci; initial concentration (mg/L), Ce; its concentra-
tion at equilibrium (mg/L). Ct; instantaneous concentration 
(mg/L), V; the solution volume (L) and m; the amount of 
adsorbent material (g).

2.1. Discussions and result

2.1.1. XRD analysis

In Table 3, clay XRD values of SKMTC and detailed 
clay XRD values are given. In the Table 3, the general min-
eral composition of SKMTC in the detailed XRD data, and 
the results of qualitative detailed XRD analysis of clay are 
presented as the enrichment process for the clay group 
minerals that cannot be identified by standard analysis.

In the XRD clay analysis, since quartz and calcite con-
stitute more than 50% of the clay, the main elements of the 
clay are neglected; however, in the detailed XRD analysis 
of the clay, the ratio of muscovite illite and vermiculite can 
be selected more clearly since clay is purified from quartz 
and calcite.

2.1.2. XRF analysis

XRF analysis of clay is given in Table 4. According to 
the XRF analysis of clay, the % presence of elemental oxides 
is respectively;

SiO2 > CaO > MnO > Al2O3 > Fe2O3 > MgO > K2O > TiO2 > Na2O 
> P2O6 = MnO

2.1.3. BET analysis

The specific surface area of the clay used as adsorbent 
was measured as (BET = 19.178 m2/g). Total pore volume of 
pores with radius was measured less than 0.1  μm at P/Po. 
The average pore radius was measured as 4.334 × 10–3 μm. 
Table 5 is the BET characterization table.

2.1.4. FT-IR analysis

FT-IR analysis results are given before the experiment in 
Fig. 1a and after the experiment in Fig. 1b. When the FT-IR 
spectrum is examined, the peaks at 3,566.06 and 3,616.37 
displays –OH stretching peaks, the peaks at 1,433.70 and 
1,434.74 cm–1 displays due to calcite in clay the presence of 
CO3

2– and the peak at 976.90 and 999.12  cm–1 displays Si–O 
bond. The peaks at 872.42, 711.99 and 712.09 cm–1 belong to 
the O–C–O asymmetric vibration motion. The adsorption 

Table 3
XRD data and detailed XRD data of SKMTC

Name Clay XRD 
values %

Clay detail XRD 
values %

Muscovite 12 25
Calcite 35 –
Montmorillonite 6 12
Quartz 17 –
Chloride 6 12
Kaolinite 7 15
Illite 9 19
Vermiculite 8 17

Table 4
XRF values of SKMTC (%)

Sample K.Ç.P./Aynbaran

A.Za 21.80
AL2O3 11.5
CaO 22.3
Fe2O3 5.4
K2O 1.8
MgO 2.5
MnO 0.1
Na2O 0.4
P2O6 0.1
SiO2 32.9
TiO2 0.6
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peak at 797.84 and 798.63 cm–1 is attributed to Si(AI)–O and 
Si–O–Si (AI) [23].

2.1.5. FESEM-EDX analysis

In Fig. 2 the images of SKMTC in its natural state are seen 
in close and long shots. In the image taken after the inter-
action between metal and clay, as seen in Fig. 3, the images 
display that the shines are formed and hold the metal. 
In Fig. 4. EDX diagram of natural clay – according to 
FESEM image of the clay – is presented.

As a result of the SEM-EDX analysis performed after 
the experiment, the presence of nickel around 0.85  keV 
is observed.

2.2. Experimental findings

2.2.1. Isotherm studies

Isotherm curves are obtained when the remaining 
substance is plotted against the amount of adsorbed sub-
stance. As seen in Fig. 6, it is observed that the adsorption 

increases as the temperature increases. The adsorption data 
obtained in this study were applied to the linear isotherms of 
Freundlich, Langmuir, Temkin, and Dubinin–Radushkevich. 
Plot of these models are given in Figs. 6 and 7.

The effects of factors such as concentration, amount of 
adsorbent, time, and temperature on the adsorption of Ni(II) 
ions on natural clay were investigated in the experimen-
tal study. One of the aims of this study is to determine the 
optimum conditions for the adsorption of Ni(II) metal ions. 
Parameters obtained from the plots are given in Table 6.

When the data given in Table 7 are compared, it is 
clearly seen that the adsorption capacity of SKMTC is higher 
than the other clays.

2.3. Thermodynamic calculations

Based on the kd values obtained from the experimental 
studies, the van’t Hoff plot was created. ΔH and ΔS val-
ues were calculated by writing the parameters obtained 
from the plot in their places in Eq. (3). These values were 
replaced in Eq. (4), and ΔG values were found for each 
temperature. The values found are given in Table 7.

Table 5
BET characterization table

Surface area data

Multipoint BET 1.918e+01 m2/g
BJH method cumulative adsorption surface area 8.650e+00 m2/g
BJH method cumulative desorption surface area 1.445e+01 m2/g
DH method cumulative adsorption surface area 8.798e+00 m2/g
DH method cumulative desorption surface area 1.469e+01 m2/g
1-method external surface area 1.380e+01 m2/g
1-method micropore surface area 5.379e+00 m2/g
NLDFT cumulative surface area 1.586e+01 m2/g

Pore volume data

Total pore volume for pores with radius less than 0.10 μm at P/Po = 0.990345 4.154e-02 cc/g
BJH method cumulative adsorption pore volume 3.581e-02 cc/g
BJH method cumulative desorption pore volume 3.587e-02 cc/g
DH method cumulative adsorption pore volume 3.488e-02 cc/g
DH method cumulative desorption pore volume 3.497e-02 cc/g
1-method micropore volume 2.529e-03 cc/g
HK method cumulative pore volume 1.109e-02 cc/g
SF method cumulative pore volume 1.112e-02 cc/g
NLDFT cumulative pore volume 3.181e-02 cc/g

Pore size data

Average pore radius 4.332w-03 μm
BJH method adsorption pore radius (mode Dv(r)) 1.524e-03 μm
BJH method desorption pore radius (mode Dv(r)) 1.867e-03 μm
DH method adsorption pore radius (mode Dv(r)) 1.524e-03 μm
DH method desorption pore radius (mode Dv(r)) 1.867e+01 μm
HK method pore radius (mode) 2.158e-04 μm
SF method pore radius (mode) 1.754e-04 μm
NLDFT pore radius (mode) 1.385e-03 μm
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where kd represents the adsorption equilibrium constant, 
ΔG represents the Gibbs free energy change resulting from 
adsorption, ΔH represents the adsorption enthalpy change, 
ΔS represents the entropy change, and T represents the 
absolute temperature. Kinetics, on the other hand, by its 
nature, examines the situation before it comes to dynamic 
equilibrium.

The obtained lnkd
0 values were placed in Eq. (3), and the 

van’t Hoff plot in Fig. 9 was obtained from the slope.
The ΔH value was found from the slope of the van’t 

Hoff plot and the ΔS value from the shear. These values 

were placed in Eq. (4), and ΔG values were found for each 
temperature.

Gibbs plot presenting the terms of adsorption thermody-
namics is given in Fig. 10. The adsorption ΔH can be seen 
from the slope of the graph without the need for any calcu-
lations. The negative value of the shift of the graph equation 
presents ΔH; on the other hand, the shift of the equation 
presents entropy.

As it is presented in Table 8, the negative values of ΔG 
show that the adsorption phenomenon occurs sponta-
neously. In addition, a positive ΔH value indicates that the 
event is endothermic. The fact that the ΔH value is greater 
than 40 kJ/mol is a great proof that the adsorption is chem-
ical. The fact that the experimental results are mostly com-
patible with the Langmuir model also indicates that the 
phenomenon is chemical.

(a) (b)

Fig. 1. FT-IR diagram (a) of natural clay and (b) after clay interacts with metal.

(a) (b)

Fig. 2. FESEM images of (a) natural clay (long shot) and (b) natural clay (close shot).

 (a) (b)

Fig. 3. FESEM images (a) after clay interacts and (b) clay interacts with metal (long shot) with metal (close shot).
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Fig. 4. EDX diagram obtained as a result of the interaction of natural clay.

Fig. 5. EDX diagram of nickel(II) ions adsorbed the clay.
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Table 6
Parameters obtained adsorption concentration experiments

Langmuir isotherm Freundlich isotherm Temkin isotherm Dubinin–Radushkevich isotherm

T (K) KL (L/mg) qmax (mg/g) R2 KF n R2 B KTM R2 KDR (L/mg) E (kJ/mol) R2

298 0.114 24.81 0.8969 2.879 1.69 0.9457 2.9836 0.019 0.8955 –3 × 10–9 12.9 0.7678
308 0.182 29.85 0.9807 4.910 1.60 0.7708 1.9982 1.489 0.8490 1 × 10–9 22.36 0.9294
318 0.297 25.38 0.9753 5.364 1.76 0.7868 1.7803 1.208 0.7833 2 × 10–9 15.81 0.7485
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Fig. 8. lnKd plot of different concentration values of Ni(II) at 
different temperatures.
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Table 7
Comparison adsorption capacities with SKMTC and other clays

Adsorbent Adsorption 
capacity (mg/g)

Reference

Raw kaolinite 6.21 [24]
Kaolinite 20.49 [25]
Fibrous clay minerals 85
Clay 6.3 [26]
Natural clay 15.4
Surfactant-modified clay 0.24 [27]
SKMTC 29.85 This study
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Table 8.
Thermodynamic data adsorption of Ni(II) metal on SKMTC

T (K) 1/T lnkd
0 ΔG 

(kJ/mol)
ΔH 
(kJ/mol)

ΔS 
(kJ/mol·K)

298 3.36 × 10–3 7.5652 –18.569
50.269 0.231308 3.25 × 10–3 8.1174 –20.879

318 3.14 × 10–3 8.8436 –23.189

Table 9.
Constants achieved from adsorption kinetic experiment

T (K)

Pseudo-first-order Pseudo-second-order Elovich model Weber–Morris model

k1 (dk1) qe R2 K qe (mg/g) R2 β α R2 Ki (mg/g·dk1/2) C (mg/g) R2

298 0.0053 4.223 0.9403 0.0078 13.333 0.9985 0.7457 96.873 0.9842 0.2942 8.7283 0.9457
308 0.0023 4.645 0.6989 0.0046 15.083 0.9782 0.6538 69.06 0.8016 0.3838 8.8575 0.8372
318 0.0068 7.798 0.8922 0.0043 18.587 0.9947 0.4901 55.735 0.8238 0.4392 11.357 0.7542
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Fig. 12. Pseudo-second-order plot of Ni(II) at different tem-
peratures.
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2.4. Kinetic studies

Adsorption is a time-dependent process. In adsorption 
kinetics, there is an equilibrium contact time between the 
adsorber and the adsorbed. Equilibrium contact time is 
while the adsorbent is saturated with the adsorbed [28,29]. 
In kinetic studies, regression analyses of models are often 
performed. It is found by comparing the model most suit-
able for the experimental data. This study investigated 
the suitability of pseudo-first-order, pseudo-second-order, 
Weber–Morris, and Elovich kinetic models at 298, 308, and 
318 K. Kinetic plots were created with the values obtained 
from the kinetic studies’ data at all three temperatures. 
The parameters obtained from these plots are presented in 
Table 9.

3. Conclusion

The adsorption amount, temperature, and concentration 
parameters were examined in the study. Data from exper-
imental studies were applied to Langmuir, Freundlich, 
Temkin, and Dubinin–Radushkevich models. When the 
obtained data were compared, it was determined that 
the result was compatible with the Langmuir isotherm. 
The adsorption capacities, qm, were determined as 24.81, 
29.85, and 58.14  mg/g Ni on clay at 298, 308, and 313  K, 
respectively. The kinetic study data were applied to pseu-
do-first-order, pseudo-second-order, Elovich, and intrapar-
ticle diffusion models. It was determined that the data fit the 
pseudo-second-order kinetic model the most. qe values were 
determined as 13.333, 15.083 and 18.587 mg/g Ni on clay at 
298, 308, and 313 K, respectively. Thermodynamic ΔH and 
ΔS values were found as 22.599 kJ/mol, 0.141 kJ/mol·K, and 
ΔG values for 298, 308 and 318  K were found as –18.569, 
–20.879, and –23.189 kJ/mol, respectively. The results show 
that adsorption is an endothermic and spontaneous process. 
In the Gibbs plot presented in this study, which has not been 
seen before in the literature; the ΔH and ΔS values can be 
found directly from the slope and shift of the plot. The least-
squares method (R2) was used for the regression analysis 
of the kinetic study. According to this, it was determined 
that the adsorption kinetics realized at 298  K temperature 
complied with all models, and at 308K and 318 K tempera-
tures, results complied with all models except the pseudo- 
second-order kinetic model. The amount of substance 
adsorbed at equilibrium, qe was determined as 13.333, 
15.083 and 18.587  mg/g, 298, 308, and 318  K, respec-
tively. It has been determined that the clay used in the 
adsorption process is a suitable adsorbent, and its cheap-
ness and abundance make its usage advantageous 
compared to other clays in the literature.
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