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theoretical study of CO2

adsorption by activated clay using statistical
physics modeling

Hedi Jedli, *a Chaker Briki,a Amani Chrouda,b Jihed Brahmi,c Amel Abassi,d

Abdessalem Jbara,e Khalifa Slimie and Abdelmajid Jemnia

The objective of this paper was to study CO2 adsorption on activated clay in the framework of geological

storage. The activation of clay was characterized via scanning electron microscopy, N2 adsorption–

desorption isotherms, and X-ray diffraction. The adsorption isotherms were generated at different

temperatures, namely, 298 K, 323 K, and 353 K. Based on the experimental result, a new model was

simulated and interpreted using a multi-layer model with two interaction energies. The physicochemical

parameters that described the CO2 adsorption process were determined by physical statistical formalism.

The characteristic parameters of the CO2 adsorption isotherm such as the number of carbon dioxide

molecules per site (n), the receptor site densities (NM), and the energetic parameters were investigated.

In addition, the thermodynamic functions that governed the adsorption process such as the internal

energy, entropy, and Gibbs free energy were determined by a statistical physics model. Thus, the results

showed that CO2 adsorption on activated clay was spontaneous and exothermic in nature.
1 Introduction

Carbon dioxide is considered a major greenhouse gas and the
cause of climate change.1 The IPCC estimates that CO2

concentration levels may increase to 570 ppm by the year 2100,
causing an increase in the global average temperature of about
1.9 �C.2 One of the solutions to reduce carbon dioxide emissions
from xed-point sources is the development of CO2 capture and
storage technologies. In order to sequestrate CO2 from fuel
gases, various techniques have been studied such as chemical
adsorption,3 absorption4 and use of membranes.5 Solid
adsorption is the most promising for CO2 capture because of its
low energy requirements, cost effectiveness, and ease of use at
a variety of pressures and temperatures.6 Many different
adsorbents can be used for this purpose such as clay, activated
carbon zeolites, mesoporous silica, and organo-metallic struc-
tures. In this context, clay is considered a natural material for
CO2 adsorption. CO2 adsorption with bentonitic clay minerals
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from Patagonia was studied by Venaruzzo et al. (2002).7 Equi-
librium adsorption of the gas was measured at 25 �C and
characterized by chemical analysis, X-ray diffraction, and N2

adsorption–desorption isotherms. This study indicated that the
increase in the gas adsorption with bentonitic clay minerals was
attributed to textural and structural properties. Chen et al.
(2015)8 discussed the mechanism of CO2 adsorption by
kaolinite via XRD, FTIR spectroscopy, and CO2 adsorption
isotherm measurements. The CO2 adsorption performance of
the sample was assessed on the basis of the changes in its
weight. Also, the CO2 adsorption isotherm was measured using
an ASAP 2020c (Micromeritics) static volumetric apparatus. Lyu
et al. (2018)9 investigated the effect of CO2 adsorption on the
mechanical properties of clay shale in several high-pressure
containers. This study provided actual experimental data on
the adsorption properties of shale with carbon dioxide. Jedli
et al. (2016)10 compared the effects of CO2 adsorption on various
samples such as clay, evaporates, and sandstone. The adsor-
bents were reacted on a batch reactor and characterized thor-
oughly via X-ray diffraction (XRD), scanning electron
microscopy (SEM), Fourier transform infrared spectroscopy
(FTIR), and nitrogen adsorption. The adsorption isotherms
were measured at different temperatures and modeled with the
Langmuir model. The main aim of this study, therefore, was to
investigate the adsorption process of carbon dioxide on a solid
surface, especially activated clay. In this context, an experiment
was performed to investigate the CO2 adsorption process on
activated clay. In fact, the adsorbent was characterized thor-
oughly via XRD (X-ray diffraction), SEM (scanning electron
This journal is © The Royal Society of Chemistry 2019
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View Article Online
microscopy), and nitrogen adsorption desorption. The experi-
mental data was modeled with statistical physics processing at
25, 50, and 75 �C. The tting results were used to discuss the
thermodynamics parameters for each adsorption isotherm type.
Moreover, a detailed study of the main intrinsic features of the
adsorbent was performed. Additionally, a detailed study of the
physicochemical parameters of the adsorbent was established.

2 Experimental details
2.1 Materials and methods

The experimental device is presented in Fig. 1. It was essentially
composed of a batch reactor with a total volume of 232 cm3,
a manometer, electric heating, and a CO2 supply bottle (VMS-A
S40). The raw clay was collected from a real site located in
southern Tunisia and treated with H2SO4 solution (3 M).11

Characterization techniques were used to describe the sample
at different observation scales. X-ray diffraction was performed
on a “Philips MPD1880-PW1710’’ diffractometer with lCuKa

radiation in the 2–80� interval with a step size of 0.02� and
a counting time of 20 s per step. The quantication phase was
performed on one sample by the Rietveld method (R-QPA) using
a PANalytical X'Pert High-Score Plus Program. The surface
morphologies of the adsorbent were observed by a Thermo
Fisher FEI Q250 scanning electron microscope. The porous
textural characterizations were determined using an ASAP 2020
micromeritics analyzer. The specic BET surface area and pore
size distribution were obtained using the adsorption/
desorption isotherms of nitrogen vapor at 77 K.

2.2 Characterization of adsorbent

Table 1 shows the chemical composition of the activated clay
determined by X-ray uorescence (XRF). The XRF indicated the
presence of silica (SiO2), aluminum (Al2O3), and iron oxide
(Fe2O3) as main constituents, as well as traces of other oxides
such as magnesium oxide (MgO), calcium oxide (CaO), and
potassium oxide (K2O). From the XRD diffractograms of activated
clay (Fig. 2), the characteristic reections located at 4.45 �A and
Fig. 1 Schematic of the experimental study (1) gas cylinder, (2) pres-
sure regulator, (3) pressure indicator, (4) needle valves, and (5) batch
reactor.

This journal is © The Royal Society of Chemistry 2019
3.33�A were assigned to illite, whereas kaolinite was found at 7.51,
3.78, 2.56, and 2.48�A. The characteristic reections of dolomite
were observed at 2.88 �A and those of quartz at 3.33 and 1.87 �A.
The N2 adsorption–desorption isotherms of activated clay corre-
sponded to a typical type IV isotherm, characteristic of a meso-
porous material (Fig. 3). The hysteresis loop for the sample was
similar to type H3, which was typical of agglomerates with plate-
like particles containing slit-shaped pores. The textural proper-
ties, including the BET surface areas, pore volumes, and pore
sizes of activated treated clay are presented in Table 2. The
surface area and pore volume of the clay sample were 24.68 cm2

g�1 and 0.064 cm2 g�1, respectively, indicating that activated clay
exhibited a low porosity. The scanning electron micrographs of
the sample are provided in Fig. 4. The SEM showed a different
particle morphology. In fact, the adsorbent presented a stratied
form containing stacked akes in the form of agglomerates,
which displayed irregular and angular edges. The adsorption
isotherms on activated clay at 25, 50, and 75 �C are depicted in
Fig. 5. As expected, these isotherms were expressed as a function
of the amount adsorbed and the pressure. The adsorption
capacity increased with the increase in the pressure. In fact, an
increase in the adsorption temperature led to a reduction in the
amount of carbon dioxide adsorbent.
3 Modeling by statistical physics of
CO2 adsorption isotherms
3.1 Adsorption modeling

The analytical expression used for the adsorption isotherms was
based on a statistical physics approach. The statistical physics
treatment was used for the gas physical states of the adsorbate.
Furthermore, the interaction between the adsorbed molecules
was neglected.12 The physical interpretations of the adsorption
phenomenon were provided according to the experimental
study. For the state of adsorption, the equation used was:13

nA + S 4 AnS (1)

where n, S and AnS are respectively the receptor sites, the
number of molecules per site and the formed adsorbate–
adsorbent complex. In the present study, we used a grand
canonical partition function for the interstitial site. This func-
tion described each adsorption process for the microscopic
states. The receptor site could be empty or occupied by one or
more molecules. The grand canonical partition for one receptor
site is expressed in the following equation:14

zgc ¼
X
Ni

e�bð�3i�mÞNi (2)

where (�3i) is the receptor site sorption energy, Ni is the receptor
site occupation state, m is the chemical potential, and b is
dened as 1/kBT. T is the absolute temperature and kB is the
Boltzmann constant. The relation between the total grand
canonical partition function, Zgc, and the NM receptor sites is
given by eqn (3):

Zgc ¼ (zgc)
NM (3)
RSC Adv., 2019, 9, 38454–38463 | 38455
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Table 1 Chemical analysis of activated clay

Element, wt% SiO2 Al2O3 CaO Fe2O3 Na2O K2O MgO TiO2 I.Lo
Activated clay 69.87 8.23 6.72 1.84 0.14 2.48 4.02 0.10 7.78

Fig. 2 XRD of activated clay.

Fig. 3 N2 adsorption–desorption isotherm of activated clay.
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The average number of sites can be described as follows:15

N0 ¼ kBT
vln Zgc

vm
¼ NMkBT

vln zgc

vm
(4)

The average number of the adsorbed molecules is written as
follows:16
Table 2 Textural properties for activated clay

Concentration of H2So4 (M)
BET surface
area (m2 g�1)

Activated clay 24.68

38456 | RSC Adv., 2019, 9, 38454–38463
Q ¼ nN0 ¼ nNM

vln Zgc

vm
¼ Q0

vln Zgc

vm
(5)

To develop the multilayer model during the adsorption
process, we considered that the mutual interactions between
the adsorbate molecules were neglected. Then, the internal
degrees of freedom for the gas were neglected. However, the
molecules in the rst layer (N1M) were adsorbed with (�31)
energy, whereas the molecules in the next (N2M) layers were
adsorbed with (�32) energy, knowing that |31| > |32| > 0. Under
these conditions, the global grand canonical partition function
was written as:

Zgc ¼
�
z1gc
�N1M

�
z2gc
�N2M (6)

where z1gc and z2gc are respectively the partition function for site
type 1 and 2. Their expressions are:

z1gc ¼
X
Ni¼0:1

e�bð�31�mÞNi ¼ 1þ ebðmþ31Þ (6a)

z2gc ¼
X
Ni¼0:1

e�bð�32i�mÞNi ¼ 1þ ebðmþ32Þ (6b)

where (�31) and (�32) are the receptor site desorption energies,
Ni is the receptor site occupation state, m is the chemical
potential of the adsorbed site, and b is expressed by 1/kBT. T is
the temperature in K and kB is the Boltzmann constant. During
thermodynamic equilibrium, the equality of the different
chemical potentials can be written as mm ¼ m/n, where m is the
chemical potential of the receptor site and n is the number of
atoms per site.

Using the rst approximation for an ideal gas, mm can be
expressed as follows:17

mm ¼ kBT ln
N

Zg

(7)

where:

Zg ¼ ð2pmkBTÞ3=2
h3

TV

2qrot
(8)

where qrot, m, v, and h are respectively the rotational charac-
teristic temperature, the mass of the adsorbed gas, the volume
of the gas, and Planck's constant.

Using eqn (5), the average number of occupied sites was
expressed by the following equation:
Pore volume (cm3 g
�1)

Pore size
(�A)

0.064 65.71

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 SEM morphologies of the activated clay.

Fig. 5 CO2 adsorption isotherms on activated clay.
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N0 ¼ N1M

1þ e�bðmþ31Þ þ
N2M

1þ e�bðmþ32Þ (9)

where 31m and 32m are the energies of an adsorbed gas atom on

the two different sites, respectively. We can write: 31m ¼ 31

n1
and

32m ¼ 32

n2
Using eqn (7) and the equilibrium conditions related to the

chemical potentials, the average number of occupied sites given
in eqn (9) becomes:
This journal is © The Royal Society of Chemistry 2019
N0 ¼ N1M

1þ e�bðmgþ31mÞn1 þ
N2M

1þ e�bðmgþ32mÞn2

¼ N1M

1þ e�bð31mÞ
n1

� zg
bP

�n1 þ N2M

1þ e�bð32mÞn2
� zg
bP

�n2 (10)

If we take P ¼ kBTZgtr e
b3m, we obtain an average number of

occupied sites at half N01 ¼ N1M/2 and N02 ¼ N2M/2. We then
noted that P1 ¼ kBTZgtr e

�b31m and P2 ¼ kBTZgtr e
�b32m, which

represented the pressure at half-saturation. This corresponded
respectively to the rst and the second type of sites. n1 and n2
are the number of atoms per site. The average number of
occupied sites is written as follows:

N0 ¼ N01 þN02 ¼ N1M

1þ
 
P1

P

!n1 þ
N2M

1þ
 
P2

P

!n2 (11)

Using eqn (1) and the number of average occupation site, N0,
the average number of remaining adsorbed molecules is:

Na ¼ n1N01 + n2N02 (12)

The expression for the number of remaining adsorbed gas
molecules as a function of pressure is written as follows:

Na ¼ n1N1M

1þ
 
P1

P

!n1 þ
n1N2M

1þ
 
P2

P

!n2 (13)
RSC Adv., 2019, 9, 38454–38463 | 38457
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The experimental adsorbed quantity, Qs, indicates the
number of CO2 atoms per unit formula. In our model, there
were two types of sites that adsorbed two different quantities, n1
and n2, on N1M and N2M. In fact, we took the average between n1
and n2 weighted by N1M and N2M.

Qs ¼ Qs1 + Qs2 (14)

where

QS1 ¼ n1N1M

N1M þN1M 1þ
 
P1

P

!n1

1

1þ
 
P1

P

!n1
¼ Qsat1

1þ
 
P1

P

!n1

(15)

QS2 ¼ n2N2M

N2M þN2M 1þ
 
P2

P

!n2

1

1þ
 
P2

P

!n2 ¼
Qsat2

1þ
 
P2

P

!n2

(16)

The analytical model expression that tted the experimental
isotherms was:

Qs ¼ Qsat1

1þ
 
P1

P

!n1
þ Qsat2

1þ
 
P2

P

!n2
(17)

The nal expression for the average number of adsorbed
molecules (rst model, namely, Model 1) can be expressed by
the following equation:16
Table 3 Values for the R2 fitting coefficient

Q ¼ ðnNMÞ

0
BBBBBBBBB@

�P
P1

�n
þ 2

�P
P1

�n�P
P2

�n�
1�

�P
P2

�nNL

�
�
1�

�P
P2

�n� �

�P
P1

�n�P
P2

�n�P
P2

�nNL

NL�
1�

�P
P2

�n� þ

�P
P1

�n�P
P2

�2n�P
P2

�nNL

NL�
1�

�P
P2

�n�2
�
1�

�P
P1

�n�
þ

�P
P1

�n�P
P2

�n�
1�

�P
P2

�nNL

�
�
1�

�P
P2

�n�

1
CCCCCCCCCA

(18)
The nal expression of model 1 contained physicochemical
parameters such as n, NM, NL, P1, and P2. These parameters are
dened as follows: the number of molecules per site, n, the
density of the receptor sites, NM, the number of adsorbed layers,
NL. From the experimental isotherm, we deduced the pressures
at the half-saturation, P1 and P2.
T (K)
Monolayer with
xed parameters

298 0.9964
323 0.9973
353 0.9980
3.2 Fitting results

The main objective of the modeling process was to select the
appropriate model that better correlated with the isotherm
experimental data. The CO2 adsorption isotherms on activated
38458 | RSC Adv., 2019, 9, 38454–38463
clay showed a saturation phenomenon at high pressures. The
experimental data was used in the simulation process with
different theoretical models based on a statistical physics
treatment. To obtain the different parameters for the model,
several iterations were used for all of experimental results.
Classical and non-classical models were evaluated such as
Langmuir, BET, Hill (1), and Hill (2).18,19 In addition to the rst
adsorption layer, the adsorption phenomenon was assumed to
also increase a number of layers. Thus, the classical Hill model
and the double layer Hill model, which respectively considered
one energy (�31) (Model 2) and two energies (�31) and (�32)
(Model 3)20 were tested. The most suitable model was deter-
mined according to the correlation coefficient, R2. Table 3
present the adjustment coefficient values for the different
models. The t of the experimental adsorption isotherms for
activated clay at 298 K, 323 K, and 348 K showed that the model
correlated well with the experimental data as illustrated in
Fig. 6.
4. Results
4.1 Steric parameters

The monolayer model with two types of sites was suitable for
analyzing the experimental adsorption isotherms. The model
parameters gave characteristics on the number of desorbed
atoms per site, the density of the receptor sites, and the
desorption energies. These parameters were classied into two
categories. The number of steric atoms by site was n1 and n2 and
receptor site densities were NM1 and NM2. Energy parameters
P1 and P2 gave the desorption energy, which characterized the
bond between the atoms and receptor sites. The values for the
adjusted parameters are provided in Table 4.
4.1.1 n1 and n2 parameters. The parameters n1 and n2,
which represented the number of atoms per site, were stoi-
chiometric coefficients. These parameters were in accordance
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Experimental data for the CO2 adsorption isotherms on acti-
vated clay fitted with our model.

Table 4 Adjustment parameter values corresponding to the best fit
model

Temperature
(�C) NM1 NM2 P1 P2 n1 n2

25 6.23 10.77 134.17 53.52 2.55 0.81
50 1.73 8.48 130.30 49.55 3.16 0.916
80 1.58 6.74 134.01 45.42 3.35 1.02

Fig. 7 Variation in the number of atoms per site n1 and n2 versus the
temperature.

Fig. 8 Variation in parameters NM1 and NM2 versus the temperature.
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with the adsorption complexation expressed by eqn (1). The
numbers (n1 and n2) were integers. However, the adjusted values
for n1 and n2 were not integers because these yielded the average
values for all of the receptor sites, which could have been
a decimal number. Fig. 7 shows the variation in n1 and n2
during the adsorption process. We noted that the values for the
This journal is © The Royal Society of Chemistry 2019
number of CO2 atoms in the rst and the second site were not
identical during the adsorption phenomena. In addition, the
number of molecules per site (n) was dened as the average
yield for all of the receptor sites, which ranged from 1.68 to 2.18
for all of the site types. The variation in n was due to the effect of
the temperature.

4.1.2 NM1 and NM2 parameters. The parameters NM1 and
NM2 presented two receptor sites, which were actually necessary
for activation to separately adsorb the atoms. The evolution of
the N1M and N2M adsorption was a function of the temperature
as shown in Fig. 8. We saw that these parameters evolved in an
opposite manner than the temperature. The temperature low-
ered the NM1 and NM2 densities. The thermal agitation effect
prevents the occupation of the sites, and therefore, reects the
exothermic effect of adsorption for both sites.
Fig. 9 Variation in parameters Qsat1 and Qsat2 versus the temperature.

RSC Adv., 2019, 9, 38454–38463 | 38459
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Table 5 Values corresponding to the adsorption energies

T (K) DE1 (kJ mol�1) DE2 (kJ mol�1)

298 106.45 108.72
323 129.47 132.60
353 161.33 164.50
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4.1.3 Saturation adsorption quantity Qsat parameters. The
saturation adsorption quantity, Qsat, depended on the number of
molecules per site (n) and the density of the NM receptor sites,
which characterized the ability of the activated clay surface to
capture the carbon dioxide molecules.16 We noted from Fig. 9
that an increase in the temperature led to a reduction in the
adsorbed quantity during the rst phase, Qsat1. The evolution of
Qsat was consistent with the exothermic character of the CO2

adsorption process on the sample. In fact, we noted that the
global adsorption was attributed to two separate contributions.
Despite the difference in the site properties, the global lling was
almost similar. Both sites belonged to the same unit form with
a slightly larger padding requirement for the second type of site
in the second phase. The maximum adsorbedQsat increased with
the increase in the temperature. The increase in n2 was already
attributed to the endothermic nature of the aggregation of n2 CO2

atoms on the N2M density of the receptor site.
4.2 Energy parameters

The energy adsorption was an important parameter used to
characterize the nature of the interaction between carbon
dioxide and the sample. From the parameters P1, P2, and the
vapor saturation pressure, the adsorption energy DE1a and DE2a
for site 1 and 2 was expressed by the following equation:21

DE1 ¼ DEV � RT ln

�
Pi

Pvs

�
(19)

where i ¼ 1 or 2 and R is the ideal gas constant, R ¼ 8.314 472 J
mol�1, and Pvs is the pressure of the saturated vapor.
Fig. 10 Variation in adsorption energies DE1 and DE2 versus the
temperature.
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Fig. 10 shows the variation in the adsorption energies versus
three temperatures (298 K, 323 K, and 353 K) and Table 5 presents
their value. DE1 and DE2 present the interaction between the
molecules and the surface of the rst and second layer, respec-
tively.We saw that both adsorption energies increased with respect
to the temperature. This was due to the effect of thermal agitation.
The adsorption energy calculated at 298 K was 108.72 kJ mol�1,
while the adsorption energy at 353 K was 164.50 kJ mol�1. This
increase in energy was explained by the temperature effect, which
agitated the atoms in the site and possibly facilitated the adsorbed
atoms to be easily lodged in the volume of the site.
4.3 Entropy

From the grand canonical partition function for the multilayer
model with two energies, the entropy is expressed as follows:22

Sa

kB
¼ �b vln

�
Zgc

�
vb

þ ln
�
Zgc

�
(20)

The adsorption entropy, Sa, was calculated using the
following expression:
Fig. 11 Evolution of the entropy, Sa, versus the pressure at different
temperatures.
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The entropy indicates the degree of disorder and random-
ness of CO2 molecules. Fig. 11 shows the evolution of entropy as
a function of pressure at different temperatures. Indeed, at low
pressures, the entropy increases; this is due to the availability of
a large number of receptor sites on the surface of the adsorbent.
Therefore, the CO2 molecules were connected to the empty
sites. Then, at high pressures, we saw a reduction in the entropy
conguration. This reduction was due to the decrease in the
number of free sites. Consequently, at high pressures, CO2 had
a low probability of selecting a receptor site since the adsorbent
tended toward saturation, and therefore tended toward being
ordered.
Fig. 13 Evolution of the Gibbs free energy versus pressure at different
temperatures.
4.4 Internal energy

The internal energy is corresponding to the interactions
between the adsorbate–adsorbent system. The internal energy is
given by:23

Eint ¼ �v ln
�
Zgc

�
vb

þ m

b

�
v ln Zgc

vm

�
(22)

Eint ¼ kBT ln
bP
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Fig. 12 shows the internal energy variation of CO2 adsorption
depicted at different temperatures. We can see that the internal
energy values are negative for all temperatures. Moreover, an
increase in the pressure was observed, which in turn shows
a decrease in the enthalpy. In this study, the decreases in
enthalpy present the amount of work available to introduce the
Fig. 12 Evolution of the internal energy, Eint, versus the pressure at
different temperatures.

This journal is © The Royal Society of Chemistry 2019
atoms n1 and n2 in the receptor sites N1M and N2M. The
adsorption process was exothermic in nature.
4.5 Gibbs free energy

The Gibbs free energy, G, describes the spontaneity of the
system, and is given as follows:24

G ¼ m � Qa (24)

Therefore, the expression for the Gibbs free energy is:

G ¼ kBT ln
bP

Zg

0
@ n1N1M

n11þ
� x

P1

�þ n2N2M

n21þ
� x

P2

�
1
A (25)
Fig. 14 The variation in the chemical potential with pressure.
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Fig. 13 shows the variation in the Gibbs free energy as
a function of pressure for different temperatures. The Gibbs
free energy, G, was negative, which reected that the adsorption
reaction was spontaneous. This thermodynamic function
decreased with increasing temperature, which meant that the
thermal agitation decreased the spontaneity of the adsorption
process.

4.6 Chemical potential

The chemical potential is written as follows:24

m ¼ kBT ln
bP

zg
(26)

Fig. 14 shows the evolution of the chemical potential versus
the pressure. The chemical potential decreased with increasing
temperature. Also, we noted that with an increasing tempera-
ture, the total number of adsorbed CO2 atoms decreased. On the
other hand, if we augmented the pressure, the adsorption
process progressed and the CO2 amount increased progressively
in the adsorbent. Therefore, the chemical potential increased.

5. Conclusion

In this paper, the CO2 adsorption on activated clay was
measured at different temperatures (298 K, 323 K, and 353 K)
and characterized via SEM, XRD, and N2 adsorption–desorp-
tion. The adsorbent was simulated using a statistical physics
model. The parameters for the carbon dioxide adsorption
isotherms were theoretically interpreted using the multi-layer
model with two energies. The main characteristic parameters,
namely, the number of carbon dioxide molecules per site (n),
the receptor site density (NM), and the energetic parameters
(�31) and (�32), were interpreted at different temperatures. In
fact, the thermodynamic functions, namely, the entropy, the
Gibbs free energy, and the internal energy, were evaluated. The
results showed that CO2 adsorption on activated clay was
spontaneous and exothermic in nature.
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