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A B S T R A C T   

In this study, we successfully utilized a green chemistry approach to prepare an adsorbent by functionalizing 
Montmorillonite with Choline Chlroride: Urea (a Deep Eutectic Solvent) to compare CO2, O2, and N2 adsorption. 
We conducted studies on the adsorption mechanism using a volumetric system at temperatures ranging from 25 
to 55 ◦C under pressures of up to 9 bar. We assessed the effects of acid activation concentration, solvent con
centration, and adsorbent mass on the CO2/O2 and CO2/N2 adsorption ratios (mg/mg). Characterization analyses 
confirmed that modification of interlayer spaces, ion exchange content, and Al/Si occurred through acid treat
ment and solvent impregnation. The CO2 adsorption mechanism demonstrated a heterogeneous multilayer and 
chemophysical sorption nature, which was in agreement with the Hill isotherm and Ellovich kinetic model. In 
contrast, the O2 and N2 mechanisms were in agreement with a monolayer nature, which matched the Langmuir 
isotherm and first-order kinetic model. We achieved the optimum adsorption ratio of CO2/O2 and CO2/N2 at 
35 ◦C, while the highest individual adsorption for all three gases was obtained at 25 ◦C. At 35 ◦C, 5 bar, and 0.5 g, 
the highest uptake adsorption was 208.6 mg/g for CO2, 72.6 mg/g for O2, and 39.3 mg/g for N2. Thermodynamic 
parameters showed that the adsorption nature of CO2, O2, and N2 was exothermic (ΔH < 0) with values of 
− 14.49 Kj/mol, − 7.74 Kj/mol, and − 4.09Kj/mol, respectively. The study’s experimental and modeling results 
showed a corresponding interpretation, which was remarkable. The adsorbent exhibited desirable renewability 
at adsorption/desorption cycles with remarkable uptake capacity, making it a highly potential adsorbent for CO2 
capture from flue gases. The selectivity of CO2 towards O2 and N2 was almost 2.1 and 3.9, respectively.   

1. Introduction 

The necessity of prompt actions to diminish the emission of green
house gases has been taken into more consideration than before (The 
evidence is clear: the time for action is now, 2030); (Duffy et al., 2022) 
due to the increasing rate of climate change disasters (storms, floods, 
and seasonal temperature fluctuations) (Moore et al., 2022; Hansen, 
2022; Climate Change, 2022), the glaciers melting, and the ocean rise 
levels in recent years (Hooper, 2022). Recently, executives of industries 
and researchers have been considering a green approach to development 
projects (Ghazali et al., 2020); (Shahzad et al., 2022) , including the 
improvement of environmentally friendly processes (Chen et al., 2022), 
optimization of utility consumption (Na et al., 2022), using renewable 
energy (Kabeyi and Olanrewaju, 2022), reduction of chemicals usage, 
and utilization of biodegradable materials in the technologies. (Mos
hood et al., 2022) These approaches have a direct or indirect impact on 

reducing the emission of flue gas pollutants, e.g., N2O, CO2, and CH4 
gases, into the atmosphere, water, and soil (Mocerino et al., 2022). CO2 
accounts for 76 % of the total emission of greenhouse gases (GHGs) 
(Global Emissions - Center for Climate and Energy SolutionsCenter for 
Climate and Energy Solutions, 2023), with current levels standing at 
413 ppm. The urgency of developing CO2 capture technologies has 
become crucial due to the effects of flue gas, as the largest CO2 emission 
source, on climate change and the reduction of health risks (Ou et al., 
2021; Anderson et al., 2020; Barrett et al., 2022). Amine gas–liquid 
absorption is commercially available in Carbon Capture and Storage 
(CCS) units that currently cost around 50 to 110 USD/t (Garcia et al., 
2022). However, the method has faced delays in investment decisions 
due to various executive problems, i.e., the foaming, the complexity of 
the operation (Niazmehr et al., 2016), and the high costs of supplying 
chemicals to these units, have. In addition, there are some technical 
problems with gas–liquid operation, such as adsorbent poisoning and 
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the liquid carryover from the gas-sweetening unit to the downstream 
units. Even during emergency shut-downs, a large volume of chemical 
solution is directed to the oily wastewater unit, which increases treat
ment costs. Therefore, cryogenic processes, adsorption, membrane, and 
catalytic conversion have been studied for commercialization in recent 
years (Ziobrowski and Rotkegel, 2022; Kazemifar, 2022; Mahmoudi 
Marjanian et al., 2021). 

Adsorption has been proposed as a cost-effective process to reduce 
maintenance costs and provide more controllable operation for many 
CO2 absorption projects from flue gases (Garcia et al., 2022); (Wang and 
Song, 2020) . So far, scientists and engineers have evaluated many ad
sorbents such as zeolites (Novikova and Belchinskaya, 2016), activated 
carbon (Garcia et al., 2022), aerogel, heteroatom-doped porous carbons 
(Bai et al., 2023); (Bai et al., 2023) , porous organic polymers (Sang 
et al., 2021), MOFs (Qi et al., 2023), NaHCO3, and nanoclays (Wang 
et al., 2010); (Chouikhi et al., 2019) . Most CO2 adsorption studies have 
functionalized absorbent bases with various alkanol amine groups. 
Nevertheless, the current adsorption process achieved more benefi
ciaries than amine gas–liquid absorption systems (Wang et al., 2010). 
Still, the following challenges indirectly reduce the effectiveness of the 
process, including creating non-degradable waste in the environment 
and high energy consumption in the adsorbent regeneration (Garcia 
et al., 2022); (Wang and Song, 2020) . Therefore, a few researches have 
been started in recent years to develop cheap adsorbents with a 
biocompatible approach in the flue gas separation to meet the needs of 
industries and investors for a process with optimal energy and material 
consumption (Ghazali et al., 2020); (Chouikhi et al., 2019) ; (Hussin 
et al., 2021) . CCS design comprises many parts where evaluating the 
pressure in a range that provides a minimum pressure drop of 3 bar; 
seems necessary (Muhammad et al., 2021). 

Deep Eutectic Solvents (DES) have been proposed as an alternative to 
overcome the drawbacks associated with other solvents (Ghazali et al., 
2020). DESs are obtained by combining two or three substances with the 
ability to combine Hydrogen Bond Acceptor (HBA) and Hydrogen Bond 
Donor (HBD) (Smith et al., 2014) with/without another activant agent. 
DESs provide favorable characteristics, such as thermal resistance, 
tuneability, reversibility, and lower regeneration temperature (Smith 

et al., 2014; Sarmad et al., 2016; Mirza et al., 2018; Aboshatta and 
Magueijo, 2021). Moreover, their higher absorption capacity and lower 
price than ionic liquids and other solvents have created a suitable 
technical and economic justification. The mixture of choline chloride 
and urea (ChCl: U(1:2)) has been one of the most widely used deep 
solvents in CO2 absorption research, mainly due to its non-toxicity, 
degradability, biological interaction, and easy synthesis (Sarmad et al., 
2016); (Mirza et al., 2015) ; (Wazeer et al., 2021) . However, inadequate 
research has been done on the use of this solvent to functionalize the 
adsorbents. The presence of silicate layer besides free hydroxide in MMT 
octahedral structure implies on qualified position to make a polarized 
composition with ChCl: U. The intermolecular interactions, governed by 
forces such as van der Waals forces, hydrogen bonding, and electrostatic 
forces, play a fundamental role in the chemo-physical adsorption of gas 
molecules to the solid surface (Novikova and Belchinskaya, 2016); 
(Mohammadi et al., 2020; Mohammadi et al., 2021; Mohammadi and 
Abdullah, 2020) . Understanding and characterizing these intermolec
ular forces are crucial for predicting and interpreting adsorption 
behavior, including the shape of adsorption isotherms and the dynamics 
of the adsorption process. While many technical analyses such as Wiberg 
bond index (WBI), total density of states (TDOSs), natural charge, and 
natural electron configuration in the literature confirm the chemical 
complexity or van del Waals forces between molecules (Mohammadi 
et al., 2020); (Mohammadi and Abdullah, 2020) , some studies considers 
an indirect interpretation to demonstrate the quality of the adsorption 
phenomenon. 

Ghazali et al. (Ghazali et al., 2020) improved the adsorption capacity 
of mesoporous silica using the triple solvent DES (ChCl:U: PEI). Hossin 
et al. (Hussin et al., 2021) obtained an adsorption capacity of 37.2 mg/g 
at 25 ◦C and 1 bar using the DES (Choline Hydroxide: Urea). However, 
the studies mentioned above were done at atmospheric pressure without 
comparison with the adsorption of O2, N2, or other gases. Evaluation of 
flue gas flow mainly indicates the presence of O2, N2, CO2, SOX, and NOX 
(Wang and Song, 2020). ChCL: U solvent has shown good CO2 selectivity 
towards N2, O2, and even SOX (Isaifan and Amhamed, 2018); (Aissaoui 
et al., 2017) , but so far, there has been no report comparing the N2 and 
O2 with CO2 adsorption capacity for ChCl: U impregnated adsorbents, 

Fig. 1. Schematic of fundamental advantages of eco-friendly adsorbent containing MMT and DES.  
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and even this kind of evaluation, for other functionalized types of ad
sorbates, is lacking. Moreover, using cheaper and more accessible solid 
support can reduce the total cost of the adsorption. Nanoclays, such as 
Montmorillonite (MMT), kaolin, and bentonite, which act as cheap, 
compatible, and highly available adsorbents, have been used along with 
the inoculation of amine groups or chemical solvents (Chouikhi et al., 
2019); (Wang et al., 2014) ; (Gómez-Pozuelo et al., 2019) . In contrast, 
the development of nanoclays with DESs for CO2 adsorption has not 
been investigated. Nevertheless, based on conclusive evidence, nanoclay 
MMT has been claimed as a beneficial CO2 adsorbent; Still, there is no 
report on CO2 selectivity in the flue gas or an individual comparison of 
CO2 adsorption toward O2 and N2 adsorption. 

MMT is composed of tetrahedral silicate and octahedral hydroxide 
layers with a ratio of 2:1, which has the chemical composition (Xi et al., 
2007): (Ca0.12 Na0.32 K0.05)[Al3.01 Fe(III)0.41 Mg0.54][Si7.98 Al0.02] 

O20(OH)4. The polygonal structure of Montmorillonite allows it to 
adsorb various pollutants due to interlayer porosity, free hydroxyl, 
exchangeable ions, and metal oxides. However, MMT’s porosity and 
specific surface area are limited (less than 35 m2/g) (Amari et al., 2018; 
Petrovic et al., 2021; Horri et al., 2020). The use of acid activation and 
leaching of some metal ions, such as Al and Fe, has made it possible to 
increase surface characteristics by more than 10 times. Horri et al. (Horri 
et al., 2020) demonstrated that HCl acid activation of MMT increased 
specific surface area from 39 to 202 m2/g, resulting in much more 
efficient adsorption of CO2. Penchah et al. (Ramezanipour Penchah 
et al., 2021) confirmed the CO2 adsorption desirability of even raw MMT 
functionalized by di-ethanolamine (DEA). Unambiguously, the high 
potential of MMT for CO2 adsorption is illustrated (Gómez-Pozuelo 
et al., 2019); (Ramezanipour Penchah et al., 2021) ; (Khajeh and 
Ghaemi, 2020) . At the same time, there are many deficit studies for the 

Fig. 2. Preparation procedures of adsorbent samples.  

Fig. 3. Schematic of adsorption set-up.  
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mixture of a greener composite and comparing all flue gas adsorption 
individually or simultaneously. 

In the limited studies of green solvent (e.g., DES) inoculation on 
previous adsorbents (Ghazali et al., 2020); (Hussin et al., 2021) ; (Patiño 
et al., 2014) , there has been no analysis of the effect of acid activation, 
kinetics, and isotherms adsorption to realize the CO2 selectivity toward 
O2 and N2. Analyzing the CO2 adsorption mechanism and comparing it 
with O2 and N2 along with isothermal data and thermodynamic pa
rameters while determining the adsorption mechanism provides the 
possibility of scale-up, designing the regeneration cycle, and detecting 
the amount of physical or chemical absorption (Al-Ghouti and Da’ana, 
2020). Fig. 1 illustrates the high potential of coinciding utilizing the 
ChCl: Urea and MMT as eco-friendly adsorbents for separating CO2 from 
N2 and O2. Regarding the highest emission content of flue gas related to 
41 % of power plants and 24 % of industries, many priorities have been 
revealed to them for CO2 mitigation goals. The smaller kinetic diameter 
of CO2 compared to O2 and N2, in addition to the significant differences 
in critical temperature and quadrupole moment numbers, makes it 
potentially easier to separate CO2 through porous media. 

There has been a need to develop a selective CO2 adsorbent that 
targets N2 and O2, using a deep eutectic solvent impregnated on a 
mineral source. To date, there has been no investigation demonstrating 
the experimental and adsorption model study of CO2, N2, and O2 for the 
DES-MMT composite. To further explore practical adsorption and 
characterization models for the main components of flue gas, a batch- 

scale study was conducted using a low carbon footprint emission 
adsorbent. In this study, a complete evaluation and comparison of CO2, 
O2, and N2 adsorption using Montmorillonite base adsorbent in three 
states: raw, acid surface modified, and inoculated with DES has been 
carried out. Operating parameters of temperature and pressure have 
been investigated for different concentrations of surface modification 
with acid activation and solvent inoculation. To better understand and 
confirm the experimental results, isotherm models, kinetics, and ther
modynamic parameters of the adsorbent for all three gases have been 
compared. This research has conceptually related the results of adsor
bent characterization to kinetic and isotherm models of individual gases 
of CO2, O2, and N2; to show a biocompatible adsorption potentials for 
actual application at flue gas sweetening units. 

2. Experimental 

2.1. Materials and adsorbent acid activation 

The nano-clay montmorillonite, with an interlayer spacing of 1–3 
nm, a density of 0.7 g/cm3, and a purity of 99.0 %, was purchased from 
Sigma Aldrich Co. Choline chloride with a purity of 99.9 %, urea with a 
purity of 99.9 %, and hydrochloric acid with 37.0 % was prepared from 
Luba Chemi. The methanol as a solvent with a 99.9 % purity was ob
tained from Sigma Aldrich. 

Before acid activation, the MMT was calcined at 100 ◦C for 4 h to 

Fig. 4. SEM with 10000X magnification: MMT (a), MMT100-3.5 (b) and MMT100-3.5-DES30 (c); EDX area diagnose: MMT (d), MMT100-3.5 (e), and MMT100-3.5- 
DES30 (f). 

Table 1 
EDX results of bare MMT and modified precursors.  

Elements O Si C Al Cl N Fe Ca K Mg Na Ti Sum. 
Sample 

MMT100  50.73  28.27 –  11.6 – –  4.05  1.17  1.25  1.38  0.92  0.63 100 
MMT100-3.5  51.11  33.28 –  10.26 0.11 –  2.18  0.17  0.91  0.95  0.46  0.57 100 
MMT-3.5-DES30  41.87  21.85 8.34  7.83 8.05 7.63  1.68  0.13  0.84  0.89  0.37  0.52 100  
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remove moisture and labeled as MMT100. A suspension of nano-clay 
and deionized water was then prepared and stirred using a magnetic 
stirrer to swell. Sample processing was performed at 80 ◦C. 

After reaching the desired temperature of suspension, the solution of 
the nano-clay suspension was brought to the required volume and 
concentration with the hydrochloric acid solution. Each gram of sample 
was dispersed in 10.0 mL of a hydrochloric acid solution of the desired 
concentration. Using a magnetic stirrer, the reaction medium was kept 

homogeneous during the 4-hour acid activation at reflux. Hydrochloric 
acid concentrations of 1, 3.5, and 6 M were used. After this step, the 
samples were separated and washed with deionized water until the pH 
reached 5. The samples were then dried in an oven at 80 ◦C for 24 hr, 
slowly pulverized, and processed into a powder. 

In the final step, the powder samples were placed in an oven at 80 ◦C 
for further use. After leaching with the desired acid molarity, the MMT 
was named MMT100-acid molarity (e.g., MMT100-3.5). 

Fig. 5. FTIR spectra of raw, acid-activated, and DES-impregnated MMT.  

Fig. 6. XRD pattern of adsorbent after different acid activation conditions.  
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2.2. DES preparation and adsorbent modification procedure 

To prepare DES (ChCl: U) corresponding amounts of urea and choline 
chloride were weighted according to 2: 1 M ratio. The urea and choline 
chloride samples were then mixed on a magnetic heater surface and 
stirred at 80 ◦C for 2 h. DES solution, which was colorless and trans
parent, then formed as a mentioned procedure by Sarmad et al (Sarmad 
et al., 2016). Due to the excessive moisture absorption of choline chlo
ride, the samples were placed in a vacuum oven at a temperature of 
80 ◦C for 24 h. After evaluating the acid-washing samples, the optimal 
acid-activated concentration was selected, and DES inoculation was 
performed. DES weight ratios were determined and weighted by MMT. 
The methanol solvent was then added at a rate of 15 mL per g of all 
weighted ingredients. MMT was added after the liquid DES, and the 
methanol temperature reached 75 ◦C. After that, the mixture was reflux- 
stirred with a stirrer at 75 ◦C for 2 h (Ghazali et al., 2020). The mixture 
was then stirred for 5 min using a 20 kHz ultrasound with a power of 50 
W. Finally, the samples labeled as MMT100- optimum acid molarity- 
DES.percent% (e.g., MMT100-3.5-DES30%) were placed in a vacuum 
oven at 80 ◦C to remove the methanol solvent. After 24 h, an MMT-acid 
activated-DES adsorbent prepared as a powder was produced. Fig. 2 il
lustrates the overall procedure for adsorbent sample preparation. 

2.3. Characterization of adsorbent 

The adsorbent was characterized through several analyses including 
FE-SEM, EDX, FTIR, XRD, BET, and DTA. The acid activation and solvent 
impregnation on the morphology of the adsorbent and the porosity type 
characteristics were evaluated using FE-SEM analysis (FEI Sirion 200 
field emission scanning electron microscope). Philips- × 130 in
struments EDX microanalysis detector (model 6636) was utilized for 
elemental analysis of adsorbent. Fourier transform infrared (FTIR) 
spectra analysis was carried out by Shimadzu IR-470 spectrometer by 
the method of KBr pellet. BET analysis was used by Micromeritics ASAP 
2020 M analyzer at 77.3 K. Thermal gravimetric analysis (TGA) was 
carried out as DTA with a DTG 60 Shimadzu at 5 ◦C min − 1 heating rate 
under a nitrogen atmosphere and was performed in the temperature 
ranges of 30–750 ◦C. X-ray diffraction (XRD) analysis for solid meso
porous powders was carried out using an X’Pert Pro X-ray diffractometer 
operated at 40 kV and 40 mA. A Numerix DXP-X10P took energy 
dispersive X-ray spectroscopy (EDX) analysis to perform the specimen 
elemental analysis. Spectra were obtained in the range 5◦ < 2θ < 90◦. 
Bragg’s law (Eq. (1) was followed to analyze reflections and d-spacing 
calculation (Horri et al., 2020). 

nλ = 2dsinθ (1)  

where n is any integer (herein equal 2), λ is the wavelength of the 
incident-beam X-ray, d is the spacing between crystal planes (d spacing), 
and θ is the the Bragg angle or angle between the crystal plane, and the 
diffracted beam. Used in X-ray diffraction for the identification of 
minerals. 

2.4. Set up and operational parameters 

According to Fig. 3, the laboratory device is composed of a batch 
cylindrical reactor with a volume of 160 mL and a stainless steel ma
terial. The reactor is equipped with a thermometer and pressure trans
mitter, connected to a receiving panel, and records temperature and 
pressure changes every second. An electrical heater is mounted to the 
reactor to regulate the temperature better. Before each experiment, the 
adsorbent sample was placed in the vacuum oven at 80 ◦C for 1 h. After 
reaching the approximate ambient temperature, it was weighted by a 
digital scale with 0.001 g accuracy. The weighted sample was placed 
inside the reactor chamber, and the reactor was sealed to prevent any 
leakage. The gas to be adsorbed is then injected into the reactor at the 
desired pressure and temperature, and the adsorption process is allowed 
to proceed for 60 min. The adsorption percentage and capacity are 
calculated using equations (Eq. (2), Eq. 3–4). It is important to note that 
the equilibrium pressure changes of the adsorbed gas were observed to 
stabilize after about 1 h of testing. 

Adsorption (%) =
Pi − Pe

Pi
× 100 (2)  

qe (adsorption capacity
(

mg
g

)

) =
(mi − me)

w
= (

VMgas

Rw
)(

Pi

ZiTi
−

Pe

ZeTe
) (3)  

Z = 1+
BP
RT

(4) 

Where, Pi, Pe, qe, V, Mgas, R, w, Z, T and B are initial pressure, 
equilibrium pressure, reactor volume, molecular weight gas, universal 
gas constant, adsorbent weight, compressibility coefficient, tempera
ture, and first virial constant, respectively. 

Eq.5 was used as correlation coefficient error (R2), representing the 
percentage of variations in the dependent variable to determine the best 
fitting models to the experimental data. 

R2 =
(qexp. − qcal.)

2

∑(
qexp. − qcal.

)2
+ (qexp. − qcal.)

2 (5)  

Fig. 7. XRD pattern of adsorbent after solvent impregnation.  
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Fig. 8. Pore size distribution (BJH curve): (a) comparison of raw, acid-activated samples; (b) raw, acid-activated, and DES-impregnated MMT samples.  

Table 2 
Porous textures of raw, acid-activated, and DES-impregnated MMT.  

Parameter Adsorbent 

MMT MMT100- 
1 

MMT100- 
3.5 

MMT100- 
6 

MMT100- 
3.5-DES30 

SBET [m2 /g]  40.5  98.5 228 171 189 
Vt [cm3 /g]  0.056  0.238 0.594 0.525 0.357 
Average Pore 

Size [nm]  
2.65  3.68 5.24 4.19 4.39  

Table 3 
Thermodynamic parameters for adsorption of CO2, O2, and N2 at 5 bar with 
MMT100-3.5-DES30.   

ΔH ΔS ΔG (kJ/mol) @ ◦C  

(kJ/mol) (kJ/mole K) 25 35 45 55 

CO2  − 14.498  − 0.026  − 6.816  − 6.559  − 6.301  − 6.04346 
O2  − 7.749  − 0.009  − 4.953  − 4.859  − 4.765  − 4.67118 
N2  − 4.091  0.001  − 4.197  − 4.201  − 4.204  − 4.20776  

A. Ansari et al.                                                                                                                                                                                                                                  
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3. Results and discussion 

3.1. Physical properties 

SEM was used to diagnose MMT morphology before and after the 
modifications. As Fig. 4(a & b) show, the overall state of the particles is 
maintained after modification. In contrast, the average particle size 
decreased from 250 to 700 nm in raw condition to the average particle 
size of 70 to 250 nm after modification with the 3.5 M acid level. The 
entanglement of particles with crystalline corners in Fig. 4 (a) makes it 
quite evident that after acid modification in Fig. 4 (b), the number of 
crystalline particles decreased. Fractionated lamellas and the formation 
of flaky particles occurred with an irregular arrangement at different 
angles. This phenomenon reduces particle density and increases porosity 
and interlayer space (Khajeh and Ghaemi, 2020). Additionally, in Fig. 4 
(c), after inoculation of solvent, not only is the increase in surface 
density evident but also crystalline particles are created due to the filling 
of interlayer spaces and tetrahedral and octahedral corners of acid- 
modified MMT particles (Horri et al., 2020). 

As evident in the magnification used by elemental analysis (EDX) in 
Fig. 4 (d, e & f), solvent inoculation covers the porous atmosphere of 
acid-modified adsorbent. It creates an integrated and dense state that 
increases adsorption. Elemental composition analysis (Table 1) with the 
EDX technique shows the presence of critical elements Si, Al, and K in 
pre and post-activation samples, which have been observed in MMT, 
bentonite, and zeolite analyses (Chouikhi et al., 2019); (Silva et al., 
2019) . According to Table 1, the reduction of Al, Fe, and alkaline metals 
in the samples MMT100-3.5 shows the leaching of these elements due to 
acid modification. The presence of N, C, and Cl in the sample of 
MMT100-3.5-DES30 also indicates solid-based ChCl: U solvent 
inoculation. 

FTIR technique is used to detect different functional groups, as 
shown in Fig. 5. The band’s intensity of less than 1338 cm− 1 and be
tween 3210 cm− 1 and 3800 cm− 1 indicates the internal and external 
structure of nanoclay (Khajeh and Ghaemi, 2020); (Stanly et al., 2019) . 
So, the peaks at 469 cm− 1 and 1040 cm− 1 are referred to as the Si-O-Si 
bond in the octagonal structure of the first and third sheets in MMT. 
Bands between 3210 cm− 1 and 3800 cm− 1 were also absorbed into the 

concentration of interlayer cations (K+, Ca2+, Mg2+, Na+) and aqueous 
phase hydrate (Horri et al., 2020). The peak in 695 cm− 1 and 796 cm− 1 

refers to Si-O- bonding caused by irregular quartz components in 
nanoclay structure (Atilhan et al., 2016). Also, Al-Fe-OH and Al-Al-OH 
transplantation are referred to peaks 842 cm− 1 and 952 cm− 1, respec
tively (Zhou et al., 2019). In addition, peak 952 cm− 1 is also referred to 
as Si-OH in some references (Horri et al., 2020); (Tyagi et al., 2006) . In 
M1 and M2 curves, after acid activation with concentrations of 3.5 and 
6 M, respectively, peak spans of 1040 cm− 1 (wave between 900 and 
1100) and 3423 cm− 1, attributed to the effects of changing the internal 
structure of smectite and leaching cations (due to the reduction of peak 
intensity) (Khajeh and Ghaemi, 2020). The bending of peaks 842 cm− 1 

and 952 cm− 1 in the M1 and M2 curves is also evident after acid 
washing, which is the exfoliation of the middle sheet communicated in 
the octahedral structure of the nano-clays (Horri et al., 2020). By adding 
DES solvent with concentrations of 30 % and 50 % - MD1 and MD2- 
curves, peak 952 cm− 1 due to NH reaction in urea with Si-OH and Al- 
Al-OH, the peak intensity has been drawn, and even with increasing 
solvent concentration, the bending of this peak has increased. In addi
tion, the increase in peak intensity of 1667 cm− 1 and 1622 cm− 1 in MD1 
and MD2 curves compared to M0, M1, and M2 curves are affected by the 
carbonyl C = O bond in urea (Ghazali et al., 2020). The bending of peak 
1426 cm− 1 in MD1 and MD2 curves indicates the presence of CH2 in 
choline chloride, with increasing solvent concentration (Hussin et al., 
2021). Also, peaks 1452 cm− 1 and 1490 cm− 1 show NH and CH2 bonds, 
respectively, proving the complete inoculation of ChCl: U solvent. 
Reduction of peak intensity and curved bending around wave intensities 
of 3600 cm− 1 to 3700 cm− 1 could be related to hydrogen bonding of 
water, increased scissor vibration, and interlayer cations bonding with 
solvent (Tyagi et al., 2006). The relative angle alteration in the zone 
3300 cm− 1 in MD1 and MD2 curves also indicates the presence of NH 
after solvent inoculation. 

XRD was used to evaluate the crystalline structure of raw and 
modified MMT. As Fig. 6 shows, due to an increase in MMT acid treat
ment up to 1 M (curve A1), 3.5 M (curve A2), and 6 M (curve A3), a shift 
change in plane d001 occurred from 2θ, 5.43◦ to 5.66◦, 6.171◦ and, 5.92◦, 
respectively. This phenomenon led to an increase in interlayer distance 
from 1.43 to 1.49, 1.63, and 1.60 nm due to the leaching of metal ions in 

Fig. 9. N2 adsorption and desorption isotherm.  
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the tetrahedral sheet of both sides after 1, 3, and 6 M HCl treatments, 
respectively. 2θ of 6.17◦, 19.93◦, 35.74◦, and 61.99◦ are the character
istic signs of MMT, which is subsequently linked to d001, d020, d110, and 
d060 of MMT (Petrovic et al., 2021); (Horri et al., 2020) . The peaks at 
21.21◦ and 26.56◦ are affected by d101 (a quartz polymorph) and quartz, 
respectively (Khajeh and Ghaemi, 2020). As Fig. 6 shows, peaks in the 
range of 35◦, 26◦, 21◦, and 20◦ remain constant in the acid washing 
curve (A1, A2, and A3) compared to the base curves (A0). 

In contrast, acid washing at 1 M increased the amorphous phase and 
changed morphology in regions 2θ of 23.7◦ and 35.8◦ due to irregular 
displacement, and leaching of ore oxide. By increasing the concentration 
of acid washing (A2), the exfoliation of Al and Fe became complete to 
find a more balanced distribution of crystalline and amorphous phases. 
Effective differentiation peaks in the 2θ range of 5◦ to 6◦ in the acid 
washing curve of 3.5 M (A2) compared to acid washing of 6 M (A3) and a 
slight difference in the interlayer space even though the consumption of 
more acid can indicate the optimum acid-washing with a concentration 
of 3.5 M (Khajeh and Ghaemi, 2020); (Taheri et al., 2019) . Conventional 
MMT base peaks are preserved in shape after inoculating with ChCl: U 
solvent (Fig. 7). The direction of the 2θ angle to the right indicates a 
decrease in interlayer distance due to solvent fixation in all solid base 
pores. Also, Fig. 7 illustrates that the balancing of the overall height of 
the AD curve relative to A2 can be affected by the penetration of solvents 
in tetrahedral, octahedral, and amorphous phase restoration around 
cluster platelet sheets. 

Fig. 8 shows the pore size distribution of MMT base before and after 

acid activating with different concentrations by using the Barrett −
Joyner − Halenda (BJH) technique. The first evident thing that is the 
similar variations in the overall trend in the curves of different samples, 
which, as a result, indicates the preservation of the inclusive structure of 
the nano-clay. With increasing acid concentration, the peak height in the 
curve has increased, indicating a deeper local slit-shaped pore. The raw 
MMT cavity size range is 2–10 nm, and after acid-washing, 1 M has 
reached an average range of 3–15 nm, which is attributed to the creation 
of mesoporous adsorbent. After acid washing of 3.5 M, the size distri
bution of cavities is more integrated and in the range of 5 to 14 nm, 
which contributed to the uniform discharge of Al and Fe ions in tetra
hedral and octahedral planetary particles. 

On the other hand, the size distribution of cavities in a completely 
mesoporous range increases the selectivity of CO2 adsorption compared 
to larger-diameter molecules (Gómez-Pozuelo et al., 2019); (Su et al., 
2019) . The optimum concentration of acid-washing is devoted to 3.5 M. 
compared to 1 and 6 M. for the following reasons: much less frequency of 
macro cavities (100–50 nm), increase in minimum cavity size, more 
proportional and integrated distribution of cavity size and increase in 
cavity gap volume. As Fig. 8 shows, solvent inoculation on acid washing 
adsorbent with 3.5 M has created a wholly mesoporous and uniform 
cavity size distribution between 2 and 12 nm, increasing the adsorption 
capability. Although the overall structure of the nanoclay base is pre
served and like the 3.5 M. acid washing sample, macro pore cavities are 
very limited, indicating the strength of the crystalline structure while 
the distributed porosity in all particles. The results of BET tests in Table 2 

Fig. 10. Effect of acid activation molarity on: Adsorption capacity of CO2, O2, N2 at (a): 35 ◦C, (b): 55 ◦C; The ratio of adsorption capacity CO2 to O2 and N2; at (c): 
35 ◦C, (d): 55 ◦C. 
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also show that the optimum acid-washing state with a concentration of 
3.5 M has occurred. The specific surface area and total volume of vacant 
space from 41 and 0.056 reached 228 m2/g and 0.594 cm3/g, respec
tively. In other words, the special surface was affected 5.6 times, and the 
total volume of cavities was 10.6 times. The high quality of cavity dis
tribution and approximately 11 times the volume of cavities, compared 
to other research, have been extraordinary, which can be noted in the 
optimal conditions of time, temperature, stirring speed, and the use of 
reflux during acid activation, which many studies (Novikova and Bel
chinskaya, 2016); (Taheri et al., 2019) ; (Jozefaciuk and Bowanko, 
2002) have pointed out to these conditions.(See Table 3). 

The N2 adsorption–desorption curve in Fig. 9 also shows an increased 
volume of adsorbed molecules due to increased porosity caused by acid 
washing of 3.5 M. The overall structure of the solid BET curve is 
maintained before and after surface modifications. While the adsorption 
volume increased in the range of 0.4 to 0.95 relative pressures, and at 
relative pressure near zero, it was very restricted. This pattern of ab
sorption/desorption of N2 conforms to the IUPAC classification (Ramli 
et al., 2018). It follows type IV isotherms related to the adsorbents with 
mesoporous cavities, besides a slight distribution of micro-cultures. The 
hysteresis cycle of these materials is similar to the H3 type, which shows 
the presence of gap holes in MMT-laminated particles. The thickness and 
length of the hysteresis cycle due to acid-washing of 3.5 M has increased 
significantly, which causes capillary growth, and increased adsorption 

(Taheri et al., 2019). After solvent inoculation, the width of the hys
teresis layer is quite similar to the acid-modified dimension base, and the 
hysteresis length is in the relative pressure range of 0.4 to 0.95. How
ever, the thickness of the hysteresis cycle has been reduced due to the 
filling of pores by solvent. 

3.2. Adsorption at different conditions of acid activation 

The effect of acid treatment on the adsorption capacities of CO2, O2, 
and N2 at temperatures of 35 and 55 ◦C has been investigated. Fig. 10 
shows the CO2/O2/N2 adsorption capacity trends in the raw MMT and 
the MMT acid activated with concentrations at 1.0, 3.5, and 6.0 M. It is 
evident that the capacity of CO2 adsorption at 35 and 55 ◦C has been 
significantly increased by increasing the acid activation concentration 
up to 3.5 M. Then, the increased acid concentration of 6.0 M decreased 
the CO2 adsorption slightly. Such a trend follows the trend of BET 
changes in Table 2. As a result, the increase in CO2 adsorption has been 
affected by the increase in porosity and specific surface area, so optimal 
adsorption and optimal BET occurred in surface modification with a 3.5 
M concentration. However, the higher acid concentration leads to the 
destruction of the internal layer and the local collapse of some tetra
hedral sheets (Petrovic et al., 2021); (Khajeh and Ghaemi, 2020) . 

Unlike CO2, the adsorption capacity of O2 has gradually decreased 
with the increase in acid treatment concentration. This trend can be 

Fig. 11. Above row: Adsorption capacity versus DES concentration for CO2, O2, and N2 at (a): 35 ◦C, (b): 25 ◦C; Below row: The ratio of adsorption capacity CO2 to 
O2 and N2 versus DES concentration; at (c): 35 ◦C, (d): 25 ◦C. 
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mainly attributed to reduced cationic ions such as Na+, K+, and Mg2+, 
which mitigate the physical adsorption through electrostatic force (Zhou 
et al., 2019). In addition, the reduction of Al concentration after 
leaching disfavors the activation of O2 to form reactive O-2, leading to a 
low potential for O2 adsorption. Such a trend has even been observed in 
the catalytic adsorption of O2 in CO conversion to CO2 while reducing 
the concentration of Al3+, Na+, and Mg2+ ions (Sánchez-López et al., 
2021); (Navlani-García et al., 2016) . Fig. 10 (a,b) depict that the 
adsorption of N2 has a semi-constant trend versus the acid activation 
intensity of the solid base. As Fig. 10(c, d) shows, the ratio of the 
adsorption capacity of CO2 to N2 has increased due to the increase in 
porosity due to the rise in the intensity of acid-washing at both 35 and 
55 ◦C. It has maximum extremism at a temperature of 35◦, and con
centration of 3.5 M. Further, at 55 ◦C, the ratio of CO2 to N2 and even the 
ratio of O2 have a completely upward trend with the increase in acid- 
washing concentration. The CO2 to O2 adsorption capacity ratio curve 
also had the same state as CO2 to N2 but in a lower change range. This 
phenomenon, which can be related to the lower critical temperature 
(Zhou et al., 2019) of N2 and O2 compared to CO2, the higher quadruple 
properties (Ramli et al., 2018) of CO2, the increase in the OH concen
tration (Ghazali et al., 2020), and the Lewis acid property (Sarmad et al., 
2016); (Zhang et al., 2021) ; (Jedli et al., 2018) of CO2, shows the 
importance of the quality of surface modification with acid washing on 
improving selectivity. In other words, with the increase of acid washing 
concentration, the ratio of adsorption capacity CO2 to O2 and N2 has 
reached from 1.5 mg/mg and 3.5 mg/mg to 2.5 mg/mg and 3.9 mg/mg 
at temperatures of 35 ◦C, respectively. 

3.3. Comparison of CO2, N2, and O2 adsorption at different concentration 
impregnation of DES 

After screening the modified samples with different acid molarities, 
the optimal conditions were selected as 3.5 M from the viewpoint of CO2 
adsorption and selectivity towards O2 and N2. To activate the adsorbent, 
according to Fig. 11, the effect of solvent concentration in percentages of 
20, 30, 40, and 50 % by weight on the adsorption capacity of CO2, O2, 
and N2 has been investigated. As Fig. 11 shows, by adding a concen
tration of 20 to 40 % of DES, chemical and physical adsorption has 
increased, both at 35 ◦C and 25 ◦C temperatures, and it has a maximum 
extreme in the range of 30 % weight of the solvent. While increasing the 
solvent concentration, gradually from the range of 40 % weight, the 
physical adsorption capacity of the solid base has decreased, which is 
affected by the filling of vacant sites (Ghazali et al., 2020); (Hussin et al., 
2021) and the reduction of electrostatic forces. However, the physico
chemical adsorption contribution of DES at 50 % concentration is utterly 
superior to the adsorption capacity contribution of the MMT base. Such 
a trend in the adsorption of O2 and N2 with the change of DES concen
tration is not very apparent, the main reason for which is the prominent 
quadruple moment of CO2 (4.3*10^-26 esu.cm2) compared to N2 (1.5 
*10^-26 esu.cm2) and O2 (0.39 *10^-26 esu.cm2) (Ramli et al., 2018). On 
the other hand, by adding solvent to the MMT base, the ratio of Si to Al 
and alkaline cations has decreased further, and the possibility of acti
vation of O2 to O2

– and access to the active sites of cations exchange has 
decreased (Navlani-García et al., 2016). Additionally, in some refer
ences, it has been pointed out that Henry’s number of CO2 is signifi
cantly different from that of O2 and N2 in ionic liquids, and that Henry’s 
number of oxygen and nitrogen may be at least 22 and 14 times the 
individual limit of CO2 (50 to 350 bar) (Ramli et al., 2018), respectively. 
As Fig. 11 (c, d) shows, the inoculation of the appropriate concentration 

Fig. 12. Comparison of CO2, O2, and N2 adsorption at T & P: effect of temperature (a), the effect of pressure (c); Comparison of adsorption ratio (CO2/O2 and CO2/ 
N2): the effect of T (b), the effect of P (d). 
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of solvent at a weight ratio of 30 % has improved the ratio of CO2 
adsorption capacity to O2 and N2. Besides, the selectivity of CO2 to N2 at 
a temperature of 35 ◦C has improved more compared to a temperature of 
25 ◦C. In comparison, the selectivity of CO2 to N2 in the temperature 
range of 35 ◦C and 25 ◦C has followed a relatively similar trend. In other 
words, in the optimal state, the ratio of adsorption capacity of CO2 to O2 
and N2 has reached 4.81 and 2.89 from 3.96 and 2.48 mg/mg, respec
tively. In general, the optimal concentration of 30 % of the solvent has 
increased the adsorption capacity of the adsorbent by about 27 % 
compared to the raw base. While this value for O2 and N2 was in the 
range of 11 and 9 %, respectively. Higher CO2 adsorption capacity 
through support functionalizing with a solvent with high nitrogen con
tent was confirmed in many studies (Oschatz and Antonietti, 2018); 

(Hamdy et al., 2021) . 

3.4. Effect of operational parameters on CO2, N2, and O2 adsorption 

Temperature and pressure were studied as two operating parameters 
to see how they affected the adsorption capacities and selectivities of all 
three gases. As Fig. 12(a) shows, with the increase in temperature from 
25 to 55 ◦C, the adsorption capacity has decreased linearly. This process 
does not only show the exothermicity of the process for each gas (Taheri 
et al., 2019), but also the sharper slope of variations for CO2 adsorption, 
the higher interaction energy of its adsorption compared to O2 and N2, 
which have placid slopes of variations; in such a way that CO2 adsorp
tion capacity has increased from 78 to 133.2 mg/g and O2 and N2 from 

Fig. 13. Effect of operational parameters through time vs. adsorption Capacity: (a): Pressure (P)-Time (t)-Ads. (CO2) capacity (Q), (b): Temperature (T)-Time (t)-Ads. 
(CO2) capacity (Q), (c): Pressure (P)-Time (t)-Ads. (O2) capacity (Q), (d): Temperature (T)-Time (t)-Ads. (O2) capacity (Q), (e): Pressure (P)-Time (t)-Ads. (N2) 
capacity (Q), (f): Temperature (T)-Time (t)-Ads. (N2) capacity (Q). 
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31.6 and 48 to 18.1 and 31.2 mg/g, respectively. The fact that lowering 
the temperature has increased the adsorption capacity (Khajeh and 
Ghaemi, 2020); (Taheri et al., 2019) ; (Ramezanipour Penchah et al., 
2021) of CO2, O2, and N2 gases was also observed in the evaluation of 
acid treatment concentration and the solvent concentration effect. Be
sides, the evaluation of the effect of temperature in this section, ac
cording to Fig. 12(b), shows an optimal temperature range where the 
adsorption ratio of CO2 to O2 and N2 has reached the maximum extremes 
of 2.79 and 4.63, respectively. In other words, although the temperature 
of 25 ◦C has a higher CO2 adsorption capacity than the temperature of 
35 ◦C the selectivity of CO2 to O2 and N2 was higher at 35 ◦C. The 
evaluation of the pressure effect of CO2, O2, and N2 adsorption capacities 
at the optimum selectivity temperature of 35 ◦C has been investigated. 
As Fig. 12(c) shows, the trend of increasing the adsorption capacity has 
increased with increasing pressure from 1 to 9 bar for each gas; while the 
capacity of CO2 is much higher than that in O2 and N2. This fact is 
consistent with the critical temperature of each gas and the condens
ability of CO2 gas at higher pressure (Zhang et al., 2021). However, the 

intensity of increasing O2 and N2 adsorption under pressure 3 bar 
affected a more significant uptake than other pressures for the experi
mental result; so in Fig. 12(d), the adsorption ratio of CO2 to O2 and N2 
at 3 bar pressure has a minimum extreme of 3.69 and 2.32, respectively. 
This phenomenon shows that due to the permeability of O2 and N2 
compared to CO2, there is a critical pressure, after which the selectivity 
process increases with a very moderate slope. In previous research 
(Ariyanto et al., 2021); (Xie et al., 2016) , the selectivity of CO2 over CH4 
has been greatly increased at pressures > 10 bar. The 3D in Fig. 13 il
lustrates the interaction of various pressure and temperature ranges on 
adsorption capacity over 3600-seconds. It is clear from the data that CO2 
exhibits a higher adsorption capacity at higher pressures and lower 
temperatures compared to O2 and N2. 

3.5. Effect of adsorbent weights 

Fig. 14 (a) shows the adsorption capacity variations in terms of 
adsorbent mass. As seen in part a (Fig. 14), reducing the weight of the 

Fig. 14. Effect of adsorbent mass on (a) adsorption of CO2 to O2 and N2, (b) adsorption ratio: CO2/O2 and CO2/N2.  

Fig. 15. Experimental Van’t Hoff plots of CO2, O2, and N2 for MMT100-3.5-DES30.  
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absorbent has triggered an increase in adsorption loading. This phe
nomenon shows a decrease in pressure drop, a decrease in penetration 
resistance, and an increase in the level of access to active sites by gas 
molecules, which is in relatively good agreement with other research 
(Hamdy et al., 2021); (Jiang et al., 2023) . Having a lesser kinetic 
diameter of CO2 than O2 and N2 implies (Ramli et al., 2018); (Zhang 
et al., 2021) higher CO2 affinity toward internal diffusion, and conse
quently, a steeper slope in CO2 uptake than O2 and N2. In other words, 
by reducing the adsorbent mass from 1.0 to 0.5 g, the CO2 uptake ca
pacity (while other conditions were kept constant) has reached 212 mg/ 
g from 108 mg/g, which has almost doubled; even though this ratio was 
about the same for O2 and N2. In Fig. 14(b), the ratio of adsorption of 
CO2 to O2 in the weights of 0.5, 1.0, 2.0, and 3.0 g of the adsorbent has 
not altered much. This ratio for CO2 to N2 is also maintained in the range 
of 4.8 mg/mg to 6.5 mg/mg. Evidently, in the mass of 1.0 g of the 
adsorbent, it has reached the value of half, and with the increase of the 
mass of the adsorbent to 2.0 and 3.0 g, a higher adsorption ratio of CO2 
to N2 has been reached. Maintaining the adsorption ratio of CO2 to O2 
and N2 in the range of 3.0 mg/mg and 6.0 mg/mg, respectively, after the 
mass of 2.0 g shows the creation of more selective adsorption for CO2, 
the proper distribution of particles, and interlayer porosity. 

3.6. Comparison of thermodynamic parameters for CO2, N2, O2 

The realization of thermodynamic parameters effectively determines 
the type of adsorbent, the degree of disorder, the possibility of a spon
taneous process, the adsorption density, and the interaction energy 
(Jedli et al., 2018); (Ebelegi et al., 2020) . In this research, ΔH◦, ΔS◦, and 
ΔG◦ based on the equations of Van’t Hoff’ S at a pressure of 5 bar, a 
temperature of 35◦, 1 g of adsorbent with activated acid of 3.5 and 
inoculation of 30 % of the solvent is investigated (Eq. (6)-Eq. (8). 

ln Kd =
ΔS◦

R
−

ΔH◦

RT
(6)  

Kd =
Pi − Pe

Pe
× V/W (7)  

ΔG = ΔH◦

− TΔS◦ (8) 

Where T, Pi, Pe, V, and W, are gas temperature (K), initial pressure, 
final pressure, process container volume (cm), and absorbent weight (g), 
respectively. Table 1 shows that the values of ΔH◦, ΔS◦, and ΔG◦ of CO2 
gas are significantly higher than those of O2 and N2 gas. Although the 
value of ΔH◦ of CO2 gas is lower than 20 kJ/mol (-14.5 kJ/mol), its 
significant difference with ΔH◦ of O2 gas (-7.7 kJ/mol) and N2 (-4 kJ/ 
mol) indicates stronger bonds and the possibility of a portion of chem
ical adsorption in addition to physical absorption (van der Waals type, 
electrostatic, and hydrogen bond). The comparison of the negative 
values of ΔS◦ of CO2 and O2 gas indicates the degree of disorder of each 
gas during the approximate value of the equality of CO2 to O2. Mean
while, the positive degree of ΔS◦ of nitrogen gas confirms the results of 
the previous parameters and the higher selectivity of CO2 to N2 in 
different conditions of temperature, pressure, and concentration. 

As the curve in Fig. 15 shows, the degree of distribution Ln(Kd) has a 
linear decrease with increasing temperature, indicating the reaction’s 
exothermic nature and the inverse effect of temperature on adsorption 
capacity. According to Fig. 16, the CO2 adsorption percentage attributed 
to the range of 9 to 6, considerably, more appropriate than the CO2 
adsorption percentage of other articles (Khajeh and Ghaemi, 2020), and 
the O2 and N2 adsorption percentage in this research with the range of 6 
to 4 and 5 till 3, respectively. On the other hand, the higher ΔG◦ value of 
CO2 gas than O2 and N2 shows the greater degree of the spontaneity of 

Fig. 16. Adsorption percent of CO2, O2, and N2 for MMT100-3.5-DES30.  

Table 4 
Comparison of thermodynamic parameters of different researchs.  

Gas T (◦C) P (bar) Max. Ads. (%) ΔH◦ (kJ/mol) ΔS◦ (kJ/mole. K) ΔG◦ (kJ/mol) Adsorbent (Ref.) 

CO2 65 5  4.7  19.24  0.074  − 5.76 N-MMT (Khajeh and Ghaemi, 2020) 
CO2 20 6  8.5  − 11.31  − 0.01  − 8.29 EM-TE-30 (Taheri et al., 2019) 
CO2 25 6  5.5  − 17.97  − 0.035  − 7.67 GAC-10–500 (Mashhadimoslem et al., 2022) 
N2 25 6  3.2  − 13.58  − 0.025  − 6.05 GAC-10–500 (Mashhadimoslem et al., 2022) 
O2 25 6  4.4  − 13.96  − 0.024  − 6.73 GAC-10–500 (Mashhadimoslem et al., 2022) 
N2 25 3  - (2.1 mmol/g)  − 16.54  − 0.14  − 3.58 5A (Fu et al., 2019) 
O2 25 3  - (0.26 mmol/g)  − 11.97  − 0.12  − 1.37 5A (Fu et al., 2019)  
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this gas, which has decreased with increasing temperature due to the 
weakening of the adsorption interaction energy. As shown in Table 4, 
according to the values of the thermodynamic parameters of the opti
mized adsorbent, while creating an exothermic process, spontaneity, 
and selectivity, it has a much better adsorption percentage than other 
research (Khajeh and Ghaemi, 2020); (Fu et al., 2019) ; (Mashhadi
moslem et al., 2022) . 

3.7. Adsorption isotherms, adsorption kinetic and selectivity of CO2, N2, 
and O2 

To evaluate the performance of the adsorption mechanism, estima
tion of the adsorption capacity at saturation pressure or higher, volume 
and time of adsorption, the possibility of scale-up, matching the results 
with isotherm models and the kinetics of adsorption, this research has 
been done (Ayawei et al., 2017); (Wang and Guo, 2020) . Using the 
regression coefficient is one of the most common methods of deter
mining the compatibility of experimental and modeling results; the 
closer R2 is to one, the corresponding model will have desirability 
(Ramezanipour Penchah et al., 2021); (Ayawei et al., 2017) . Fig. 17 
shows the isotherm models with R2 > 0.98 for the adsorption of CO2, N2, 
and O2. Among the two-, three-, and four-parameters isotherm models 
that have been explained in detail in various reports (Ayawei et al., 
2017), the isotherm models of Langmuir, Freundlich, Temkin, Dubinin 
Radushkevich (RK), and Hill have been reliable with the experimental 
results of this research and their nonlinear relationship is presented in 
Eqs (9) to (13), respectively. The evidence shows that the Hill model 
provides the best fit for experimental data of CO2 adsorption, while the 
Langmuir model indicates the best fit for practical results of N2 and O2 
adsorption. This is due to the fact that the Hill model represents the 
heterogeneous, multi-layer, and chemo-physorption process, which 
aligns with the higher CO2 uptake compared to the lower O2 and N2 
uptake observed with adsorbents that follow the physorption and single- 
layer model of the Langmuir. 

qe = qmkLPe/(1 + kLPe) (9)  

qe = kFP1/n
e (10)  

Fig. 17. Isotherm models of CO2, O2, and N2 compared to corresponding experimental data.  

Table 5 
Comparison of isotherm parameters in adsorption of CO2, O2, and N2.  

Model Parameters CO2 O2 N2 

Langmuir qm 695  165.4  82.98 
kL 0.035  0.057  0.074 
R2 0.9865  0.9874  0.9916 

Freunlich kF 23.85  9.601  6.183 
n 1.124  1.218  1.285 
R2 0.9849  0.9793  0.9799 

D-R qm 176.3  60.68  34.96 
kE 2.03  1.85  1.612 
E 0.552  0.52  0.551 
R2 0.9948  0.9937  0.9919 

Hill qs 204.3  64.35  37.56 
n 1.837  1.991  1.926 
kD 16.88  15.45  12.619 
R2 0.9953  0.9939  0.9912 

Temkin Model A 1.08  1.076  1.137 
B 65.5  23.391  13.613 
R2 0.9746  0.9861  0.9963  

A. Ansari et al.                                                                                                                                                                                                                                  



Arabian Journal of Chemistry 17 (2024) 105688

16

qe = B*log(A)+B*log(c) (11)  

qe = qm.exp
(
− kE.E2) (12)  

Log(qe/qH − qe) = nlog(Pe) − log(kD) (13) 

Where qe, qm, and P are attributed to equilibrium adsorption ca
pacity, saturated adsorption capacity, and equilibrium pressure, 
respectively. (kL), (kF, n), (A, B), (kE, E), and (n, kD) relate to the pa
rameters of the isotherm models of Langmuir, Freundlich, Temkin, 
Dubinin − Radushkevich (DR), and Hill, respectively. The Langmuir and 
Freundlich are mentioned as the most common models representing the 
single-layer and multi-layer adsorption, respectively. The qm and kL in 
eq. (9) illustrate the mono-layer saturatuin adsorption capacity and 

physical adsorption, respectively; which are the highest value for CO2 
among flue gases here. The Kf ((barn.mg)/g) and n in Freundlich model, 
are related to capacity and intensity of adsorption, respectively. By in
crease the amount of kf, the adsorbate uptake increases. The value of n 
greater than 1 and less than 2, specifies desirable adsorption. Also, bT 
and E represent the adsorption heat and the adsorption free energy, 
conducting energy-related evidence in the DR and Temkin isotherm 
models. The range of E < 8 value displays the physical adsorption and in 
the range of 8 < E < 16 states the chemical adsorption (Al-Ghouti and 
Da’ana, 2020); (Khajeh and Ghaemi, 2020) ; (Ayawei et al., 2017) . 
Table 5 shows that the adsorption of N2 and O2 provided the best fit to 
the experimental results and theoretical model with the Langmuir and 
Temkin isotherms. In comparison, CO2 is dedicated to the Hill, DR, and 
Freundlich isotherm models. The adsorption of N2 agreed with the 
Langmuir isotherm model the most, which indicates the mono-layer 
surface physisorption and the repulsion of adsorbed molecules with 
each other have occurred. The matching of the Langmuir isotherm with 
the experimental results of all three gases was obtained as follows: N2 >

O2 > CO2. The results mentioned above confirm the high ratio of 
adsorption of CO2 to N2 and O2 in different conditions, which is caused 
by the favorable structure of hydrogen bond and multilayer adsorption 
for CO2 gas compared to the limited and single-layer adsorption for N2 
and O2. Also, the Freundlich number of the adsorbent between 1 and 2 
(≃1.2) shows the desirability of the synthesized adsorbent (Taheri et al., 
2019). Hill model number (n) greater than one shows a better adsorption 
quality (Ayawei et al., 2017), in which n≃ 1.9 indicates the minimum 

Fig. 18. Comparison of experimental data fitting with kinetic models for CO2, O2, and N2 adsorption.  

Table 6 
Comparison of kinetic model parameters in adsorption of CO2, O2, and N2.  

Kinetic Model Parameter CO2 O2 N2 

First Order qe  128.94  62.21  47.61 
kl  0.091  0.176  0.197 
R2  0.912  0.993  0.996 

Second Order qe  130.2  62.31  47.57 
K2  0.0011  0.0151  0.0284 
R2  0.945  0.991  0.994 

Elovich α  0.023  0.032  0.048 
β  24.546  14.342  9.267 
R2  0.976  0.776  0.422  
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interaction of two OH molecules or NH2 molecules with the adsorbate 
molecules. 

To understand the path of the adsorption equilibrium command 
mechanism, the kinetic models of the first order, the second order, and 
Ellovich have been investigated, presented in Eqs (14) to (16), 
respectively. 

qt = qe(1 − e− tk1 ) (14)  

qt =
(
q2

ek2t
)
/[1 + qek2t) (15)  

qt = (1/βln(αβ) )+ (1/βlnt) (16)  

where qt, qe, and t are the variable adsorption capacity, equilibrium 
adsorption capacity, and time, respectively. k1, k2, and (α, β) are, 
respectively, the constants of the three kinetic equations in this research. 
In Fig. 18, experimental results of the adsorption of CO2, N2, and O2 are 
presented along with the kinetic models. The comparisons of the 
experimental kinetic curves show that changing the adsorption of N2 
and O2 reached the equilibrium state quickly. In contrast, this trend has 
reached the equilibrium state for CO2 over a more extended period. In 

Table 7 
Comparison of modeling and specification of different adsorbents.  

adsorbate support Solvent (wt.%) T(◦C), P(bar) BET (m2/g) qe (mg/g) Kinetic model Isotherm model ref 

CO2 AC ZnCl2 (0.1) 25, 10 719.2  277.2 Fractional sips (Mashhadimoslem et al., 2022) 
O2 AC ZnCl2 (0.1) 25, 10 719.2  184.6 Fractional sips (Mashhadimoslem et al., 2022) 
N2 AC ZnCl2 (0.1) 25, 10 719.2  100.8 Fractional sips (Mashhadimoslem et al., 2022) 
CO2 MMT NaOH(30) 35, 7.0 144.3  78.7 Elovich Toth (Khajeh and Ghaemi, 2020) 
CO2 MMT – 45, 5.0 9.9  22.2 Elovich – (Khajeh and Ghaemi, 2020) 
CO2 MMT DEA (22) 30, 9.0 25.7  281.8 Elovich Hill (Ramezanipour Penchah et al., 2021) 
CO2 MMT – 30, 9.0 4.8  219.8 Elovich Hill (Ramezanipour Penchah et al., 2021) 
CO2 MMT APTH (35) 25, 50 8.5  213.4 – – (Atilhan et al., 2016) 
N2 5A – − 35, 3 –  77.4 – Langmuir (Fu et al., 2019) 
O2 5A – − 35, 3 –  73.6 – Langmuir (Fu et al., 2019) 
CO2 MMT DES (30) 25, 5 189.0  134.1 Elovich Hill This study 
CO2 MMT – 25, 5 189.0  106.3 – – 
O2 MMT DES (30) 25, 5 189.0  46.4 1st order Langmuir 
N2 MMT DES (30) 25, 5 189.0  33.2 1st order Langmuir  

Table 8 
Selectivity of CO2 toward N2 and O2 for the pressure of 1–9 bar of MMT-100–3.5- 
DES30.  

P(bar) 1 3 5 7 9 

CO2/N2  4.15  2.41  2.93  3.11  3.76 
CO2/O2  2.16  1.91  2.06  2.04  2.18  

Fig. 19. Mechanism of adsorption by MMT100-3.5ChCL: U30%.  
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other words, as the results of Table 6 show, the kinetics of CO2 
adsorption show the greatest agreement in terms of R2 with the Ellovich 
model; while N2 and O2 adsorption follows the first-order model. The 
characterization of CO2 Ellovich model adsorption in this particular 
study agrees with the inherent advantages of heterogeneous multilayer 
interaction Hill isotherm model. The activation energy, surface diffusion 
rate and inactivation coulde be predicted by Ellocich model (Rameza
nipour Penchah et al., 2021). The higher β value for CO2 is evident 
compared to values in O2, and N2. The lowest R2 of 0.42 for N2 imply on 

the very low tendency of chemical and multy-layer adsorption for N2. 
The value of α, and β related to adsorption and desorption, respectively; 
whereas, by increasing the adsorption in Ellovich model, the desorption 
constant decreased. At the same time, the 1st-degree kinetic model in
dicates a linear relationship in the initial time until reaching the ad
sorbent’s equilibrium concentration and the solid uptake amount with 
time. In contrast to the finding mentioned earlier in the kinetic model of 
CO2, O2, and N2, Su et al. (Su et al., 2019), and Zhang et al. (Zhang et al., 
2021) have pointed out different evaluation results following the 2nd 

Fig. 20. DTA of MMT100-3.5-DES30.  

Fig. 21. Effect of regeneration temperature of MMT100-3.5-DES30 on adsorption capacity of CO2, O2, and N2.  
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kinetic model for N2 and O2 adsorption, respectively. Further report 
(Mashhadimoslem et al., 2022) proclaimed a similar kinetic model 
(fractional order) for all three CO2, O2 and N2. In Table 7, a comparison 
of the adsorption results of all three gases of this research has presented 
the temptations of this study compared to other researchers. 

To analyze the separation potential of the three gases in this 
research, intrinsic selectivity was used according to the research of Bao 
et al. (Bao et al., 2011), who used Henry’s law to estimate the rela
tionship between equilibrium data and equilibrium pressure (Eq. (17). 
According to Eq. (18), the selectivity of component A toward component 
B is determined. 

qe = KPe (17)  

αA/B= KA/KB (18) 

Where, qe, K, Pe, and α are adsorption capacity (mg/g), equilibrium 
pressure (bar), permanent constant, and selectivity factor. 

As Table 8 shows, despite the decrease in selectivity at a pressure of 
around 3 bar, the selectivity of CO2 toward N2 and O2 surges with 
increasing pressure. As the results of the previous sections showed, 
reducing the weight of the adsorbent increased the adsorption capacity; 
for instance, for 0.5 g adsorbent, the selectivity of CO2 to N2 and O2 at 
temperature 35 ◦C and pressure 5 bar was 6.58 and 2.97, respectively. 
These results are remarkable compared to the selectivity research of 
Mashhadi et al. (Mashhadimoslem et al., 2022) and Duczinski et al. 
(Duczinski et al., 2020), while the biocompatibility and cheaper base of 
this research make it more sustainable, and beneficial. Fig. 19 depicts 
the mechansim of the possible CO2, O2, and N2 adsorption with 
MMT100-3.5-DES30. 

3.8. Regeneration of MMT100-3.5-DES30 

Evaluating different cycles of CO2, O2, and N2 adsorption and 
checking the custody of CO2 selectivity over O2 and N2 after adsorbent 
regeneration have revealed its cost-to-benefit ratio, industrial usability, 
and flexibility (Hussin et al., 2021); (Jiang et al., 2023) ; 

(Bao et al., 2011). To analyze the conditions of regeneration, the DTA 
curve of the main adsorbent was investigated. Fig. 20 shows that up to 
the temperature of 100 ◦C, less than 1.5 % by weight has been reduced, 
which can be related to methanol condensation (in the inoculation 
stage) and absorbent moisture. Next, up to 270 ◦C, with a gradual pro
cess, about 28.5 % of the weight decreased; this was attributed to DES 
molecules in agreement with the literature (Xie et al., 2016) 

demonstrated the disappearing of ChCl: U up to around 300 ◦C. 
Further, up to the temperature of 750 ◦C, the process of changing the 

weight of the absorbent (mg/◦C) has been approximately constant. Ac
cording to the DTA, the regeneration temperature is considered to be 
between 80 and 120 ◦C. As the curve in Fig. 21 shows, the amount of CO2 
adsorption after regeneration and its selectivity compared to O2 and N2 
at 100 ◦C was higher than that at 80 ◦C and 120 ◦C, which indicates the 
renewability of the specific surface area of the adsorbent and the main 
concentration of the solvent in this condition. Furthermore, the regen
eration of the adsorbent and the preservation of its selectivity after eight 
cycles at the regeneration temperature of 100 ◦C are presented (Fig. 22). 
The percent of the CO2 adsorption efficiency against eight cycles did not 
drop significantly compared to the initial cycle; it even maintained the 
selectivity number adsorbent, which shows industrial usability. 

4. Conclusion 

The study presents a conceptual method for comparing the adsorp
tion of individual main flue gas compositions using isotherm, kinetic 
models, and thermodynamic parameters evaluation in a specific adsor
bent at batch scale reactor. The results revealed different types of 
isotherm and kinetic models for CO2 adsorption compared to N2 and O2. 
This approach could be a strategic foundation for future investigations 
to explore monolayer adsorption for O2 and N2, while demonstrating 
higher CO2 uptake due to multi-layer chemophysical sorption. This 
differs from previous studies, which reported similar isotherm and ki
netic models for individual CO2, O2, and N2. MMT100-M− DESn were 
synthesized through improved HCl activation of montmorillonite 
(MMT) nano clay and impregnation with Choline Chloride: Urea (ChCl: 
U) as a Deep Eutectic Solvent (DES). During acid surface activation, the 
CO2 adsorption increased significantly due to rising 9.5 times and 5 
times more than those values of the specific area (35 m2/g) and pore 
volume (0.33 m3/g) of bare MT, respectively. In contrast, that decreased 
the O2 adsorption due to the leaching of cationic ions; while exhibiting a 
negligible effect on N2 adsorption. The results indicated that more active 
groups were achieved for acidic gas molecules in such a way as to 
improve CO2 adsorption by up to 19 % approximately. While the 
adsorption ratio of CO2/O2 and CO2/N2 increased gradually along with 
both consequent surface activation and then ChCl: U functionalized 
MMT100-3.5. Experimental results revealed the direct and reversed 
impact of pressure and temperature on CO2, O2, and N2 uptake capacity 
in a more significant affective trend for CO2 than O2 and N2. Modeling 
results exhibited desirable accordance with operational parameters 

Fig. 22. Recycling performance of MMT100-3.5-DES30 for efficiency of CO2 adsorption, CO2/N2, and CO2/O2 selectivities.  
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effect and characterization value of adsorbent. In agreement with higher 
CO2 uptake adsorption, the CO2 isotherm model fitted well with the 
heterogeneous multilayer Hill isotherm model; while O2 and N2 showed 
higher regression to the Langmuir monolayer isotherm model, having 
less potential of active sites for physical adsorption. The kinetic model of 
CO2 was obtained in the highest fitting with the Ellovich model showing 
the mechanism of physi-chemisorption, which was in agreement with 
the first-order model. Despite the similar exothermic nature adsorption 
for CO2, O2, and N2 with ΔH (kJ/mol), − 14.6, − 7.7, and − 4.1, 
respectively, the ΔH (kJ/mol.K), of N2(0.001) showed un randomness 
nature vice versa of that for O2 (-0.009) and CO2 (-0.026). The adsorp
tion capacity increased by reducing the adsorbent weight, whereas the 
highest value of 217 mg/g was obtained at 35 ◦C, 5 bar, and 0.5 g 
adsorbent (MMT100-3.5-DES30) for CO2, O2, and N2, respectively. The 
adsorption ratio (mg/mg) of CO2/N2 and CO2/O2 was optimum at 35 ◦C, 
either 1 or 9 bar around 6.5 and 3, respectively. The CO2 uptake capacity 
and selective nature after adsorption/desorption cycles demonstrated a 
desirable and thermal stable adsorbent with high potential for green 
industrial application of CO2 capture. 
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