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ADSORPTION EQUILIBRIUM AND HYSTERESIS
IN OPEN SLIT-LIKE MICROPORES
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For qualitative and quantitative description of adsorption equilibrium and hysteresis in open slit-like
micropores, theoretically rigorous equations are proposed based on the theory of volume filling of
micropores which imply the physical and formal analogy between the volume filling of micropores and
capillary condensation. The applicability of the proposed equations for description of the hysteresis in
such systems is demonstrated for water adsorption/desorption isotherm on the fibrous carbon material
AUVM-Dnepr which possesses micro- and mesoporous structure.
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INTRODUCTION

In the general case of porous bodies which
possess micro- and mesopores, the adsorption
should be considered as a stage-by-stage process.
Within pore range with a characteristic size lower
than the adsorbate molecular diameter o, the
adsorption occurs on the external surface. If the
characteristic size of the slit-like pore, i.e. the ratio
of the pore width to the adsorbate molecular
diameter is in the range 1<h/c<2, then the
adsorption process is governed both by the
interaction between the adsorbate molecules and by
the interaction of adsorbate molecules with the
force field of very narrow pore, having in mind the
overlapping of the pore walls potential. For the
pores with characteristic size above 2¢ filmwise
condensation occurs [1].

The irreversibility of the adsorption process in
porous bodies, which results in adsorption
hysteresis, also should be considered with regard to
the characteristic size of the porous space. If the
pore width h> 50, then the hysteresis description
should assume the filmwise condensation and
capillary evaporation process, governed by the
Kelvin equation [1,2]. On the other hand, if the
pore width is in the range oc<h<20, the
adsorption process should be treated according to
the theory of volume filling of micropores (TVFM)
[1]; in this case the adsorption hysteresis is caused
by the ‘memory effect’ of the adsorption system
[1, 3]. The adsorption hysteresis theory based on
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TVFM was developed in [3]. It should be noted
that, while the scope of the publications related to
the adsorption hysteresis theory is vast, these refer
to the hysteresis in mesopores, while the adsorption
hysteresis in micropores was studied only
experimentally. The authors are unaware of any
theoretical publications in this specific field.

It was reported recently by one of the
authors in [4] that the classic TVFM equations
do not correspond exactly to the basic TVFM
principle, and a new equation was proposed to
describe the volume filling of cylindrical pore. In
the proposed study the approach developed in [4]
is presented in more detail (having in mind that
the short publication [4] is quite hard-to-reach),
and is applied to the description of the adsorption
equilibrium and hysteresis in a slit-like pore.

THEORY
To begin with, we recapitulate some
statements considered in [4]. The TVFM

developed by Dubinin [5] and (independently) by
Pierce, Wiley and Smith [6] was based on the
assumption that the adsorption in the pores should
be treated as their volume filling (similar to the
capillary condensation process) rather than their
layer-by-layer filling. The physical analogy
between both processes implies their formal
analogy, i.e. the volume filling of pores and the
capillary condensation could be expected to obey
similar mathematic treatment.
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All the TVFM equations currently used were
derived on the basis of the Polanyi theory [1, 7].
The adsorption isotherm equation proposed here is
also based on the Polanyi’s characteristic curve [7]:

0=f(BA), (1)

where, according to the TVFM, 0 is the relative
coverage, i.e. the ratio of the current adsorption
value to its maximum possible value which
corresponds to the rightmost boundary of the
micropores range; note that 6 <1. In Eq. (2) A is
the Polanyi adsorption potential which by its
physical meaning determines the variation of Gibbs
potential during the adsorption: A =—AG:

A =RTn(p,/p). )

where p and p, are the adsorbate pressure in the
bulk phase and the saturation pressure,
correspondingly, at temperature T; B is the affinity
parameter as introduced by Dubinin [8], R is the
universal gas constant.

Various adsorption isotherm equations
(Dubinin-Radushkevich  [9], Dubinin-Astakhov
[10, 11], Dubinin-Stoeckli [8, 12]) can be obtained
based on the characteristic curve, using the
equation of the thermodynamic perturbation theory
for polymolecular adsorption, see [7, 13, 14]:

0, :Tf(gk )dak ’

where 0, is the n-th layer relative coverage, g is the
local value of the pore wall potential, fg,) is the
fraction of adsorption space which corresponds to
this g, value. The total coverage then is:

3)

>6,. )

Equations (3) and (4) were used mostly to
describe the polymolecular adsorption. However,
assuming 0,=0 for all n>1, the integration in
Eq. (4) with the modified Gaussian distribution for
fley) yields the Dubinin-Radushkevich equation
[8,13]. If the Weibull-Gnedenko distribution is
chosen for f(g), then the integration in Eq. (4)
results in the Dubinin-Astakhov adsorption
isotherm [1].

It should be stressed here that the Polanyi
theory [7], upon which all presently known TVFM
equations essentially rely, is in fact the special case
of the Gibbs surface thermodynamics [7].
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Therefore, the theoretical approach on which the
TVFM adsorption isotherm is based, does not
involve the basic postulate of TVFM about the
analogy between the volume filling and capillary
condensation.

For the pore width range ¢ <h < 2g, the quasi-
one-dimensional phase (molecular associate,
cluster which does not exhibit any surface tension)
is formed in the pore.

The capillary evaporation process is described
by the Kelvin equation [1,2]:

X=£=6Xp(— vV, j
Po RTt,
Here y and V, are the surface tension and molar
volume of liquid adsorbate; t, is the core width,
which is the difference between the pore width and
the thickness of the condensate film on the pore
walls [1]. The governing parameter in Eq. (5) is the
surface energy y, which for the molecular associate
could be zero or even negative [15].

The molecular theory of spherical drops in
vapor phase was developed by Yu. Tovbin [15]. In
particular, the expression analogous to the Kelvin’s
equation was proposed where the governing
parameter ¢ is the molecular associate energy in
the potential field of pore walls. For the slit-like
pores the equation derived in [15] becomes:

Xzzlzzzexp(_:ﬁzgj,
Po RTh

where h is the pore width. In [15] the parameter z,
is rigorously determined analytically; however, in
practical applications its calculation is too
complicated. On the other hand, within the
transition region thermodynamics for low-
molecular substances [15-17] the approximation
zy/h = o/h = 0 provides reasonable accuracy.

The potential energy of molecular associate @
in very thin pores was theoretically studied in
[18, 19]. In particular, the ratio of the potential
energy of molecular associate in a slit-like pore to
the potential energy of molecules relative to their
interaction with open plane surface @, was
calculated in [20]; this dependence plotted vs h/c is
shown by solid curve in Fig. 1. It is seen that the
influence of the overlapping potentials created by
the opposite walls remains essential even for slit-
like pore width of 1.5c. The potential function
shown in Fig. 1 was analytically approximated in
[20] using the Kirkwood-Muller formula; however,

®)

(6)
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as was mentioned in [4], it could be deduced that
for practical calculations a simpler dependence
shown in Figure 1 by dashed curve:

~-_ ¢ _ h/c
i ¢, —-m+h/c

(™)

provides a good approximation (with maximum
relative error £ = 5.5 %) within the relative pore
width range 1 <h/c <2. Here

mzl—[&j .
(P h/c—1

| /oo

@®)

Fig. 1.

The excess of the potential energy of
adsorbate molecules in a pore ¢ with respect
to the potential energy of molecules over the
infinite plane @, vs the relative pore size h/c
(solid curve). Also shown are: the analytical
approximation, Eq. (7) (dashed curve); the
schematic asymptotic of this analytical
approximation at (h/c) — m (vertical dash-
dotted line); and the asymptotic at high h/c
(horizontal dotted line)

In what follows, the assumption commonly
adopted in the adsorption theory is used: the
relative pore width h/c is taken equal (within the
accuracy sufficient for practical calculations) to the
pore filling value 6 [1], i.e. to the ratio of the
current adsorption value to its value which
corresponds to monolayer formation. This
definition of 0 is more reliable than that adopted in
TVFM, because the rightmost boundary of the
micropores range cannot be precisely determined
due to the fact that a quite large transition range
exists between the micropore and mesopore
regions. Then Eq. (7) becomes:
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0
~m+0

The solution of combined Egs. (7) and (9) with
respect to 0 yields:

0= ©)

O=m——r0 (10)
RTInx
Introducing  the  adsorption  potential
A =RT-In(1/x), one obtains from Eq. (10):
A
O0=m+—". (11)
A
Here A, 1is the adsorption potential

corresponding to the relative pore range where the
influence of the opposite pore walls becomes
negligibly small, ie. AyRT=@yRT=—In(x),
where X, is the relative pressure at which ¢ — 1.
Therefore, Eq.(11) is obtained here
framework of the basic TVFM postulate.

Comparing Eq. (8) and Fig. 1 one can see that
the m value is approximately equal to 1. However,
in practical calculations it is more convenient to
determine the parameters in Eq.(11) from the
analysis of the specific isotherm considered.

Next we apply Eq.(11) to describe the
adsorption hysteresis in a quasi-one-dimensional
pore. The adsorption hysteresis is defined as the
difference between the adsorption potential values
at the direct and reverse branches of the hysteresis
loop at the same value of adsorption value
considered as the process coordinate.

From Eq. (11), the expressions for the process
coordinates of adsorption a® and desorption a®
follow:

in the

A(a)
a =af) 0= af;”(m“” ol (12)
A(d)
a¥=a%9=2a9 m? + —A?d) . (13)

In what follows, the superscripts (a) and (d)
refer to the process parameters for the adsorption
and desorption hysteresis branches, respectively; in

Eqgs. (12) and (13) the values ai;) and ai:) are the

maximum adsorption values for the adsorption and
desorption, respectively. Then the adsorption
potential at the desorption branch of the hysteresis
loop for equal coordinates of the adsorption and
desorption processes is:
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-
(a) (a)
A@ =Agd)|:%(m(a) " i?a)j_m(d)} (14)
a

m

and the adsorbate relative pressure in the bulk
phase for the desorption branch of the hysteresis
loop x9 is given by the expression:

-1
@) | () (a)
_II%{OT {%‘Z»(mmi&)}m“)} . (15)
a

m

X(d) =€X

In what follows, Egs. (12) and (15) are used to
describe the adsorption equilibrium and hysteresis
in open slit-like micropores.

EXPERIMENTAL RESULTS AND DISCUSSION

Isotherms of water vapor adsorption on fibrous
carbon materials were reported in several
publications, see e. g. [21]. In this study, the water
vapor adsorption/desorption isotherm on the
fibrous carbon material AUVM-Dnepr (AYBM-
Juerrp) which possesses micro-mesoporous
structure in which the slit-like and cylindrical
micropores  prevail.  The  physicochemical
characteristics of the material are extensively
summarized in [22]; in particular, the specific
surface area (BET) is 1375-1680 m%/g, the micro-,
meso- and macroporous volumes are 0.26, 1.17
and 0.44 cm’/g, respectively. The isotherms were
measured by the authors using the vacuum
adsorption device with McBain-Bakr quartz helix
balance at T =294.15 K [23].

The initial analysis of the isotherm shown in
Fig. 2 by its fitting to the BET equation [1] yields

the monolayer adsorption value
a'¥=3.85 mmol/g. Therefore, even at x — 1.0 the
coverage value 0<19, and therefore the

adsorption process within the range 0.1 <x<1
obeys the volume filling mechanism.

To apply Eq.(11) for the description of the
adsorption isotherm, the isotherm was re-plotted in

the coordinates 0@ = f (A(a) )71. The result is

shown in Fig. 3; it is seen that the isotherm consists
of two straight intervals. For the first interval the
parameters (the m value and the slope) were
obtained using the standard procedure; it was found
that (to within the experimental error) m = 1. From
Fig. 3, an interesting feature of the quasi-one-
dimensional adsorption regime becomes obvious:
for low adsorbate density in the bulk the adsorbate
in the pore exists as the molecular associate, while
with the increase of the bulk adsorbate density
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above the value which corresponds to x=0.9
clusterisation of the associate takes place. This
behaviour resembles the transition from gaseous
phase to condensed phase; however, any exact
analogy with the phase transition cannot be drawn
because the one-dimensional system is incapable to
undergo any phase transition [24].

a, mmol/g
6.0
4.0
20+
0.25 0.5 0.75
p/ps
Fig. 2. The adsorption (o)/desorption (®) isotherm
for water vapors on the fibrous carbon
material AUVM-Dnepr
0@
1.6
14 +
12 +

5 10 15 20
1/A®

Fig.3. The water vapor adsorption isotherm on
fibrous carbon material AUVM-Dnepr

plotted in the coordinates 0® = f (A(a))_1

It was noted above that the adsorption process
is characterised by two stages with different
process parameters. Assuming the decreasing
power function as the approximation, one obtains
for the adsorption isotherm equation:

() \*™
0@ :1+(%} , (16)
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where the values Af]a)= 0.032 RT, o, =0.68 were

obtained from the fitting. With these parameters,
Eq. (16) describes the adsorption isotherm shown
in Fig. 2 to within the maximum relative deviation
+6=7.5%.

Next the desorption isotherm was analysed.
The monolayer adsorption as determined from

BET equation is aff)= 4.28 mmol/g. In Fig. 4 the
desorption isotherm re-plotted in the coordinates

0 =r (A(d) )_1 is shown; it is seen that the
desorption process also takes place in stages.
However, it is obvious from  the
adsorption/desorption isotherm plot that for the
calculation of the hysteresis loop only the range
0.4 <x<0.9 is relevant. Similarly to the adsorption
process, the equation for the desorption branch in

the framework of the formalism involved in
Eq. (12) should read:

0@ Z1+ (—O‘f@RT) am
6@
1.6 f
14 F
I [ )
12 o
()
[ )
5 10 15 20

1/A@

Fig. 4. The water vapor desorption isotherm on
fibrous carbon material AUVM-Dnepr

plotted in the coordinates 8 = f (A(d) )_1

Eq. (17) describes the desorption branch of the
hysteresis loop in the range 0.4 <x<0.9 with
maximum relative error £6 = 5.7 %.

To calculate the hysteresis loop, the expression
for the relative adsorbate pressure in the bulk phase
should be derived, in which the process coordinates
should be equal to each other. Similarly to
Egs. (14) and (15), one obtains:
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(d) (2) () \*
Bo__ )2 1+(A°J (18)

@ "] 4@
A a,

which yields the relation for the calculation of x

value:

-1
(2) A® %

@ _ _A@] m 0 _

X =expi—A, [ (d)[1+A(a)] 1}
am

()

calc

(19)

calculated from

Eq. (19) are compared with the xgi;

determined from the experimental isotherm. This
clearly demonstrates the validity of the proposed
approach.

In Fig.5 the values X

values

(d)

Xcale

0.8

0.6

04 r

0.4 0.6 0.8
NG
exp
Fig. 5. The comparison of values xgl)c calculated

from Eq. (19) (straight line) with xg‘iz) values

determined from the experimental isotherm
(points)

CONCLUSIONS

Within the framework of the basic postulate
involved in the TVFM, which implies the physical
and formal analogy between the volume filling of
micropores and the capillary condensation, the
rigorous new equations are proposed for the
description of adsorption equilibrium and
hysteresis in open slit-like micropores. The
applicability of the developed approach is
demonstrated using the isotherm of water vapor
adsorption/desorption on fibrous carbon material
AUVM-Dnepr which possesses micro- and
mesoporous structure.
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AncopOuiiina piBHOBara i ricrepe3uc y BiAKpUTHX IIIJIMHONOAIOHNX MiKpomopax
Kytapos B.B., Tapacesuu 10.1., Akcenenko €.B., layooBcskuii P.M.

Ooecvkuil HayionanvHu yHigepcumem im. 1.1, Meynixosa, Hayxkoeo-oocnionutl incmumym @izuxu
syn. Ilacmepa, 27, Odeca, 65082, Ykpaina
Inemumym konoiownoi ximii i ximii 6oou im. A.B. [{ymancerkozco Hayionanvnoi akademii nayk Yxpainu
oynwe. Akademixa Bepnaocvkozo, 42, Kuis, 03142, Ykpaina, thomascat@voliacable.com

s sKicnoeo [ KiMbKiCHO2O onucy aocopbyitinoi pisHosazu i cicmepe3ucy y GIOKpUMUX
WITUHONOOIOHUX MIKPONOPAX 3anpoNnoOHOBAHI MEOPEeMUYHO CMPO2i PIGHANHHSA, 3ACHOBAHI HA NOCMYIAMI
meopii 06’ €MHO20 3aN0BHEHHsT MIKponop wodo izuunoi i (opmanrvroi aumanozii migxc npoyecamu
00’ eMHO20 3an0GHeHHsT MIKpONOp I KaniiapHoloo Koudencayico. Ha npuxnadi izomepmu adcopoyii-
Odecopbyii napie 600u GonoKkHUCmuUM 8yeneyesum mamepiarom AYBM-/uenp, saxuii mae MiKkpo-
Me30n0pucmy CmpyKmypy, HOKa3aHa npuoamuicms 00epiICaAHUX PiGHAHb 0I5l ONUCY 2iCmepe3ucy 8 makux
cucmemax.

AncopOuMOHHOE pABHOBECHE U TMCTEPE3NC B OTKPBITHIX HIEJeBHIHBIX MUKPONIOPax
Kyrapos B.B., Tapacesnu 10.1., Akcenenko E.B., [liiy6oBcknii P.M.

Ooecckuil hayuonanbuvlll yrusepcumem um. MU, Meunukosa, Hayuno-uccne0o8amenbCKuti UHCIumym Quzuxu
yn. Ilacmepa, 27, Odecca, 65082, Yrpauna
Hnemumym xonnoudnotl xumuu u xumuu 600vt um. A.B. [Jymanckoeo Hayuonanerou akademuu Hayk Ykpaumvl
oynve. Akademuxa Bepruaockoeo, 42, Kues, 03142, Yxpauna, thomascat@voliacable.com

s kauecmeenHo2o u KOIUYECHBEHHO20 ONUCAHUS A0COPOYUOHHO20 PABHOBECUs U SUCMEPe3UCd 6
OMKPBIMBIX WENeBUOHBIX MUKPONOPAX NPEONONCEHbI MEOPEeMUYecK Cmpocue YPagHeHUsl, OCHOBAHHbIE HA
nocmyname meopuu 00beMHO20 3aNOIHEHUS MUKPONOP O Qu3U4eckol u GopmanbHou aHanocuu mexcoy
npoyeccamiu 00beMHO20 3aNOIHEHUs MUKPONOP U KAnuIApHOU KonOeHcayuel. Ha npumepe uzomepmor
aocopbyuu-oecopbyuu napoe 800vl 80JOKHUCMBIM YeiepoOHbuim mamepuaiom AYBM-/uenp, umeowum
MUKPO-ME30NOPUCIIYIO CIPYKMYPY, NOKA3AHA NPUMEHUMOCHb NOJYYEHHbIX VPAGHeHUl 018 ONUCAHU
eucmepesuca 6 maKux CUCmemax.
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