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Abstract

Expandable clay minerals play a pivotal role in the geological sequestration of greenhouse gases due to their contribution
to storage capacity and caprock integrity. The charge-balancing cations in the interlayer space are known to influence
carbon dioxide adsorption. The present study investigated the general adsorption behaviour and characteristics of mont-
morillonite towards CO, adsorption at temperatures above critical point, typical to geological sequestration. Modelling
on the excess isotherm and absolute isotherm was used to compare the variation of the adsorption behaviour of sodium,
potassium and calcium montmorillonite. Excess isotherm modelling using the monolayer Ono-Kondo (O-K) model suc-
cessfully captured the experimental adsorption. The lateral interaction of the adsorbed molecules on the montmorillonite
surface, a variable with the type of cation, remarkably affected the strength of adsorption. The derived adsorbed phase den-
sity data confirmed the onset of swelling in montmorillonite at pressures below the critical point. Additionally, the study
comprehended the influence of approximations used to derive the absolute isotherm from the experimental isotherm and
investigated the validity of common theoretical models to represent adsorption. The study recommended the application
of Dubinin-Astakhov (D-A) isotherm with reciprocal van der Waals density approximation or liquid density approximation
to model the adsorption of CO, on montmorillonite.

Keywords Carbon dioxide adsorption - Isotherm modelling - Adsorption thermodynamics - Homoionized
montmorillonite - Geological sequestration
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1 Introduction

Being the primary contributor to global warming, carbon
dioxide removal (CDR) has been identified as a measure of
utmost significance to mitigate the impacts of global warm-
ing and related climate change. The Intergovernmental Panel
for Climate Change (IPCC) emphasizes the importance of
CDR in achieving net negative emissions by incorporating
other mitigation measures [25]. As such, storage of CO, in
geological formations (geosequestration) can trap CO, for a
geologically significant time scale. Sedimentary formations
with adequate porosity and permeability can be potential
storage sites for carbon dioxide geological sequestration.
For example, deep saline aquifers, active or depleted oil and
gas reservoirs, coal seams, salt caverns, etc., are some of the
formations with adequate capacity to store CO, [24]. Many
researchers have investigated the feasibility, storage capac-
ity and efficiency of such formations [5, 9, 41]. The signifi-
cant risks associated with the storage of CO, underground
arising from leakage have been studied. As such, the sealing
efficiency of the reservoir caprocks was also investigated
[6, 14, 38, 51].

Even though among all the trapping mechanisms (cap-
illary, solubility, sorptive and structural trapping), sorptive
trapping via adsorption contributes the least towards the
storage [7], it is still considered significant in geoseques-
tration as it is the initial stage of other long-term chemical
interactions like precipitation and dissolution of the forma-
tion material [8]. Carbon dioxide adsorption on clay miner-
als present in the reservoir and caprock of the geological
formation has emerged as a topic of interest owing to its
contribution to both the storage and caprock integrity. The
adsorption of CO, on the reservoir formations and caprocks
predominantly occurs on the inorganic clay minerals and the
organic content. Busch et al. [5] postulated that the inor-
ganic content of the caprocks is of primary influence on
its adsorption capacity. The experiments on the Muderong
shale with a total organic content (TOC) of less than 0.5%
demonstrated that the high adsorption capacity was attrib-
uted entirely to the reactive nature of its inorganic content.

Clay minerals are excellent adsorbents for CO, and have
proven effective in capturing and storing CO, in them [34,
44]. The high degree of heterogeneity in the physical and
chemical properties of clay makes the adsorption mecha-
nism complex. Changes in mineralogy also add to the dif-
ference in adsorption in the clay minerals. Clay minerals
falling under the class of smectites are of particular impor-
tance since these minerals can exhibit volumetric expan-
sion upon CO, adsorption [13, 21, 35, 52]. Yin et al. [53]
observed changes in pore structure in the shale caprocks
after exposure to CO,, attributed to the adsorptive swelling
of clay minerals. This adsorption-induced swelling seals off
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the fractures in the caprocks, enabling storage longevity [7].
Many researchers have reported the effect of the hydration
state of smectite and the interlayer cation present in it on
the magnitude of swelling. Giesting et al. [15] studied the
adsorption-induced swelling of Na-montmorillonite and the
dependence of the initial interlayer d-spacing of the mineral
on CO, adsorption. Under high pressure and temperature,
adsorption results showed that the intercalation of CO, was
complete when the pressure reached around 5 MPa, beyond
which the increase in pressure did not cause a change in
interlayer space. Also, the study emphasized the require-
ment of a mixed layer of water molecules in the interlayer,
i.e., 0 W or the complete absence of the water molecule and
1 W or the presence of a single plane of the water molecule,
for maximum CO, intercalation. Rother et al. [45] reported
a swelling of 4% with a sub-monolayer hydration state, i.c.,
an initial hydration state less than 1 W, for Na-montmoril-
lonite, which was lower than the swelling reported by Giest-
ing et al. [15], the difference being attributed to the higher
number of 0 W states in the latter. Further, many researchers
emphasized the necessity of the presence of sub-monolayer
H,0O for CO, intercalation on smectites [22, 30, 46, 47].
Interlayer cations having high hydration energy and small
ionic radii (e.g. Nat and Ca>") need H,O molecules to prop
open the interlayers for CO, to enter the interlayer space
[18, 20]. On the other hand, for minerals with interlayer cat-
ions of low hydration energy and large ionic radii (e.g. K*
and Cs*), CO, can easily enter the interlayer space in the
complete absence of H,0, the reason being that the energy
barrier for CO, to enter the interlayer space decreases as the
size of the cation increases [4, 29].

The focus of much of the work conducted in the CO,
adsorption of clay minerals was on the swelling mecha-
nism that occurs in the interlayer space. However, for
understanding the effect of interlayer cation in smectites
on the CO, adsorption behaviour, adsorption occurring on
all exposed surfaces of the mineral, including the edges,
has not been investigated systematically. This implies the
need for adsorption isotherm modelling to apprehend the
adsorption behaviour of clay minerals towards CO, adsorp-
tion. Numerous CO, adsorption isotherm modelling studies
have been conducted on shale caprocks in the recent past
to get a comprehensive understanding of the CO, adsorp-
tion behaviour on shale caprocks. Experimental CO, studies
on shale samples by Mahmoud et al. [31] concluded that
Freundlich and Brunauer-Emmett-Teller (BET) isotherms
describe the adsorption in shale better than Langmuir iso-
therm. On the contrary, Zhou et al. [54] concluded that the
Dubinin-Astakhov (D-A) model for sub-critical CO, and
the Ono-Kondo (O-K) model for ScCO, showed the best fit
for the experimental data on shale samples. Further, Merey
and Sinayuc [33] demonstrated that the monolayer O-K



Adsorption

model could be a better alternative than Langmuir for high-
pressure CO, adsorption on shale samples. The difference in
the isotherm modelling suggests that for an entirely different
sample taken from a different location, these results may not
be sufficient to predict the adsorption mechanism in shale
in general. Besides, it implies that CO, adsorption model-
ling on shale is predominantly influenced by the structural,
compositional, and energetic heterogeneity in the shale, as
well as the difference in depositional setting and features.
Therefore, the CO, adsorption isotherm modelling on the
individual composition of caprocks can shed light on under-
standing the underlying mechanism.

Although many authors [33, 40, 50] have recognized
Local Density Functional Theory (LFDT) to model adsorp-
tion, studies on the CO, adsorption modelling on clay min-
erals at moderate temperature and pressure conditions are
a few. For instance, Hwang et al. [23] modelled supercriti-
cal CO, adsorption on montmorillonite source clay using
Local Density Functional Theory (LFDT) and emphasized
the potential of LFDT to predict the adsorption behaviour
as compared to empirical models like Langmuir. Moreover,
the inherent physical heterogeneity in smectites due to the
interlayer cation present results in differences in adsorp-
tion [43]. The present work focuses on the CO, adsorption
isotherm modelling on sodium, potassium and calcium
montmorillonite. For this purpose, CO, adsorption experi-
ments were conducted at a temperature range significant to
the geological sequestration and isotherm modelling was
done to investigate the factors affecting the development of
the adsorbed phase on the surface of each of the homoion-
ized samples. Since the influence of the change in surface
characteristics with change in cation is expected to be the
highest in the first layer of adsorption, adsorption up to a
pressure of 5 MPa (pressure below phase transition) was
chosen to ensure monolayer adsorption. The adsorption
temperature was selected assuming a storage reservoir of
a minimum depth of 700 m and a geothermal gradient of
0.02 °C-m~'-0.03 C-m~'. Accordingly, the adsorption tem-
peratures were chosen to be 35°C, 45°C and 55°C. Also,
thermodynamic interpretation of the adsorption isotherm
was performed to contemplate the modelling results, i.e., the
strength and capacity of the montmorillonite to hold CO,.

2 Experimentation

2.1 Characterization and sample preparation
Commercially available sodium montmorillonite was
used to prepare the homoionized montmorillonite sam-

ples used in the study. The specific gravity of the pristine
mineral was estimated to be 2.78 according to ASTM

D5550 [3]. The XRF analysis on the pristine mineral was
done to estimate the chemical composition of montmo-
rillonite. As per the analysis, selected montmorillonite
composition includes 57.5% SiO,, 15.3% Al,0; 13.7%
Fe,0; and 13% other oxides in trace quantities. For the
preparation of homoionized samples, the as-received
montmorillonite was first washed with deionized water
(10 g of soil in 100 ml deionized water) and mixed in
a mechanical shaker to extract all the soluble ions. The
soil solution, after mixing, was centrifuged at 1600 rpm
for 30 min to separate the soil from the solution. This
process was repeated until the electrical conductivity of
the supernatant solution reached that of deionized water.
After the complete removal of dissoluble cations, homog-
enization was carried out by treating oven-dried samples
with the aqueous solutions of sodium chloride, potas-
sium chloride, and calcium chloride to obtain sodium
exchanged- (MT-Na), potassium exchanged- (MT-K),
and calcium exchanged-montmorillonite (MT-Ca). To
ensure a complete exchange of cations, the samples were
repeatedly equilibrated with the respective aqueous chlo-
ride solutions [42]. After each treatment, the soil was
separated from the solution, and the concentration of the
respective cation in the supernatant was analyzed using
an Atomic Absorption Spectrometer (Thermoscientific,
USA). The process was repeated until the cation concen-
tration retained in the solution became constant. Further,
the chloride content was removed from the homoionized
montmorillonite by washing it with deionized water. All
the samples thus prepared were oven dried at 110 °C for
24 h and then vacuum stored in a desiccator before per-
forming adsorption experiments.

2.2 Adsorption experiments

The CO, adsorption experiments were performed on dry
powdered samples using a high-pressure sorption analyzer
(iSorb, Quntachrome, USA) at 35 °C, 45 °C, and 55 °C.
The initial void volume of the samples was measured using
helium gas before allowing the CO, to interact with the
samples. High-purity carbon dioxide (99.999%) and helium
(99.99%) were used in the experiments. The experimen-
tal setup includes gas inlets, a section of a known volume
called the manifold, and a thermostated zone for connect-
ing the sample cell. The manifold temperature was main-
tained at 45 °C during the void volume calibration for all the
experiments to ensure uniformity in experimentation.

All the samples were degassed initially to remove
all adsorbed moisture and gases from the samples. The
degassing temperature was chosen based on the thermal
decomposition signature of the homoionized samples
(at 10 °C-m~! in nitrogen atmosphere), obtained based
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on thermogravimetric analysis (TGA) using ‘SDT 650’
(TA instruments, USA). The samples were subjected to
an absolute vacuum while increasing their temperature
to the desired degassing temperature. CO, was allowed
to expand into the manifold and reach pressure equilib-
rium before introducing it into the sample cell. The gas
pressure in the cell was increased in the required pres-
sure increments, keeping the sample cell temperature at
the required temperature (isothermal). After each pres-
sure increment (up to a maximum pressure of 5 MPa),
the sample cell pressure was allowed to equilibrate, and
the number of moles adsorbed per gram of adsorbent was
measured based on the corresponding drop in pressure
at each increment. To account for the adsorption of CO,
on the sample cell walls, blank-run experiments were
performed using an empty cell at each of the analysis
temperatures.

2.3 Specific surface area

The BET-specific surface area (SSA) of all samples after
homogenization was determined using ‘Autosorb iQ’
(Quantachrome, USA). Nitrogen adsorption experiments at
77 K were conducted on the clay samples over a pressure
range (P/P) of 0.05 to 0.35 where P, is the measured atmo-
spheric pressure. All the samples were degassed to evacu-
ate the pre-occupied gases and moisture within the sample
before performing the nitrogen adsorption.

3 Isotherm modelling

The adsorption measurements from the experimentation
underestimate the actual amount of gas adsorbed [37]. This
is because of the practical difficulties in the experimentation,
which arise due to the existence of entrapped gas molecules
in the adsorbed volume. The measurable quantity, called the
excess adsorption (g,) corresponds to the number of moles
obtained directly from the drop in pressure in the system
upon the adsorption process. With progressing adsorption,
the void volume available gets reduced due to the formation
of the adsorbed phase, which is not measurable during the
adsorption. This further reduces the excess adsorption from
the actual adsorption. If p, is the density of the adsorbed
phase and p, is the gas density in the bulk phase, the abso-
lute adsorption (g,) is estimated as

Pa
Ga = Qe 1
<pa_pb> ()

The difference between the excess and absolute may be
too small at low pressure, but it becomes significant as the
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pressure increases. For adsorption isotherm modelling, the
selection of data (excess or absolute), therefore, affects the
interpretation of results.

3.1 Excess isotherm modelling

Excess isotherm was modelled using O-K model [39]. This
model incorporates the effects of the interaction between
the adsorbate and the adsorbent surface (¢), the interaction
among the adsorbates (¢4), and the adsorbent pore geometry
on adsorption. The increase in the adsorbed phase density
with adsorption is considered in the model, making it suit-
able for extracting the information on absolute isotherm
from the excess isotherm. The O-K model describes the
adsorbent surface as a discrete distribution of pore spaces
called a lattice that can hold gas molecules. The model
relates the density on any specific lattice site to the density
on the adjacent sites and the density in the bulk phase. Using
this theory, the thermodynamic equilibrium for monolayer
adsorption of a gas on an adsorbent surface is expressed as
follows [2]

In {‘L G rb)} +

xp (1 — z4)

(20ma — (20— 21) W) €55 | €f5
KT T =Y &

In the above expression, k is the Boltzmann constant, T is
the absolute temperature, x,, is the fraction of sites occupied
by adsorbed phase molecules, given by x,=p/p,,.. and x;, is
that occupied by bulk phase molecules, given by x,=p/p, .-
P Pp and p, . are the adsorbed phase density, bulk phase
density, and adsorbed phase density at maximum capacity,
respectively. The density of the CO, in the bulk phase was
calculated using the Helmholtz equation of state [49]. z,
represents the volume coordination number, z, represents
the monolayer coordination number, and z,=(z,-z,)/2. For
the hexagonal closest packing of lattice cells, z, and z, are
12 and 6, respectively.

Gibbs excess adsorption assuming slit pore is expressed
as [50]

I'=2C(z, — xy) 3)

To reduce the complexity of the regression involved in solv-
ing for four unknown parameters (&4 &4, p, and p,,.), the
model was reduced to a two-parameter model [50]. The
adsorbate-adsorbate interaction energy (¢4) and the adsorbed
phase density at maximum capacity (p,,.) were estimated
theoretically, but the adsorbate-adsorbent energy parameter
(¢5) and the parameter C were regressed in the model using
the experimental excess adsorption data.

Assuming the real and lattice fluids’ critical tempera-
ture (Tc) is the same, the pairwise interaction between the
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adsorbate molecules can be estimated [40]. The adsorbate-
adsorbate interaction energy (&) is accounted for using the
following relationship.

lessl AT
k 20

“4)

The adsorbed density at maximum capacity is taken as pro-
portional to the reciprocal of van der Waals co-volume [12].
That is,

p me — SP(M/RTC (5)

where M is the molar mass of the CO,. The calculated input
parameters for CO, as adsorbate are ¢ ;7 /k| = 101.4 K and
=23.34mol-L™".

The model parameters are optimized by taking the mini-
mum y° error given by

2 _ (qnl,odel(L' - QE"L‘>2
=X T ©

Ge,i

where g, ; and g, ; are the excess adsorption obtained
from the experiment and the that fitted using the O-K model
corresponding to each pressure increment, respectively.

Equations 2 and 3 were later used to find the adsorbed
phase density at each of the pressure increments, which
were further used to obtain the absolute isotherm. The abso-
lute isotherms thus obtained were compared with approxi-
mate isotherms calculated by assuming a constant density
for the adsorbed phase. Table 1 lists the physical properties
of CO, used throughout the study.

3.2 Absolute isotherm modelling

Various theoretical isotherms were used by researchers to
describe the adsorption of CO, [11, 17, 23, 33, 54]. The
theoretical basis on which these isotherm equations were
formulated aids in describing the mechanism of adsorp-
tion. In this study, two theoretical models representing
homogeneous adsorption and heterogeneous adsorption
were selected, thereby estimating the effect of the surface
energy heterogeneity towards CO, adsorption on mont-
morillonite. Langmuir (homogeneous adsorption) and

Table 1 Physical properties of CO,

Property Value

Critical pressure, P, (MPa) 7.377
Critical temperature, 7, (K) 304.130
Boiling point at atmospheric condition, T}, 194.670
Critical density (mol-L™") 10.625
Liquid density (mol-L™") 26.777

D-A (heterogeneous adsorption) equations were used to
model the absolute isotherms.

The Langmuir isotherm model is the most common and
simplest isotherm used widely to represent gas adsorption.
The model assumes monolayer coverage and energy homo-
geneity of the adsorbent surface. It does not take into con-
sideration the interaction between the adsorbed molecules.
The Langmuir isotherm equation is as follows [27].

= (7)
Pp+ P

da

where 7, and P; are the Langmuir constants and P is the
equilibrium pressure. ¥, is related to the monolayer capac-
ity, and P; is the pressure required for the adsorption to
reach half the monolayer capacity.

D-A isotherm model is based on the theory of micropore
filling. According to this theory, the adsorption occurs by
pore-filling mechanism rather than monolayer coverage on
discrete pores. The D-A model equation is as follows [10].

RT n
o-(%)

where ¢, is the limiting amount of adsorption by micropore
filling, D is the model constant for a particular adsorbent-
adsorbate system, E is the characteristic energy of adsorp-
tion, P, is the saturation pressure, and »n is the degree of
structural heterogeneity of the adsorbent. Saturation pres-
sure in the present study becomes meaningless as the tem-
perature range is above the critical value. Li and Gu [28]
suggested using quasi-saturated vapour pressure for the
D-A equation in supercritical adsorption. They proposed
the following equation for a reference temperature (ratio of
adsorption temperature to critical temperature of the adsor-
bate) in the range 1 to 1.8.

T:
P, = P.exp [h (1 — T)} (10)
T
h=—-——
InP, (11)
TC |:17Tb/Tc:|

where P, T., and T, are the critical pressure, the critical
temperature, and the boiling point of CO, at atmospheric
pressure, respectively (Table 1).
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Fig. 1 Thermogravimetric analysis of the homoionized montmorillon-
ite samples

Table 2 Specific surface area and ionic potential of the homoionized
montmorillonite

Sample BET surface Hydrated ionic radius Ionic potential
area of the charge-balancing  of the charge
(m?g™h cation” balancing
(A) cation
MT-Na 86.093 2.32 0.362
MT-K 60.444 2.76 0.431
MT-Ca 47.857 4.10 0.488

* Adapted from Shannon [48]
4 Results and discussion

4.1 BET surface area and excess isotherm

The degassing temperature was chosen to remove free and
adsorbed interlayer water completely; however, the charge-
balancing cations remain hydrated. From the thermogravi-
metric analysis (TGA) plot (Fig. 1), three peaks were
identified. Peak I (100-200 °C) corresponds to the removal
of free and loosely bound interlayer water, peak II (200—
300 °C) corresponds to the removal of strongly bound water
from the first coordination sphere of the charge balancing
cation, and peak III (400—600 °C) corresponds to the dehy-
droxylation of the clay mineral [19]. Hence, the degassing
temperature was fixed at 180 °C, slightly less than 200 °C
for all the analyses.

The estimated values of BET surface area of the montmo-
rillonite samples with different charge balancing cations and
the ionic properties of the respective cations are presented
in Table 2. The ionic potential of the cation is estimated as
the ratio of the valency of the cation to the ionic radius. The
experimental excess isotherms obtained for montmorillon-
ite samples with different charge balancing cations show a
decreasing trend with temperature, which is typical for any
physisorption system (Fig. 2).

4.2 Excess adsorption modelling

The excess isotherm modelling was done by solving the
0O-K model equations (the detailed estimates obtained from
0O-K modelling for all samples are provided in supplemen-
tary data).

The parameter C is related to the capacity of the clay
surface to adsorb CO, and ¢ signifies energy associated
with the CO,-clay surface interaction. A higher value of ¢,
would indicate a higher amount of energy would be required
to desorb the molecule from the adsorbed state. These

Fig. 2 Excess isotherm for all Sample
the samples tested at different MT-Na MT-K N MT-Ca‘
temperatures 1.2

35°C 5°C 55°C

—
(=)
I

o
S
T

Excess adsorption (mmol-g™")
S S
EN o
T T

e
o
T

e
o
T
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Fig. 3 Variation of a) adsorption
capacity, i.e., parameter C and b)
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fitted parameters in the O-K model (C and &) are found
to decrease with increasing temperature (Fig. 3). However,
both these parameters increase with the increase in the abso-
lute adsorption at the maximum pressure of 5 MPa obtained
from the model. Further, the fitted parameters are compared
based on the BET surface area of the samples and the ionic
potential of the charge-balancing cations.

The variation of the parameter C with the measured spe-
cific surface area of the montmorillonite samples (Fig. 4)
confirms that the increase in absolute adsorption at the
maximum pressure of 5 MPa with the parameter C is due
to its dependence on the specific surface area. Increasing
specific surface area ensures more availability of the active
site for the adsorption of CO, on the clay mineral surface.
This agrees with the study by Mendel et al. [32]. Also, with
the increase in ionic potential (ratio of valency to the cation
by the respective hydrated ionic radius), the parameter C is
reduced, hence, the absolute adsorption.

The more negative value of ¢/k suggests stronger
adsorption with an increase in temperature. Still, it does not
influence the maximum adsorption (Fig. 3). Although the
value of ¢,/k is varying with temperature for all the samples,
the normalization concerning temperature (¢4/k7) results in
negligible difference within the sample (Refer to supple-
mentary data).

The adsorbed phase density followed the same trend with
an increase in pressure for all the homoionized samples irre-
spective of the adsorption temperatures (Fig. 5). As adsorp-
tion progressed, the adsorbed phase’s initial development
was rapid, marked by a steep rise in adsorbed phase density.
Thereafter, the change in adsorbed phase density reduces,
and the adsorbed phase density reaches a constant of
around 2.5 MPa for all the samples, indicating an expan-
sion in the adsorbed phase volume in this stage, initiating
the swelling process with further adsorption. At 35 °C,
there is a distinct difference in the adsorbed phase den-
sities of the montmorillonite samples, which diminishes
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Fig.5 Comparison of change in
adsorbed phase densities with

equilibrium pressure
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as the temperature increases, indicating that the effect
of charge balancing cation towards the development of
the adsorbed phase is significant at 35 °C. However, the
maximum adsorbed phase density remains unchanged
with the change in adsorption temperature. Hence, the
increase in absolute adsorption at each adsorption tem-
perature suggests a temperature-independent expansion
of the adsorbed phase volume over the montmorillonite
surface during adsorption.

4.3 Comparison of the model derived absolute
isotherm with approximate estimations

In contrast to the obtained adsorbed phase density variation
with pressure increment, a general empirical approach to
estimating the absolute adsorption assumes a constant den-
sity of the adsorbed phase. The commonly used constant den-
sity approximations take the density of theadsorbed phase to
be either (a) reciprocal van der Waals co-volume, (b) critical
density, or (c) liquid density. The consideration of van der
Waals co-volume assumes the molecules in adsorbed phase
to have the van der Waals excluded molar volume. Also, as
the adsorbed phase hosts the molecules in the limited pore
spaces, the assumption of critical density or liquid density
guarantees a higher density than the gas phase.

The absolute isotherm obtained from the O-K model
and the absolute isotherm estimated using the explained
constant density approximations for 35 °C are compared
(Fig. 6). Refer supplementary data for the coefficient of
determination (R?) values obtained for the fit for each of
the approximations. Though the adsorbed phase density
is found to increase with pressure, the consideration of a
constant adsorbed phase density equal to reciprocal van
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der Waals co-volume (23.34 mol-L~! for CO,) and lig-
uid density (26.77 mol-L™') adjusts the calculation for
the absolute adsorption matching the absolute adsorp-
tion obtained from the O-K model. This is because
the maximum adsorbed phase density attained in each
sample remains around 23 mol-L~! up to a pressure of
5 MPa for all the adsorption temperatures considered.
Besides, it is observed that the critical density approxi-
mation overestimates the absolute adsorption as pressure
increases. Similar results were obtained for isotherms at
45 °C and 55 °C, suggesting that both reciprocal van der
Waals constant density approximation and liquid density
approximation can be relied on to estimate the absolute
quantities for the modelling and thermodynamic analysis
of adsorption up to 5 MPa.

Despite the simplicity of calculation involved in the
estimation of absolute adsorption using the above empiri-
cal methods, it is to be noted that these methods lack the
theoretical background. These methods assign the adsorbed
phase density a value that is independent of the characteris-
tics of the adsorbent. The approximations are specific to an
adsorbate molecule irrespective of the adsorption tempera-
ture or pressure, which makes it conceptually non-realistic.

4.4 Adsorption thermodynamics

Estimating the isosteric heat of adsorption (Q) aids in iden-
tifying the nature and strength of adsorption. It can be deter-
mined using the Clausius-Clapeyron equation as follows.

o=-A[i],

(12)
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Fig. 6 Comparison of absolute
adsorption estimates for 35 °C
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Fig. 7 Isosteric heat of adsorption distribution

The slope of the plot between the InP and 1/T for a constant
absolute surface coverage gives the isosteric heat of adsorp-
tion. The distribution of isosteric heat of adsorption for the
samples indicates the mechanism of adsorption (Fig. 7).
The absolute adsorption data obtained from the O-K model
is used to indicate the surface coverage. The low isosteric
heat (less than 40 kJ-mol™") for all the samples confirms
that the CO, adsorption in such cases is by physisorption
characterized by electrostatic and van der Waals interaction
[36]. This is in agreement with the study by Jedli et al. [26]
which reported CO, physisorption on clay-rich caprocks.
The variation in isosteric heat with surface coverage is due
to the surface energy heterogeneity of the montmorillonite
samples. Only the adsorption sites with the highest energy

5.0 1 2 3 4 5 o 1 2 3 4 5
Pressure (MPa)

can hold the CO, molecules on the surface at low-pressure
conditions. Any reduction in isosteric heat with surface cov-
erage results from the adsorption on the low-energy sites.
At the same time, the increase in isosteric heat with sur-
face coverage is due to the lateral interaction between the
adsorbed molecules [1].

At low surface coverage, MT-K exhibits the highest iso-
steric heat since it had the highest CO,-clay mineral surface
interaction energy (as seen from the O-K model), favour-
ing the adsorption in the highest energy sites on its surface.
As the adsorption progresses with the increase in bulk CO,
pressure, the lower energy sites also get filled, lowering the
isosteric heat, and the interaction between the adsorbed mol-
ecules strengthens. This stage is marked by a slight increase
in isosteric heat, which is visible in MT-K and MT-Na.
However, the isosteric heat increases with adsorption for
MT-Ca due to the low CO,-clay mineral surface interac-
tion energy for MT-Ca (obtained from the O-K model).
For MT-K, besides CO,-clay mineral surface interaction,
there is a significant contribution from the lateral interac-
tion between the adsorbed CO, molecules towards adsorp-
tion. Whereas, in MT-Na, the contribution from CO,-clay
mineral surface interaction is much higher than the lateral
interaction between the adsorbed CO, molecules. How-
ever, for MT-Ca, the effect of lateral interaction between
the adsorbed CO, is predominant in MT-Ca. Hence, it can
be confirmed from the isosteric heat distribution and the
0O-K model that the strength of adsorption follows the order
MT-K>MT-Na>MT-Ca.

@ Springer
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4.5 Absolute isotherm modelling

Langmuir and D-A isotherms were also fitted to the esti-
mated absolute data obtained for each sample at all the test
temperatures (Fig. 8). The results of the isotherm modelling
reveal that both models can well correlate the adsorption of
CO, on montmorillonite.

The root means square errors for the model fitting were
also compared to obtain the best-fit model for representing
CO, adsorption on montmorillonite. The root mean square
error is calculated as

N 2
RMSE — \/Z i:1(4a]<7— qfit,i) (13)

Fig. 8 Absolute isotherm model-
ling (open symbols indicate abso-
lute adsorption estimates from 1.4

where g, ; and g, ; are the calculated absolute adsorption
and the fit-predicted value at the same pressure, and N is the
number of data points in the isotherm. Refer to the supple-
mentary data for the calculated coefficient of determination
(R?) and RMSE values for each adsorption isotherm model.

As the RMSE values of D-A isotherm are much lower
than Langmuir (Fig. 9), it can be concluded that the for-
mer can predict CO, adsorption on montmorillonite with
high precision for all the temperature and pressure ranges
considered in the study. However, for 55 °C, the error for
Langmuir isotherm approaches that of the D-A isotherm for
all the samples. This may be attributed to the low surface
coverage at high temperature conditions. In other words, the
assumption of a homogenous surface in the Langmuir model
becomes invalid for adsorbents with surface imperfections
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Fig.9 Error analysis of fitted absolute isotherms

(as observed from the calculated isosteric heat distribution)

Table 3 Estimated parameters from absolute isotherm modelling

and appreciable surface coverage. In contrast to this, the lim-
itation in D-A model (non-existence of saturation pressure
above critical temperature)when modified using the quasi-
saturated vapor pressure enhances its ability to demonstrate
CO, adsorption on montmorillonite at any temperature.

The model-derived parameters estimated are also com-
pared (Table 3). It may be noted that there is a marked dif-
ference in the monolayer adsorption capacities estimated
(V; and g,) depending on the choice of model. Hence, it is
of utmost significance that the chosen model is appropriate
to describe the adsorption behaviour with accuracy.

The D-A model-derived parameters were plotted to
determine further the efficacy of using the D-A model to
predict the adsorption behaviour of the montmorillonite
at moderate temperature and pressure conditions (Fig. 10)
and compared to the results of the excess O-K model. The
variation of ¢, confirms a positive correlation with the spe-
cific surface area, as observed in O-K model. MT-Na, with
the highest BET surface area had the maximum value of
q, followed by MT-K and MT-Ca for all the adsorption

Sample Temperature (°C) Langmuir D-A
\4 P, (MPa) D n do
(mmol-g~") ©) ) (mmol-g~")
MT-Na 35 1.640 2.321 0.580 0.903 1.541
45 1.414 1.909 0.493 0.979 1.401
55 0.962 1.166 0.251 1.350 0.928
MT-K 35 1.336 1.343 0.424 1.012 1.340
45 1.253 1.455 0.425 1.034 1.289
55 0.866 0.957 0.190 1.502 0.824
MT-Ca 35 1.496 2.444 0.576 0.936 1.318
45 1.212 2.093 0.555 0.940 1.239
55 0.709 1.207 0.223 1.458 0.659
Fig. 10 D-Amo@el pa}rameters Temperature (°C
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with different charge balancing " 35 e 45 59
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temperatures considered emphasizing the significance of
specific surface area on the adsorption capacity. The char-
acteristic adsorption energy was calculated (Eq. 9) using the
fitted parameter D obtained from the D-A model. The order
of increase of the characteristic energy of adsorption fol-
lows the same order as the strength of interaction obtained
from the O-K model. The effect of structural heterogeneity
due to the effect of the pore size distribution is reflected in
the value of the parameter n in the D-A model. For all the
samples, the value of n lies within the range 0.9035-1.502,
indicating a negligible difference in the structural heteroge-
neity with change in charge balancing cation towards CO,
adsorption.

5 Summary and conclusions

The CO, adsorption behaviour of montmorillonite up to
5 MPa over a range of temperatures above the critical point
was investigated using isotherm modelling. Excess isotherm
modelling using the O-K model suggests the influence of the
charge-balancing cation in montmorillonite on the capacity
of adsorption and the strength of interaction between CO,
and the clay mineral surface. The excess isotherm model-
ling and absolute isotherm modelling highlight the effect
of specific surface area on the CO, adsorption capacity,
confirming that a higher specific surface area yields higher
CO, adsorption capacity. The progression of the adsorbed
phase on the clay mineral surface was also captured. The
conclusions drawn based on the findings of the study are as
follows.

e The experimental excess adsorption of CO, on montmo-
rillonite can be described by the O-K model in general,
irrespective of the charge balancing cation.

e The contribution of CO,-clay mineral surface interac-
tion and the lateral interaction between the adsorbed
CO, molecules influences the adsorption strength.

e The study indicates that a higher adsorption capacity
does not guarantee a higher interaction strength since
adsorption capacity measures the available adsorption
sites, whereas the strength of interaction measures en-
ergy associated with adsorption. As such, sodium mont-
morillonite showed the maximum adsorption capacity
due to its higher specific surface area, followed by po-
tassium and calcium montmorillonites, whereas potas-
sium montmorillonite showed the highest strength of
adsorption owing to the least lateral interaction between
the adsorbed molecules.

e The maximum adsorbed phase density reaches a hori-
zontal asymptote with pressure above 2.5 MPa on the
montmorillonite surface, irrespective of the cation type

@ Springer

and the adsorption temperature, indicative of the initiat-
ing swelling with subsequent adsorption.

e The accuracy of the prediction of D-A isotherm to de-
scribe CO, adsorption on montmorillonite was very
high. However, the Langmuir model gives a close pre-
diction to the D-A model as the temperature increases.
Besides, the influence of exchangeable cation in CO,
adsorption on montmorillonite in terms of specific sur-
face area and the interaction energy obtained from the
D-A model supports the findings from the excess iso-
therm modelling using the O-K model.

e Opverall, the study recommends the use of the D-A model
with reciprocal van der Waals density approximation or
liquid density approximation for the absolute isotherm
modelling to predict the CO, adsorption capacity and
the adsorption thermodynamics of montmorillonite as
long as the surface coverage remains monolayer.

The qualitative trends of CO, adsorption presented in this
work may apply to montmorillonite with other charge-bal-
ancing cations. As such, it may be generalized that the sub-
monolayer surface coverage in montmorillonite potentially
generates swelling irrespective of the type of cation. In other
words, CO, injection pressure as low as 2.5 MPa would be
sufficient to cause the swelling phenomenon in the mont-
morillonite, which in turn assists the cap-rock integrity. The
major conclusions from the study are believed to provide
complementary insight into the CO, adsorption behaviour
of montmorillonite.
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