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ABSTRACT: Phenomenon of adsorption-induced defor-
mation of nanoporous materials has recently attracted a lot of 
attention in chemical, materials, and geoscience communities. 
Various theoretical and molecular simulations approaches 
have been suggested to predict the stress and strain induced by 
single component gas adsorption. Here, we develop a thermo-
dynamic method based on the notion of the adsorption stress 
to predict the deformation effects upon multicomponent ad-
sorption. As a practically important example, the process of 
displacement of methane by carbon dioxide from mi-
croporous carbons is considered. This process is the founda-
tion of secondary gas recovery from shales and coalbeds asso-
ciated with carbon dioxide sequestration. Theoretical predic-
tions are correlated with the original experimental data on 
CO2 and CH4 individual and binary adsorption on coal sam-
ples coupled with in-situ strain measurements. With the model 
parameterized and verified against the experimental data at 
ambient conditions, the projections are made for the adsorp-
tion deformation at geological conditions of elevated pressure 
and temperature, which increase with the depth of the reser-
voir. The proposed approach may have multifaceted applica-
tions in modeling behavior of hydrocarbon mixtures in na-
noporous geomaterials, gas separations and energy storage on 
flexible adsorbents. 

 

I. Introduction. 

The problem of predicting adsorption and deformation 
properties of flexible nanoporous materials has recently at-
tracted considerable attention across various scientific disci-
plines, from adsorption separations and gas storage in metal-
organic frameworks (MOFs) and zeolites to nanoporous 
drug carriers and actuators to hydrocarbon recovery and car-
bon dioxide sequestration in shales and coal. 1-7 The latter 
processes are critically important for the development of en-
vironmentally friendly energy technologies. Promising 

enhanced gas recovery techniques utilize injection of CO2 to 
induce desorption of natural gas and simultaneous adsorp-
tion of CO2. This process offers higher yields of natural gas, 
reduced pollution by eliminating wastewater, and sequestra-
tion of CO2, a known greenhouse gas. 5, 6, 8 Geosorbents such 
as coals and shales are composed of poroelastic nanoporous 
matrices that deform significantly upon gas adsorption and 
desorption. 9-11 For example, organic fractions of shale have 
been shown to swell in excess of 20% upon adsorption of hy-
drocarbons. 12 Nanoporous matrix swelling causes shrinkage 
of the free gas pore volume and cleat spacings and significant 
reduction of the reservoir permeability. 13, 14 
Although the effects of adsorption-induced deformation and 
their practical importance are well documented for geo-
sorbents and other nanoporous solids, most theoretical and 
experimental efforts are limited to single component adsorp-
tion. There are various approaches for modeling multicom-
ponent adsorption on carbons, zeolites and MOFs that do 
not take into account the adsorbent deformation. 15-18 The 
density functional theory and Monte Carlo (MC) molecular 
simulation models were suggested to study adsorption-in-
duced deformation processes on the atomistic level. 19, 20 Ad-
sorption-induced transformations in MOFs have received a 
special attention. 1-3, 21-25 Several theoretical approaches have 
been suggested to extend the macroscopic poromechanics to 
nanoporous adsorbents and account for the adsorption ef-
fects. 26-32 It is worth noting the works 33-35 aimed at modeling 
secondary methane recovery and CO2 sequestration on coal. 
The progress in theoretical modeling is hindered by a lack of 
systematic experimental studies of adsorbent deformation 
during multicomponent adsorption. Most papers report the 
results of either adsorption or strain measurements, but 
rarely both. 36-39 The comprehensive experimental data sets 
presented in this paper represent the unique exception. 
The goal of this work is to present a rigorous thermodynamic 
approach to predict the adsorption-induced deformation of 
flexible structures upon adsorption of binary mixtures based 
on the information obtained from the single component 
measurements. In Section II, we present the general 
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thermodynamic foundations of the proposed approach and 
its implementation for the case of binary adsorption gov-
erned by the Langmuir model. Section III is devoted to the 
experimental methods employed for the volumetric adsorp-
tion and in-situ strain measurements upon adsorption of 
CH4, CO2, and their binary mixtures on a low rank coal. 
Comparison of the theory and experimental data collected at 
the room temperature is presented in Section IV. In Section 
V, predictions are made for the coal matrix swelling induced 
by the displacement of CH4 by CO2 at the geological condi-
tions at elevated pressure and temperature. Conclusions are 
briefly summarized in Section VI. 

II. Thermodynamics of adsorbent deformation in-
duced by multicomponent adsorption  

Deformation of a porous solid in the presence of adsorbing 
species is determined by the external pressure, 𝑃!"# , and the 
adsorption stress, 𝜎$ , exerted by the guest molecules inter-
acting with the pore walls. 19, 29 In the simplest linear elastic 
approximation, the volumetric strain, 𝜀, of an isotropic solid 
is defined through the volumetric modulus of the solid, 𝐾, as 
19 

𝜀 = !"!!
!!

= (𝜎# − 𝑃$%&)/𝐾                                   (1) 

where 𝑉 is the sample volume at given conditions and 𝑉% is 
the reference volume of the undeformed sample reduced per 
unit mass of the sample. In adsorption experiments, 𝑉% is the 
reference volume of “dry” sample evacuated at negligibly 
small pressures.  
At the conditions of thermodynamic equilibrium between 
the solid and gas mixture, the adsorption stress is rigorously 
defined as the negative derivative of the grand thermody-
namic potential of the adsorbed phase 𝛺$({𝜇&}, 𝑉, 𝑇)	with 
respect to the sample volume V,	29 	

𝜎# = −*'("
'!
+ |{*#},-  ,                                               (2) 

at constant temperature T and chemical potentials of the 
mixture components {𝜇& = 𝜇&({𝑦&}, 𝑝, 𝑇). }. The latter de-
pend on the mixture composition (molar fractions {𝑦&}), 
pressure p and temperature T, 𝜇& = 𝜇&({𝑦&}, 𝑝, 𝑇). The 
grand thermodynamic potential of the adsorbed phase, 
𝛺$({𝜇&}, 𝑉, 𝑇), commonly referred to in the adsorption liter-
ature as the integral work of adsorption, is related to the ad-
sorption isotherms of mixture components, 𝑁&({𝜇&}, 𝑉, 𝑇), 
according to the Gibbs equation,  
 

𝑑𝛺$({𝜇&}, 𝑉, 𝑇)|',) = −∑𝑁&({𝜇&}, 𝑉, 𝑇)𝑑𝜇&         (3) 

The adsorption grand potential 𝛺$({𝜇&}, 𝑉, 𝑇) can be calcu-
lated by integration the Gibbs equation (3) along the 

trajectory of increasing pressure from “vacuum” at 𝑝 = 0 to 
the given value 𝑝 keeping the mixture composition {𝑦&}, 
sample volume, and temperature fixed,  

𝛺$({𝜇&}, 𝑉, 𝑇) = −∫ [∑𝑁&#*!+,({𝜇&}, 𝑉, 𝑇)
-.!
-/
]𝑑𝑝/

%    (4) 

Here, 𝑁&#*!+,({𝜇&}, 𝑉, 𝑇) = 𝑁&#*!+,({𝑦&}, 𝑝, 𝑉, 𝑇)	is the ad-
sorption isotherm of component 𝑖 in the mixture of compo-
sion {𝑦&} at pressure 𝑝. The superscript “theor” distinguishes 
this theoretical isotherm from the experimental isotherm 
𝑁&
!"/({𝜇&}, 𝑉%, 𝑇) that is measured on the sample of refer-

ence volume 𝑉%. 𝑁&#*!+,  is the absolute adsorption isotherm 
that represents the total adsorbed amount of component i, 
while the experimentally measured isotherm 𝑁&

!"/ is com-
monly reported as the excess isotherm. 29 
Equations (1), (2), and (4) provide a general thermody-
namic methodology for predicting the adsorption stress and 
strain induced by mixture adsorption based on the theoreti-
cal adsorption isotherms, which depend on the sample vol-
ume, 𝑉, which varies due to the deformation. The theoretical 
adsorption isotherms can be determined by different means, 
similarly as it is done for single component systems; in par-
ticular, using molecular level models of density functional 
theory 19, 40 and Monte Carlo simulations, 20, 41 or common 
phenomenological equations with parameters fitted against 
the experimental data, like Langmuir, 42 Dubinin-Radush-
kevich, 43 Derjaguin-Broekhoff-de Bour, 44 among others. 
Note that the sample volume, adsorption isotherms, thermo-
dynamic potential, and other extensive characteristics can be 
expressed in the reduced units, as is customary in the adsorp-
tion literature, per unit mass of adsorbent. In the simulation 
methods, the sample volume is presented explicitly as the 
volume of the simulation cell, or the unit cell volume in the 
case of crystalline adsorbents. In the phenomenological 
models, the sample volume features implicitly through the 
physical parameters, such as adsorption capacity and adsorp-
tion energy, which depend on the sample deformation. 
Let’s consider the proposed general approach applied to the 
binary adsorption systems with the isotherms described by 
the conventional Langmuir model of binary adsorption, 

𝑁./0 =
1$/&
! 	3$/&	4$/&	5

.63$4$563&4&5
                                              (5) 

where 𝑁&% and 𝐾&  are the maximum adsorption capacity and 
the Henry constant, respectively, of individual component 
i=1,2. The Langmuir model is the most simple and com-
monly used model for description of adsorption of hydrocar-
bons and other light chemicals on microporous adsorbents, 
including adsorption of CH4 and CO2 on coal.45, 46  The prac-
tical advantage of the Langmuir model is that it depends on 
the physical parameters, 𝑁&% and 𝐾& , which vary with the al-
teration of the sample volume affected by deformation. At 
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the same time, it is oversimplistic and has apparent limita-
tions; it implies the ideal gas phase and ignores the pore size 
distribution and surface energy heterogeneity.   

Noteworthy, the Henry constants 𝐾&  depend on the energy 
of adsorption and decrease with temperature following the 
van’t Hoff equation, 

𝐾&(𝑇)~𝑒𝑥𝑝 @−
01!
2)
A,                 (6) 

where Δ𝐻&  is the equilibrium enthalpy of adsorption of spe-
cies 𝑖.47 Equation (6) allows for prediction of the tempera-
ture dependence of the adsorption and strain isotherms, as 
shown below. 
For the Langmuir model (5), the integral in Eq. 4 is calcu-
lated explicitly. In case of a binary ideal gas mixture implied 
by the Langmuir model (5), the chemical potential of the in-
dividual components is equal to µ& = 𝑅𝑇𝑙𝑛(𝑦&𝑝), and 
Equation (4) is given in a simple form, 

𝛺$ = −𝑅𝑇∫ [𝑁3(𝑦3, 𝑦4, 𝑝, 𝑉, 𝑇) +
/
%

𝑁4(𝑦3, 𝑦4, 𝑝, 𝑉, 𝑇)]  
3
/
𝑑𝑝                                           (7) 

For the Langmuir model (5), the grand thermodynamic po-
tential (7) reduces to the following simple relationship, 

𝛺$ = − 2)56"7"#8"96$7$#8$:;<(396"8"/96$8$/)
6"8"96$8$

	                 

(8) 

Consequently, the adsorption stress (2) is determined by di-
rect differentiation of Equation (8), as 
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Here,	
-7"/$

#

-'
 represents the change in the maximum adsorp-

tion capacity with the variation of the sample volume, and 
-6"/$
-'

 is related to the respective change in the energy of ad-
sorption according to Equation 6. The adsorption stress for 
pure component adsorption can be found from Equation (8) 
by setting the respective mole fraction yi=1	

𝜎$,& = 𝑅𝑇 N
7"/$
# /

396"/$/
-6"/$
-'

+ 𝑙𝑛O1 + 𝐾3/4𝑝Q
-7"/$

#

-'
R        

(10) 

Noteworthy, Equation (10) for single component adsorption 
was derived and employed earlier for modeling breathing 
transitions in MIL-53 MOFs. 42 
For further analysis, it is useful to introduce the dimension-
less  parameters, which represent the capacity and  Henry 

constant susceptibility factors,  𝜆7"/$# =
-7"/$

#

-'
'#

7"/$
#	 ('#)

 and 

𝜆6"/$ =
-6"/$
-'

'#
6"/$('#)

. The susceptibility factors,  𝜆7"/$#  and 

𝜆6"/$ , show the percentage of the adsorption capacity and 
Henry constant changes induced by the volumetric strain of 
1%.   
Equations (5) and (9) allows for the prediction of the ad-
sorption isotherm and stress in the process of binary adsorp-
tion at different mixture compositions, pressures and temper-
atures based on the experimental data on pure component 
adsorption measured at one temperature. To this end, the ad-
sorption capacities and Henry constant, 𝑁&% and 𝐾& , and their 
susceptibility factors,  𝜆7!#  and 𝜆6!  , are determined from the 
experimental pure component adsorption and strain iso-
therms, respectively. The adsorption isotherms are fitted by 
the single component Langmuir equation (Equation (5) 
with y1 =1, 0) to determine 𝑁&% and 𝐾& . The pure component 
strain isotherms are fitted by Equation (1) with the adsorp-
tion stress 𝜎$,&  given by Equation (10); external pressure in 
gas adsorption experiment is equal to the gas pressure,  
𝑃!"# = 𝑝.  
III. In-situ measurements of coal deformation during CO2 
and CH4 adsorption. 
In order to illustrate the proposed approach, we consider ad-
sorption of pure CH4 and CO2 and their mixture on low rank 
coal at the room temperature 298 K. Sorption and defor-
mation measurements were taken using the specially de-
signed home-made apparatus described in refs. 48. The sys-
tem comprises a low-pressure (glass) dosing unit used for de-
gassing and calibration and a high-pressure ampoule (made 
of metal), which enables the gas sorption tests in the elevated 
pressures by the volumetric method. The pressure is moni-
tored over the range 0–4.0 MPa with an accuracy of ±1 kPa. 
The system was assumed to be at a near-equilibrium state 
when the pressure variations in the ampoule fell within ±2 
kPa. The in-situ deformation measurements during adsorp-
tion of pure CH4 and CO2 and their mixture is performed by 
tensiometers affixed to the surface of the coal sample placed 
in the high-pressure ampoule. Variation of the sample strain 
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is determined from the strain gauge resistances measured by 
the compensating method, using the Wheatstone's bridge 
Repeated measurements are performed with increasing pres-
sures in the dosing unit. The composition of the gas mixture 
in the ampoule is measured with a gas chromatograph after 
the final pressure measurement is obtained. The detailed 
conditions of the experiments are described in earlier papers. 
45, 48 	
Below, we use the experimental data collected on two sam-
ples from the Brzeszcze coal mine in the Upper Silesia Coal 
Basin, denotated B32.2 and B32.1. For sample B32.2, the 
mixture experiments were performed for two compositions 
of 27% and 75% carbon dioxide. The mixture adsorption and 
strain experimental data for 27% and 75% CO2 feed 

composition correspond to the CO2 fraction in equilibrated 
gas phase of 14.2% and 57.5%, respectively, at the highest 
pressure. We use the recalibrated the raw data on adsorption 
and strain isotherms reported separately in Refs. 48, 49   During 
recalibration, the CO2 fractions for lower pressure were esti-
mated using the material balances (for details see Supple-
mentary Information, Section 1).  
For sample B32.1, the adsorption isotherms and pure CH4 
and mixture strain isotherms were reported earlier in Refs. 45, 

46, while the pure CO2 strain isotherm on this sample is pre-
sented here for the first time. The mixture experiments were 
performed with the feeding mixture of 41.5% CO2 that corre-
sponded to the 23.4 CO2 fraction in equilibrated gas phase at 
the highest pressure. 

 
Figure 1. Left: Adsorption (upper) and strain (lower) isotherms for pure carbon dioxide (green), pure methane (blue), and binary mix-
tures (red, purple) on coal sample B32.2.  Green points represent experimental pure CO2 data, blue points represent pure CH4 data, red 
and purple crosses represent experimental mixture data, and lines and red and purple squares represent pure species and mixture predic-
tions, respectively from Eqs. (5) and (9). Right: Prediction of the variation of adsorption and strain as functions of the estimated CO2 
fractions, yCO2, in the process of displacement of CH4 by CO2 at various gas pressures. Experimental data points correspond to pure CO2 
(diamonds) and CH4 (circles) at yCO2 = 0,1, and mixtures (crosses) at the CO2 fractions estimated from material balances; the left set 
corresponds to the final yCO2 = 0.142, and the right corresponds to yCO2 = 0.575. Predictions for the mixtures (solid lines) and pure CO2 
and CH4 (dashed and dotted lines, respectively) are calculated at pressures of 0.203 MPa (red), 0.63 MPa (purple), 1.158 MPa (brown), 
1.931 MPa (pink), and 2.825 MPa (grey). The strain is counted from the reference “dry” state of the adsorbent at P=0.

IV. Correlation of theory and experiments 

Figure 1 illustrates the application of the proposed method-
ology. The left panel shows the correlation of the theoretical 
predictions with the experimental adsorption and in-situ 
strain data for pure carbon dioxide and methane and their bi-
nary mixtures on sample B32.2 at the room temperature 298 
K. The set of model parameters, 𝑁&%,	𝐾& , 𝜆7!#  and 𝜆6! , fitted 
to reproduce the pure component measurements is listed in 
Table 1.  
 
 
 

Table 1. Model parameters for sample B32.2 determined from 
the pure component adsorption and strain isotherms. 

For the conversion of the calculated adsorption stress into 
the strain, the volumetric modulus, K, is taken as 2 GPa, 
which is typical for coals. 50 The theoretical adsorption and 
strain isotherms for pure components calculated with fitted 
parameters agree reasonably with the experimental data. As 
expected, CO2 adsorption is stronger than CH4 adsorption 
that is characterized by larger adsorption capacity and larger 
adsorption stress and strain. This trend was found in other 

 𝐾' , MPa−1 𝑁'(, cm3 NTP/g 𝜆)"/$ , % 𝜆*!# , % 

CO2 
CH4 

0.951 
0.380 

38.2 
30.1 

-0.386 
-0.429 

0.943 
0.772 
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similar systems. 5, 6 At sufficiently low pressures, the strain is 
negative meaning that the sample contracts upon adsorption. 
Although the contraction effect is small, this behavior is typi-
cal for all microporous adsorbents, including carbons, zeo-
lites and MOFs. 19, 42, 43 Contraction at low gas pressures is ac-
counted for by the negative Henry constant susceptibility 
factor,  𝜆6"/$  (see Table 1), that is related according to Equa-
tion (6) to the change of the adsorption energy with the pore 

size, 𝜆6"/$ ≈ − D01!/-'
2)

	: the smaller the pore, the larger the 
adsorption energy, Δ𝐻& . This effect leads to the negative ad-
sorption stress exerted on the pore walls that tends to pull 
them inward. With further increase of pressure and adsorbate 
density, the repulsion between adsorbed molecules causes 
the positive stress that tends to push against the pore walls 
and leads to swelling. For adsorption in this sample the con-
traction effect was not revealed in the experiments, as it likely 
occurs at lower pressures than those measured. However, it is 
visible for CH4 adsorption on sample B32.1 (see Figure S2 in 
Supplementary Information). 
Predicted mixture adsorption and strain isotherms gradually 
increase as the CO2 fraction, yCO2, increases. The experi-
mental data (limited to the range of yCO2=0.091-0.156 and 
yCO2=0.575-0.628 for each feed mixture) agree with the theo-
retical predictions within acceptable deviations.  These devi-
ations are likely due to the experimental uncertainty in the 
gas composition measurements.  
The model developed allows for theoretical predictions of 
the variation of the adsorption and strain in the process of 
displacement of CH4 by CO2. The respective adsorption and 
strain isotherms as functions of the CO2 fraction, yCO2, at the 
selected fixed gas pressures at 298 K, are shown in the right 
panel of Figure 1. As expected, due to a higher affinity of CO2 
to carbon, the total gas adsorption gradually increases be-
tween the values of pure component CH4 and CO2 adsorp-
tion at given pressure. Respectively, the strain measured from 
the initial volume of the sample saturated with pure CH4 in-
creases monotonically, which reflects swelling of the coal 
upon the CH4 displacement by CO2. The available experi-
mental data for two mixture compositions, 𝑦HI4 = 0.142 
and  𝑦HI4 = 0.575, are correlated with the theoretical pre-
dictions.  
Similar calculations compared with experimental data for 
sample B32.1 are presented in Supplementary Information, 
Section 3.  

V. Prediction of coal deformation during CH4 dis-
placement by CO2 at geological conditions  

It is of practical interest to estimate the effects of coal swell-
ing at the geologically relevant conditions, 51, 52 where both 
temperature and pressure increase with the depth of the gas 

reservoir. The interpolation to the higher temperature is 
done with the van’t Hoff equation (6). For the given sample, 
the enthalpy of CO2 adsorption,  𝛥𝐻HI4 = −36.911𝑘𝐽/
𝑚𝑜𝑙, was determined from the isotherms measured at 298 K 
and 323 K. For CH4 adsorption, we used the enthalpy 
𝛥𝐻H1J = −33.4𝑘𝐽/𝑚𝑜𝑙 reported in ref. 53 for a similar coal 
sample. Equation (6) is also used to recalculate the Henry 
constant susceptibility factor as a function of tempera-
ture, 𝜆6"/$~1/𝑇.  

Calculations of the adsorption and strain were performed for 
the coal sample B32.2 that would be placed at different 
depths below the surface level at 0 m (T=298K, P=0.1 MPa), 
500 m (T=313K, P=5.1 MPa), 1,000 m (T=328K, P=10.1 
MPa), 1,500 m (T=343K, P=15.1 MPa), and 2,000 m 
(T=358K, P=20.1 MPa). With the depth of the reservoir, 
pure component adsorption and sample deformation de-
pendencies are nonmonotonic, as shown in Figure 2, left 
panel. The respective values of temperature and pressure are 
given in the figure. The nonmonotonic behavior is caused by 
a competition between the pressure and temperature effects, 
which act in opposite directions, 36 see more details in Sup-
plementary Information, Section 2. Pure component adsorp-
tion and strain sharply increase with the depth up to 500 m 
due to the pressure increase by an order of magnitude. How-
ever, further increase of pressure in the diapason of depths 
1,000-2,000 m is compensated by the rise of temperature, 
and the adsorption reaches a near plateau at about 14 cm3 
NTP/g and 25.5 cm3 NTP/g for CH4 and CO2, respectively. 
Therewith, the adsorption induced strain decreases for the 
pure components at the depths below 500 m. The non-mon-
otonic behavior of the strain with the depth of the reservoir is 
attributed to the negative Henry constant susceptibility fac-
tor,  𝜆6"/$ , as shown in Supplementary Information, Section 
2 Figure S1. Note that here the strain is counted from the ref-
erence state of the “dry” adsorbent at T=298K and P=0. The 
strain induced due to the complete CH4 displacement by 
CO2 is estimated as the difference in the strain for pure com-
ponents (green data on Fig. 2, left), which increases with the 
reservoir depth achieving a plateau below 500 m. The result-
ing swelling is estimated about 1.25%.  
The right panel of Figure 2 depicts the calculated adsorption 
and strain isotherms as functions of the bulk CO2 mole frac-
tion during the process of CH4 displacement by CO2 assum-
ing the constant temperature and pressure corresponding to 
the given depths below the surface level. The adsorption 
strain is counted from the strain of the sample saturated by 
pure CH4 to demonstrate the effect of CH4 displacement by 
CO2. The theoretical predictions suggest that coal swelling 
due to CH4 displacement by CO2 is progressively 



6 

 

 
Figure 2: Prediction of adsorption and deformation upon the displacement of CH4 by CO2 at geological conditions at the levels of 0, 500, 
1,000, 1,500, and 2,000 m below the surface. Left: Adsorption and strain of the coal sample with pure CH4 and CO2 at geological condi-
tions. The strain is counted from the reference state of the “dry” adsorbent at T=298K and P=0. The strain difference due to the complete 
displacement of CH4 by CO2 is shown in green. Right: Adsorption (upper) and strain (lower) isotherms as a function of bulk CO2 frac-
tion, yCO2, and the respective pressure and temperature shown in the figure caption. Solid, dotted, and dashed lines represent respectively 
the total adsorption and strain, CH4 and CO2 adsorption. The strain is counted from the state of the adsorbent saturated by pure CH4 at 
given pressure.

pronounced with the depth of the reservoir, reaching approx-
imately 1.55% volumetric strain at a depth of 1000 m and de-
creasing slightly with the depth at 1,500 m and below. This 
nonmonotonic effect is due to the initial elevated underearth 
pressure and respectively enhanced adsorption of both CH4 
and CO2, with the latter having a stronger affinity to coal. At 
increasing depths above 1000 m, the effect of the increase in 
temperature overcomes the pressure enhancement, and the 
strain and adsorption decrease with increasing depth.  
Similar calculations for sample B32.1 showing the same 
trends are presented in Supplementary Information, Section 
3, Figure S3. 

 

VI. Conclusions. 

 The proposed adsorption stress theory allows for predicting 
the deformation of nanoporous materials induced by adsorp-
tion of gas mixtures based on the experimental data for pure 
gas mixture components. Using the Langmuir adsorption 
model, we demonstrate the correlation of the theoretical pre-
dictions with the experimental adsorption and strain data for 
pure CO2, CH4, and their binary mixtures on the coal sam-
ples at ambient temperature.  
The model parameterized based on the experimental data on 
pure component adsorption at ambient conditions is further 
employed for evaluating swelling of coal in the process of 

displacement of CH4 by CO2 geosorbents at the geological 
conditions. In the absence of relevant experimental data, 
these theoretical predictions may have important implica-
tions for the CO2 assisted secondary gas recovery and CO2 
sequestration in geological reservoirs.  
It should be noted that while the Langmuir model is widely 
used for description of binary adsorption on various mi-
croporous materials, it has apparent limitations.  The pro-
posed general approach requires the knowledge of the theo-
retical adsorption isotherms, which can be determined by 
various methods including more complex phenomenological 
adsorption models, or direct MC and DFT simulations of gas 
adsorption on model solid structures. With proper modifica-
tions, the proposed approach can be extended and applied 
for other practical applications, including various gas mixture 
separation processes on flexible nanoporous adsorbents, like 
zeolites and MOFs.  
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