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ABSTRACT: Potential adsorption theory (PAT) suggested by Polanyi back in 1914 is till
date one of the most widely used practical methodologies for the treatment of gas
adsorption on microporous materials. Here, we extend PAT to the description of the
phenomenon of adsorption-induced deformation, which has been recently attracting
widespread interest of various scientific communities, from adsorption separations and
energy storage to hydrocarbon recovery and carbon dioxide sequestration to drug delivery
and actuators. A universal relationship is established between the stress caused by the
interactions of guest molecules with the pore walls and the adsorption isotherm. It is
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shown that in the course of adsorption, microporous solids exhibit a non-monotonic

deformation, with contraction at low gas pressures and expansion as the pressure increases. The proposed theory is verified with
the experimental data on benzene and n-hexane adsorption on AR-V microporous carbon over a wide range of temperatures. It
allows for predicting the adsorption deformation at different temperatures and with different adsorbates and can be applied to a

wide class of microporous solids.

I. INTRODUCTION

Phenomenon of the deformation of nanoporous materials in
the process of gas adsorption has been recently attracting
considerable interest of various scientific communities, from
adsorption separations and energy storage in metal—organic
frameworks (MOFs) to hydrocarbon recovery in shales and
carbon dioxide sequestration in coal to drug delivery and
actuators."~'> While most materials expand or swell upon
uptake of host species, microporous solids, with pores smaller
than 2 nm, exhibit a counterintuitive behavior: upon
adsorption with increase in gas pressure, the sample first
contacts and then expands. Such a non-monotonic deforma-
tion is characteristic to all microporous materials, such as active
carbons, zeolites, clays, and MOFs.'271¢ Although the
experimental observation of this phenomenon is well-
documented in the literature, a quantitative theory capable of
predicting the deformation of adsorbents based on the
information about adsorption properties of the materials is
lacking. Here, we present a robust thermodynamic theory that
links the adsorbent strain with the independently measured
adsorption isotherm and allows for predicting the adsorption
deformation at different temperatures and with different
adsorbates. The proposed approach is based on the classical
potential adsorption theory (PAT) suggested by Polanyi'”"®
back in 1914 and later elaborated by Dubinin and co-
workers'”~>" into the most widely used practical methodology
of characterization of microporous solids, known as the theory
of volume filling of micropores (TVFM).
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IIl. THERMODYNAMICS OF ADSORPTION-INDUCED
DEFORMATION IN TERMS OF POTENTIAL
ADSORPTION THEORY

In addition to the external pressure P, deformation of a
porous solid is caused by the adsorption stress o,, exerted by
the guest molecules interacting with the pore walls.”> The
volumetric strain € of an isotropic sample in the elastic linear
approximation is defined by the volumetric modulus K

¢ = (0, - By) /K = By/K (1)
In gas adsorption experiments with free standing samples, the
external pressure, P, equals the bulk gas pressure, and the
difference between the adsorption stress and the bulk gas
pressure is commonly called the solvation pressure, P, = ¢, —
P.*»** From the thermodynamic standpoint,””** the adsorp-
tion stress o, is rigorously defined as the derivative of the grand
thermodynamic potential of the adsorbed phase Q,(u, V, T)
with respect to the variation of the sample volume, or the pore
volume V, provided the solid phase is incompressible, at the
given chemical potential y of the adsorbate and temperature T

G:a(ﬂJ T) = (_aga(ﬂy v, T)/aV)”,T 2)

The grand thermodynamic potential of the adsorbed phase Q,,
which is commonly referred to in the adsorption literature as
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the integral work of adsorption, is related to the adsorption
isotherm, a(y, V, T), via the Gibbs equation

U
Qa(/’t; v, T) = _./_ (1(/1, v, T)d.u (3)

The chemical potential is commonly reckoned from the
saturation state

# = —RT ln[f /f] % —RT In[Ry/P] 4)
where f is fugacity; the second equality implies the ideal gas
approximation. As such, to predict the adsorption deformation
through eqs 1-3, it is necessary to know the theoretical
equation for the adsorption isotherm a(y, V, T).

According to PAT, the adsorption isotherm of a vapor at
given pressure P and temperature T is presented as a universal
function of the adsorbate chemical potential y reduced by a
characteristic energy of adsorption E

a(P; T) = aO(V; T)f(—M/E) (5)
Function f(—p/E), called the characteristic curve, is related to
the integral volume distribution of the adsorption potential
inside the micropores and is normalized (f(0) = 1). f(—u/E),
which is supposed to be independent of temperature and
adsorbate, represents the degree of pore filling, 8 = a/a, =
f(—p/E). Here, a, is the adsorption capacity at the saturation
pressure P, which depends on temperature T and is
represented through the pore volume V and the molar volume
v of liquid adsorbate

ay(V, T) = V/v(T) (6)
Equation S represents the Gurvich rule that serves as a
practical definition of the pore volume. The characteristic
adsorption energy E depends on the adsorbate. Choosing the
adsorption energy of one particular adsorbate (traditionally,
benzene) E, as a reference, E for another adsorbate is
presented using the affinity coefficient 8 as E = BE,.'”*° Once
the characteristic curve function f is determined by fitting the
experimental isotherm for one adsorbate at a particular
temperature, the adsorption isotherms at other temperatures
and for other adsorbates can be predicted.

TVEM models employ particular equations of the character-
istic curve. The most popular is the Dubinin—Radushkevich
(DR) equation®®

0=a(u, V, T)/ay(V, T) = f(—pu/E) = exp[—(u/BE,)’]
(7

which has only one parameter, characteristic adsorption energy
E,. PAT and TVEM have important predictive capabilities. In
the works of Dubinin and his co-workers and followers, one
can find numerous examples of successful applications of
TVEM for a wide range of adsorbates and various microporous
adsorbents, mainly carbons and zeolites.">'®*"*7** In this
work, we demonstrate that PAT and, in particular, the DR
equation provide a practical approach to predict the
deformation of microporous carbons in the course of
adsorption.

Using the characteristic curve function f(—u/E), the grand
thermodynamic potential €, is presented
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G, V, 1) = =a(V, ) [ f(-/E)du

=—a0E[”/Ef(x)dx ®)

Accounting for the expression 8, the adsorption stress in PAT
is presented in a compact form

dln a,

dlnE ¢
Q.(u, vV, T) - / d
dv 1e ) av Jo 4 9)

Ua(/‘; T) =-

It is worth noting that the strain and stress in eq 1, the grand
thermodynamic potential Q in eqs 3 and 8, and stress in eq 9
are reckoned from the hypothetical “dry” vacuumed state of P
= 0 and ¢ = —x. This must be taken into account while
analyzing the experimental data, which is reckoned from a
certain experimentally measured reference state.

lll. GENERAL FEATURES OF ADSORPTION-INDUCED
DEFORMATION IN MICROPOROUS SOLIDS

Equation 9 allows to evaluate general qualitative trends of the
adsorption stress. Note that the derivative of the total
adsorption capacity with respect to the sample pore volume,
dln ay/dV;, is always positive, as larger pores have more space
to host molecules. According to the Gurvich rule (2), dln ay/
dV = 1/V; > 0, where Vj is the sample reference volume in the
dry state. At the same time, the derivative of the adsorption
energy is always negative, dlnE/dV = —1/V, < 0; adsorption
energy in smaller pores is higher; A is the energy susceptibility
factor. As such, the first term in the LHS of eq 9 is positive (Q,
< 0), while the second term is negative (/Sﬂ da < 0). The fact
that the effects of the capacity and energy variations with
deformation have opposite signs explains the observed non-
monotonic strain in the course of gas adsorption on
microporous adsorbents. At low gas pressures and loose pore
loading, the energy variation effect dominates, causing pore
contraction: due to attractive adsorption interactions, guest
molecules serve as couplings between opposite pore walls. At
sufficiently high gas pressures, the volume variation effect
dominates, causing pore expansion: the pores become crowded
with guest molecules, which repel and “elbow” each other,
exerting a positive stress on the pore walls.

Typical theoretical dependencies of the adsorption and
stress isotherms are presented in Figure 1 as functions of y/E,
drawing on an example of the DR equation. The stress is non-
monotonic: it decreases in the beginning of adsorption at low
pressure, achieves a minimum, and then increases to approach
a linear asymptote at a sufficiently high pressure. Correspond-
ingly, the sample deformation is expected to be non-
monotonic with contraction as the stress decreases and with
expansion as the stress increases.

The adsorption stress in the beginning of adsorption at low

gas pressures, when —u > E and —pa > —Q, has the
following general asymptote

dln E

Ga(/'t) T) - v Ma(,uf v, T)
dln E ,u)
= - ay(V, T)f|——

av # oV )f( B (10)
As the chemical potential increases, the adsorption stress,
which originates from zero at y = —, is negative and

progressively decreases, causing the sample to contract. This
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Figure 1. Typical theoretical dependencies of the adsorption and
stress isotherms as functions of the reduced adsorbate chemical
potential, /E.

behavior is typical for any microporous solid,
sample is evacuated at sufficiently low pressures.

The adsorption stress at conditions of complete pore filling
at sufficiently high pressures, when —u < E, a(p, V, T) = ay,
and Qa = Qalpt:O + [;ola(ﬂ) ‘/) T)dﬂ ~ Qa,O — Hao (Qa,O = QaI/FO))

follows the universal behavior

Provided the
3

o(u, T) % o+ pu/vy=0,+P,, — (R —P)

(11)
Here, 0,4 = 0,], is the adsorption stress at the fully saturated
conditions, P = Py and 4 = 0 and P, is the capillary, or
Laplace, pressure of the liquid adsorbate having the same
chemical potential as the adsorbed phase. According to the
Hiickel equation®”

P —_

cap_:u/vl+(H)_P)=_(RT/V1)IHU0/f]+(P0_P)
~ —(RT/v;) In[R/P] (12)

The latter equality represents the Kelvin—Laplace equation
and is valid for the ideal gas approximation that is standard for
adsorption experiments well below the critical temperature,
when —u/v, > (P, — P). Equations 11 and 12 imply that the
adsorption stress and the induced strain, respectively, are linear
functions of the capillary pressure P, or the logarithm of
relative pressure, In[Py/P]. It is instructive to present this linear
dependence using the strain, €, = € — €l,_, reckoned from the
sample strain at a fully saturated state at P = Pyand y = 0, P,
= 0. With these assumptions, eq 1 is transformed into

P./K ~ —(RT/v)In[R/P]/K

cap

€ =€ — €l =

(13)

The linear relationship (eq 13) holds as the asymptote of the
general eq 1 at sufficiently high pressures. This conclusion has
very important implications for the correlation of the
theoretical predictions and experimental data. Indeed, the
experimental strain isotherms typically exhibit a linear behavior
in the region of complete pore filling. It is noteworthy that the
linear relationship (eq 1), known as the capillary approx-
imation,'* is a characteristic not only of microporous but also
of mesoporous materials filled by capillary condensed
fluid.**~** Theoretically, it was established by Gor and
Neimark'* for mesoporous adsorbents using the Derjaguin—
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Broekhoff—de Boor (DBDB) model of capillary condensation.
Equation 13 can be used to determine the effective volumetric
modulus K from the slope of the experimental strain isotherm
plotted in semi-logarithmic coordinates.”® This modulus is
sometimes called the pore load modulus.’

Of special interest is the condition of the minimum of strain
isotherm, which corresponds to the maximum contraction.
This condition reflects the so called “most convenient” packing
of guest molecules when the coupling and crowding effects
compensate each other.”” The point of maximum contraction
is determined from the condition of the maximum pore filling
with respect to the pore size at a given chemical potential

0°Q,  0’Q,  oa

T oV vou oVl

do,
aﬂ v,T

=0

(14)

It is instructive to present the equations of PAT in the
dimensionless form, expressing the adsorbed amount as the
degree of pore filling, 8 = a/a, = f(—u/E), and reducing the
adsorption stress by its characteristic value 6 = Ea,/V,, = E/v;.
Using the dimensionless adsorption stress, &, = a,/[Ea,/V;],
eq 8 transforms into a general form

e = [ ;Eﬂx)dx i " (w/E)d0

== [ [ det 2@/ (-u/E)

—u/E (15)
Here, the energy susceptibility factor A = —(dInE/dV)/V is
the only dimensionless parameter that should be determined
from the experimental data. Note that the stress at the
saturation, o, is

o = fo " f(x)dwtA fo " (u/E)do=(1-2) fo " f(x)da
(16)

The characteristic value of adsorption stress, 6¥=Ea,/V,, is on
the order of 1000 atm, which may result in strain within ~0.1—
1%. For the example of benzene adsorption on AR-V
microporous carbon considered below,’’

A =067, o5 = 2-(1 - 1) = 0292 and ¢¥ = 0.17 GPa.

IV. CORRELATION OF THEORY AND EXPERIMENTS

There are several important aspects that should be taken into
account while correlating the theoretical relationships for the
adsorption stress derived above with the experimental strain
isotherms. The strain isotherms on microporous adsorbents
are usually measured by dilatometry using the specially
prepared samples in the form of cylindrical rods. These
experiments treat free standing samples, so that the measured
linear strain is one third of the volumetric strain.

For small elastic deformations, it is reasonable to assume
that the sample compressibility does not depend on adsorption
and the volumetric modulus K determined from the slope of
the linear region of the strain isotherm according to eq 13 can
be used in the general eq 1 in the whole range of pressures to
relate the strain and stress isotherms. As such, the theoretical
prediction can be made for the strain, ¢, = € — €l,_y, reckoned
from the sample strain at a fully saturated state, rewriting eq 1
as

e =[(6,=P) = (60— R)/K~= (6, 60)/K  (17)
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Figure 2. Strain isotherms of benzene and n-hexane at 353 K (black), 333 K (brown), 313 K (red), 293 K (blue), 273 K (green), and 255 K
(purple). Circles, adsorption; squares, desorption. Lines correspond to the theoretical predictions by eq 25 with 4 = 0.67, K = 3 GPa, and offset

strains Aly/I given in Table S1.

The latter approximate equality is valid, provided that the
adsorption stress is significantly larger than the gas pressure,
lo,| > P, and the sample deformation caused by the external
pressure is neglected. We will use this approximation in further
discussion.

It is noteworthy that experimental measurements do not
start from an ideal dry state but rather from the lowest
available pressure, P = P;. The first point measured by
dilatometry at the lowest pressure P, is usually taken as a
reference for an experimentally defined strain: €,,(P;) = 0.
This initial state is prestressed compared to a fully saturated
state. The prestress Ao, = 0,; — 0,9 (0,, = 0, (4, T))
reflects the shrinkage of the samples upon desorption from the
fully saturated state to the initial state

—u,/E
Ag, = aa*[—u - f f<x>dx+z<ul/E>f<—ul/E>]
(18)

As such, the experimentally measured strain €, is correlated
with the stress reckoned from the prestress o,

dln a,
dv

€ep = (0, T) = 0,))/K = { Q,(u, V, T)

dln E

i dab/
dvf.l”“}/

—u,/E
_ [a:‘/m[(l =0 [ fasaumy /)

- Qa(/’tli v, T)] -

+ l(—ul/E)f(—ul/E)]
(19)

It is noteworthy that eq 19 can be used with any type of
isotherm, a(u), that obeys the PAT assumptions. One option is
to use a properly smoothened interpolated experimental
isotherm.

Equation 19 has two parameters, K and 4, which are defined
from the correlation with the experimental strain isotherm.
The bulk modulus K can be unambiguously determined from
the strain isotherm slop in the linear region of high loadings
(eq 13). The energy susceptibility factor A can be chosen to
match the position, y = ., of the maximum contraction,
which is determined by eq 14, or, equivalently, directly from eq
19 by equating to zero the derivative
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de,,, —o
W e, (20)
For the DR type of isotherm, eqs 14 and eql9 imply
2
i l[i]
2 Ao (21)

Let us demonstrate the applicability of the proposed model for
the case of the DR eq 7. According to eq 3, the grand
thermodynamic potential €2, can be expressed, as

Qa(ﬂ) V) T) = _gaOﬂEO(l - Erf[_:u/ﬁEO]) (22)

Correspondinly, the adsorption stress, eq 2, is presented, as
i ) = 0| == By )expl= (/P

JE
+ —(1 — A)(1 — Edf[—u/PE }
R S i S,
and the experimental volumetric strain, eq 19, is converted into
the following form

€exp =

{—/1[(—u//)’Eo)eXp[—(u/ﬂEo)z] () BEy)
exp[—(ﬂl/ﬁEo)Z]H?(l — ) (ErfT—p/E,]

— Erfl—u,/BE,)) }Ga*/K

(24)

The characteristic magnitude of the adsorption stress, 6 = E/
v}, is proportional to the adsorption energy. The relative linear

adsorption-induced strain, Al/l, is expressed as

Al

! {—l(—ﬂ/ﬂEo)eXp[—(M/ﬁEo)Z] + -

* Aly
(1 — Exf[—u/PE,]) }0'a /3K + - (25)

Here, Aly/l is the offset strain constant equal to the
experimentally measured (or extrapolated) linear strain at the
approach of saturation, at P/P; — 1. In the region of linear
deformation, the capillary approximation (eq 12) holds, and

- (RT /v))In[B)/P]
" 3K

Al/l

+ Aly/1 06)
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Figure 3. Universal dimensionless isotherms of the degree of filling, & = a/a,, (upper raw) and the reduced adsorption stress, &, = 6,/ [EV,/a,],
(lower raw) as functions of the reduced adsorbate chemical potential, 2/E. Lines correspond to the DR characteristic curve (eq 7), and the
correspondingly reduced stress (eq 15). Experimental data on AR-V carbon for (A) benzene® and (B) n-hexane® at 353 K (black), 333 K
(brown), 313 K (red), 293 K (blue), 273 K (green), and 255 K (purple). The circle symbols correspond to adsorption and square symbols to the

desorption data. (C) Combined benzene and n-hexane data.

The linear correlation (eq 26) makes it possible to determine
the volumetric modulus K and the offset strain Al;/I from the
slope and onset of the experimental strain isotherm plotted in
semi-log coordinates, as shown in Figures S1 and S2 presented
in the Supporting Information. Additional discussion on the
offset strain determination is given in the Supporting
Information.

The predictive capabilities of the proposed method are
demonstrated based on the experimental data of the
adsorption of benzene®” and n-hexane®* on the AR-V carbon
microporous adsorbent in the range of temperatures from 255
to 353 K. AR-V carbon is produced from coal dust and
adhesion agents by steam treatment at 1100 K—1200 K. The
experimental adsorption isotherms of benzene and n-hexane at
different temperatures in the linear form of the DR equation
(log[V;] as functions of p*/f* (see Figure S3)) collapse into
one characteristic curve with the pore volume V,, = 0.26 cm®/g
and characteristic energy E, = 14.3 kJ/mol for benzene
obtained from the fitting of experimental adsorption isotherms;
the affinity coefficient # =1.29 for n-hexane is taken from ref
3S.

Figure 2 show the theoretical strain isotherms calculated
according to eq 25 in comparison with the experimental
deformation. The factor 4 = 0.67 was determined from the
strain isotherms of benzene at 353 and 333 K according to eq
21, since the position of the strain minimum is clearly defined
on these isotherms. The effective bulk modulus K = 3 GPa was
determined according to eq 26 from the slope of linear regions
of the strain isotherms of benzene in semi-logarithmic
coordinates at 273 and 293 K, since the measurements at
these temperatures were performed up to the saturation
pressure. The offset strains Aly/l, which varied from 0.5 to
0.9%, were determined with K = 3 GPa according to eq 26
from linear regions of strain isotherms or from fitting to eq 25
in case of high temperatures 333 and 353 K, when data at high
pressures were not available. The experimental strain isotherms
in semi-logarithmic coordinates for different temperatures and
the linear capillary approximation plots are presented in
Figures S1 and S2, respectively. All parameters used in the
calculations are presented in Table S1.

In both cases of benzene and n-hexane adsorption, only two
experimental strain isotherms at 353 and 333 K possess a
contraction region. The strain, experimentally measured at
lower temperatures from 255 to 313 K, is positive and
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increases monotonically. This is explained by the fact that the
contraction region was outside the range of measured
pressures. Indeed, the pressure P_;, which corresponds to
the maximum contraction, progressively decreases with
decreasing temperature (see Table S2). According to eq 21,
P, is estimated for benzene as 1500, 600, and 210 Pa at 353,
333, and 313 K, respectively. While the P, values at 353 and
333 K reasonably fit the strain minimum, the value of 210 Pa is
outside the range of the measured pressures at 313 K. The
proposed theoretical relationship fits well the strain isotherms
in the expansion region of relatively high pressures, which
confirms the validity of the linear capillary approximation (eq
26) employed for the determination of the volumetric modulus
K and the offset strain Al,/l. The n-hexane strain isotherms
exhibit similar behaviors as those of benzene, although the fit
to the theoretical relationship at low pressures is apparently
worse. However, the fact that the affinity coefficient for n-
hexane was taken from the literature and the fitting was done
only for the reference adsorption energy of benzene confirms
the predictive capabilities of the proposed theory.

Figure 3 presents the universal dimensionless theoretical
dependencies of the degree of filling, & = a/ay, for the DR eq 7
and the correspondingly reduced adsorption stress,
g, = 0,/[E/v}], eq 15, as functions of the reduced adsorbate
chemical potential, #/E, in comparison with the experimental
data on benzene™ and n-hexane®* on AR-V carbon. &
calculated with the parameters, E, = 14.3 kJ/mol and 4 = 0.67,
established from the benzene data. The experimental stress
data are recalculated from the strain data from Figure 2 with
the volumetric modulus, K = 3 GPa. Agreement between the
theoretical predictions and experimental data is excellent,
accounting for the known deficiency of the DR equation at low
loadings and the natural spread of the experimental data.

V. CONCLUSIONS

The universal relationships are established for predicting the
deformation of microporous solids induced by the adsorption
of different adsorbates in a wide range of temperatures. The
proposed model is based on only three parameters, adsorption
energy E, energy susceptibility factor A, and volumetric
modulus K, which can be determined from the experimental
data for a reference adsorbate at a particular temperature. The
main quantitative marker of the effect of adsorption
deformation is the characteristic adsorption stress, 6 = E/v,.
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The smaller the pore, the larger the adsorption energy and the
corresponding adsorption stress. It is noteworthy that the
proposed relationship for the adsorption stress contains only
one parameter, the energy susceptibility factor 4, which cannot
be defined independently from the experimental adsorption
isotherm; this parameter was determined from the pressure of
maximum contraction on the benzene strain isotherm. The
non-monotonic behavior of the strain isotherm is defined by A.
Conversion of the experimental strain into stress requires the
effective bulk modulus K and the offset strain Aly/] that are
obtained straight from the linear asymptotic region of the
strain isotherms in semi-logarithmic coordinates at high
pressures. The offset strain Al;/l depends on the lowest
measured pressure and may vary from one experiment to
another. While for rigid microporous solids like carbons the
adsorption strain is typically small, the adsorption stress on the
order of thousands of atmospheres can compromise the
material integrity, which is specifically important in the case of
geosorbents like coal. In softer materials, such as metal—
organic frameworks, the adsorption stress may induce a larger
deformation causing phase transformations in the frameworks,
known as breathing and gate-opening.3’36_38 In this case, the
proposed model could be applied for analysis of elastic
deformation that precedes the phase transformation, which is
associated with plastic deformation occurring upon achieving a
threshold adsorption stress according to the ansatz suggested
in ref 39. The general eqs 15 and 19 for the adsorption stress
and strain, respectively, can be used with more complex
adsorption models than the DR equation model and extended
to other classes of materials, provided the assumptions of the
PAT are met, deformation proceeds in a linear elastic regime,
and the effects of material anisotropy can be neglected.
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