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The problem of kinetics for adsorption/desorption of condensable vapours in porous media is
studied theoretically and experimentally. A finite two-dimensional (2D) lattice model with ran-
dom size distributions of spherical pore sites and cylindrical pore connections fitted to exper-
imental equilibrium data was further improved. Mathematical models of surface diffusion and
condensation/evaporation in the lattice were developed and studied theoretically during adsorp-
tion/desorption. The theoretical models correctly predict qualitative and quantitative features of
the experiments for the system Vycor glass—nitrogen.

The problem of predicting mass transfer rates of
adsorbable vapours in porous media in the range of
pressure where capillary condensation occurs is a sig-
nificant one for the design and operation of adsor-
bers, dryers, catalytic reactors, etc. Like in adsorption-
desorption equilibria, hysteresis has also been reported
for the kinetics in the capillary condensation region.
The concentration dependence of diffusivity exhibits
a maximum during adsorption and a minimum dur-
ing desorption. Various experimental methods used to
determine the mass transport rates in the capillary
condensation regime [1—4] and theoretical approaches
explaining the experimental results [5—8] have ap-
peared in the literature. Literature reports on hystere-
sis in the kinetics of adsorption/desorption include the
study of capillary condensation flow of toluene in Vy-
cor glass [1], gravimetric measurements of the kinetics
of isothermal adsorption and desorption of isopropanol
in Vycor glass [9], multilayer diffusion and capillary
condensation of propylene in supported alumina films
[10], permeabilities in Vycor glass [11], and isothermal
transport of liquids in partially saturated packed beds
of glass spheres [12]. Theoretical models used in these
studies represent the classic continuous approach [13]
and the complexities caused by the network effects
were not considered.

In our recent works [14, 15] network models were
formulated for predicting effective Fickian diffusivities
of condensable vapours in porous media where capil-
lary condensation and adsorption-desorption hystere-
sis occur. The models combine the equilibrium the-
ory based on the pore-blocking interpretation of hys-

teresis in the interconnected network of pores [16—
18] and the percolation model of mass transport in
the network with randomly interspersed regions [19]
for capillary condensation and surface flow. A new
predictive model based on properties of Bethe lat-
tices was proposed to account for the existence of
liquid-filled “blind” pores that results in a maximum
and subsequent decrease in the total diffusion rate.
For desorption, a new “shell and core” representa-
tion of the network model was proposed. Informa-
tion from adsorption-desorption equilibria was needed
to compute the thickness of the shell in which des-
orption/evaporation occurs for concentrations higher
than the percolation threshold.

However, there are several questionable assump-
tions in the analytical models presented in our previ-
ous contribution [15], the distinct boundary between
the shell and the core, the use of effective medium
approximation (EMA), and the use of Bethe tree for
mass transfer during desorption.

This paper overcomes these disadvantages by using
theoretical percolation models of diffusion and con-
densation/evaporation in the square lattice structure
during adsorption/desorption. Comparison of numer-
ical solutions with experimental kinetic data is also
discussed.

EXPERIMENTAL

Commercial Vycor glass (Corning Inc.) was used
as adsorbent in experiments. Vycor is a porous glass,
which has been widely used as a model material in
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studies of properties of fluids and molecules in highly
confined geometries [20]. Kinetic data for nitrogen on
Vycor glass at liquid nitrogen temperature 77 K were
obtained using an Erba Sorptomatic 1900 apparatus,
which is a fully automatic instrument for measuring
the adsorption and desorption of gases (usually ni-
trogen) on a solid sample. A complete adsorption-
desorption isotherm, which usually takes hours of op-
eration, is obtained automatically. There was no influ-
ence by external diffusion, because pure nitrogen was
used in the experiments.

In all diffusivity measurements, the sample initially
at equilibrium was subject to a sudden small change
in partial pressure of adsorptive and the changes
of amount adsorbed during adsorption or desorption
were continually recorded. The heat effects during the
sorption measurements were minimized by allowing
only small step changes in relative pressure during
each measurement. Because the sorption rates were
independent of the pellet size, we can assume that the
total sorption rate was controlled by the mass trans-
port processes within microparticles. Successive ad-
sorption and desorption were conducted by changing
the composition of the adsorptive and allowing ade-
quate time to establish equilibrium [15].

THEORETICAL

We consider the adsorption-desorption process of a
condensable vapour in a porous adsorbent. In Fig. 1a
the adsorption-desorption equilibria for the process
are shown. At relative pressure below point L, the
lower closure point of the hysteresis loop, only sur-
face adsorption occurs. Mass transport rates in this
region are the same for both adsorption and desorp-
tion. Above point U, the upper closure point of the
hysteresis loop, all pores become filled with capillary
condensate. Transport of liquid condensate in the re-
gion above point U occurs by hydraulic pressure. The
study of the kinetics in this region is out of scope
of this work. In this contribution we are mainly in-
terested in the mass transport rate in the region of
simultaneous surface diffusion and capillary conden-
sation, i.e. in the region between points L and U.

Kinetics of Adsorption

Mass transport in the capillary condensation re-
gion is a complex phenomenon. The conditions un-
der which capillary condensation occurs are also those
under which significant surface diffusion is expected.
Vapour phase transport is in this case usually orders
of magnitude smaller than the surface flow because
of the relatively small amount of molecules in the
vapour phase compared to that in the adsorbed phase
[1, 9]. It is now generally recognized that the capil-
lary suction accompanying condensation is a signifi-
cant accelerator of the mass transfer [1, 11, 14, 15,
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Fig. 1. Experimental hysteresis-dependent adsorption-desorp-
tion equilibria and kinetics. a) Equilibria; L = lower
limiting point, U = upper limiting point of the hys-
teresis loop; b) kinetics: adsorption (——); desorption
(– – –).

21]. Any capillary condensate volume elements cre-
ate a short-circuit effect leading to a reduction in the
length of the diffusion path and a corresponding in-
crease in the effective diffusivity. So, the first effect
of the capillary condensation is to increase the mass
transport rate when some pores are filled with conden-
sate. However, in real porous adsorbents, there exist
blind (dead-end) pores. These blind pores are accessi-
ble for filling by surface adsorption and capillary con-
densation; but after filling with capillary condensate,
they do not increase the total mass transport rate, but
on the contrary, decrease it, because they do not con-
duct the flow. The fraction of pores that belongs to
blind clusters will increase with increasing pressure.
Therefore, in real porous adsorbents with the pres-
ence of the blind pores, all three main mechanisms
(surface diffusion, capillary condensation, and liquid
flow of capillary condensate) may already be oper-
ative simultaneously below point U. Subsequently a
maximum in the total mass transfer rate exists during
adsorption at a relative pressure x < xU, as shown in
Fig. 1b.
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Kinetics of Desorption

Physical situation is different for the case of des-
orption or evaporation of the condensed adsorbate.
While the condensation generally increases the mass
transport rate, evaporation is a slow process and one
can expect a decrease in the total mass transport rate
with an increasing role of evaporation from pores. At
high relative pressure x < xU desorption occurs only
from widest pores at the external surface of the finite
microparticles of adsorbent. Large pores in the core of
the microparticle cannot empty in this step, because
they are blocked by smaller neighbouring pores and
narrow pore connections. Total mass transport rate
is relatively high, because the length of mass trans-
port path is short. The boundary of the phase separa-
tion penetrates along the widest pores and connections
into the microparticle volume. In this step the mass
transport path increases and desorption rate decreases
with decreasing pressure. At the relative pressure xT

corresponding to percolation threshold for desorption,
there is a sufficient number of pore connections in
which adsorbate is below its condensation pressure
(and thus it is present as either metastable liquid or
vapour) and desorption from the bulk of adsorbent
starts. Mass transport path is complicated and long
and desorption rate is very slow. Next decrease of pres-
sure causes that higher and higher number of vapour-
filled pore connections exists and total mass transport
rate again increases. Subsequently a minimum in the
total mass transfer rate exists during desorption at a
relative pressure xL < x < xU, as shown in Fig. 1b.
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Fig. 2. Square (2D) lattice of spherical pore sites and cylindri-
cal pore connections as a model of porous adsorbent. S
= surface pores; 26, 29 = blind pores.

Square Lattice Model of Porous Adsorbent

Theoretical part of this work was carried out by
the method of numerical simulations of adsorption and
desorption on square lattice (2D) models of different
dimensions [22]. Small version (8 × 8) of the lattice
is shown in Fig. 2. The spherical pore cavities (sites,
voids) are connected to each other by cylindrical con-
nections (necks, throats). There are also “blind” pores
in the lattice, which are accessible for filling by surface
adsorption and capillary condensation; but after fill-
ing with capillary condensation, they do not conduct
the flow.

The pore sites are placed at the nodes and the
connections along the bonds of the lattice. The pore
sites volume is calculated following its characteristic
radius and it is assumed that the pore volume resides
entirely in the pore sites. Negligible volume of each
connection was supposed. The generation of the pore
sites for any experimental adsorption-desorption sys-
tems is simpler and is associated with the experimen-
tal primary adsorption isotherm. On the other hand,
the generation of the pore connections is more com-
plicated and is associated with the primary desorp-
tion branch of the main hysteresis loop. In Fig. 3a the
experimental equilibrium data for the system Vycor
glass—nitrogen are shown. Corresponding size distri-
bution functions for pore sites and pore connections
are presented in Fig. 3b.

In our previous work [22], various explicit distribu-
tion functions were tested and used for pore cavities
and pore connections. In this work the size distribu-
tion function of spherical pore cavities was evaluated
from adsorption isotherm shown in Fig. 3a using the
method of Broekhoff and De Boer [23]. The size dis-
tribution function of cylindrical pore connections was
evaluated from desorption isotherm of Fig. 3a by an
iterative procedure. The procedure was based on the
assumption that radii of all connections of a cavity
are smaller than the cavity radius. An arbitrary sharp
distribution function for connections, which overlaps
the cavity size distribution function, was used as ini-
tial approximation. However, the initial function was
iteratively improved by fitting to desorption exper-
imental data employing percolation theory for pri-
mary desorption [15]. Evaluated distribution functions
(number basis) are presented in Fig. 3b for 23 × 23
square lattice. Next, the porous structure was recon-
structed in the form of 2D square lattice composed
of spherical pore cavities and cylindrical pore connec-
tions (Fig. 2). Significant improvement of primary ad-
sorption isotherm was obtained compared to our pre-
vious work [22]. A better agreement between exper-
imental and computed desorption equilibrium curve
can be expected for C > 4, which is allowed only for
other (e.g. cubic 3D or triangular 2D) lattices. Non-
ideal square lattices in which some connections are
missing may contain also blind (dead-end) pores, as
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Fig. 3. a) Experimental (◦) and computed (——) hysteresis-
dependent adsorption-desorption equilibria for the sys-
tems Vycor glass—nitrogen with 23 × 23 square lattice.
b) Corresponding histograms of distribution functions
(number basis) fitted to the experimental data. � Pore
sites; pore connections.

discussed above and shown in Fig. 2. More details
about the fitting procedure and about generation of
different lattices are given in our recent work [22]. The
lattices obtained by fitting to equilibrium data were
regenerated and used for modelling of mass transfer
during adsorption and desorption.

Modelling of Mass Transport in Square Lattice

Additional assumptions for the mass transport
modelling in the square lattice are:

1. Parameter ϕ (diffusivity multiplied by cross-
section area divided by length) is a basic mass trans-
fer coefficient in each connection for lattice with
connections of constant lengths and constant cross-
sections. Relative value of conductance dji of a con-
nection ji between sites i and j is given only by
the transport mechanism (surface diffusion, capil-
lary condensation) in the connection and is inde-

pendent of the connection radius Rji and length
Lji.

2. ∆Vi is volume of pore site to be filled or to be
emptied during each adsorption or desorption step,
and is calculated for the difference ∆x between start-
ing and final relative pressure of the step.

3. Adsorbate concentration ci(τ) in the i-th pore
site (as well as concentrations cj(τ) in the neighbour-
ing sites j) is defined as fraction of ∆Vi, which is filled
at time τ .

4. The thickness of adsorption film, t, in the pores
and connections for pressures lower than the critical
pressure from the Kelvin equation is computed from
the empirical relation

{t} = 0.354

[
−5

ln(x)

]1/3

(1)

5. Condensation in the cylindrical pore connection
with radius Rji starts if

{Rji − t} <
4.7

ln(1/x)
(2)

6. Condensation in the spherical pore site with ra-
dius Ri starts if

{Ri − t} <
9.4

ln(1/x)
(3)

Eqns (2, 3) are alternative forms of the Kelvin equa-
tion valid for condensation of nitrogen at 77 K [24].

7. Adsorbate concentration in the pore sites at the
edges of the lattice (surface sites) is always in equilib-
rium with the relative pressure at the lattice surface.

8. Total amount adsorbed in the lattice can be
computed by summation of all pore volumes filled by
surface adsorption or capillary condensation. In other
words, the densities of adsorption film and condensate
are equal.

9. An “effective Fickian diffusivity” in the lattice
can be evaluated by fitting the computed uptake curve
to the solution of the diffusion equation (Fick’s law).

Then the mathematical model of mass transport
in 2D square lattice presented in Fig. 2 contains

– transient mass balances for internal pore sites

∆Vi
dci (τ)

dτ
=
∑
j

ϕ dji [cj(τ) − ci(τ)] i = 1,NI (4)

– boundary conditions (adsorbate concentrations
in surface pores) for adsorption

cs = 1 s = 1,NS (5a)

– boundary conditions for desorption

cs = 0 s = 1,NS (5b)
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Thickness of adsorbed phase, t, was used as de-
pendent variable in balance eqns (4) after simple
transformation. The system of differential equations
was solved using semi-implicit Runge—Kutta method
(STIFF3 subroutine in [25]) in combination with ef-
fective LU factorization and solution of linear equa-
tions with sparse band coefficient matrix (subroutines
LFTRB and LFSRB from IMSL library). Simulations
for different adsorption steps were performed similarly
as real experiments, i.e. for an increment ∆x of rela-
tive pressure around the lattice surface the mass bal-
ances were integrated until reaching equilibrium in all
sites. During the integration the Kelvin equation for
connections (eqn (2)) and for pore sites (eqn (3)) was
permanently tested. After reaching the condensation
pressure in any connection ij, the relative diffusiv-
ity dji was increased to arrange acceleration of the
mass transport process via suction. Subsequently, af-
ter reaching the Kelvin pressure in the i-th site, the
diffusivities dji of all connections of the i-th site were
again increased to realize further amplification of the
mass transfer process. The adsorption algorithm for
lattices with blind pores (for C < 4) was more com-
plicated, because the existence and growth of blind
clusters were tested during simulations. Diffusivities
dji = 0 for connections between blind pores were em-
ployed and the mass transport process was stopped in
the pores. Desorption algorithm was further compli-
cated by the pore blocking in the network. Whether a
pore is emptying during the desorption step depends
upon whether at least one of its connections is con-
nected to the vapour, and can also allow a capillary
meniscus to pass (eqn (2)). The same relative diffu-
sivities of pore connections were employed for both,
condensation and evaporation. Then the only factor
reducing the total desorption rate was prolongation
of the mass transport path by pore blocking. After
evaporation of the liquid from the pore site, there still
remains an adsorbed film in both, the pore site and
in pore connections, corresponding to the value of rel-
ative pressure and next emptying occurs via surface
diffusion.

RESULTS AND DISCUSSION

Kinetic properties of the system Vycor glass—
nitrogen were studied. In all figures the experimental
and theoretical diffusivities are normalized. The data
are rationed against the diffusivity at the lower clo-
sure point D0. First, we tested basic qualitative prop-
erties of the kinetic models. The impact of the lattice
size on evaluated Fickian diffusivities is presented in
Fig. 4a, b.

As observed experimentally [15], the concentra-
tion dependence of the normalized diffusivity exhibits
a maximum for adsorption. The maximum value in-
creases with the lattice size as manifestation of the in-
creasing mass transport path for larger lattices. Stan-

Fig. 4. Impact of lattice size on the computed effective diffu-
sivity for adsorption. a) Lattice dimensions: 50 × 50
(M), 30 × 30 (•); b) lattice dimension 20 × 20, average
values and error bars evaluated from 10 simulations.

dard deviations 4—12 % were evaluated from 10 sim-
ulations with randomly generated 20 × 20 lattices
(Fig. 4b). Relative diffusivities employed in adsorption
simulations were dji = 1 for surface diffusion, dji = 2
for condensation in the connection ji, and dji = 5 for
condensation in the site i.

Impact of the lattice size on desorption simulations
is presented in Fig. 5a, b. The concentration depen-
dence of the normalized diffusivity exhibits a min-
imum. Again, the difference between the minimum
and maximum diffusivity increases with the lattice
size. Standard deviations 6—22 % were evaluated from
10 simulations with randomly generated 20 × 20 lat-
tices (Fig. 5b). Relative diffusivities employed in des-
orption simulations were dji = 1 for surface diffu-
sion and dji = 5 for evaporation from any adjoin-
ing site i or j. This is a significant difference com-
pared to our previous work [15] in which we assumed
lower pore diffusivities for evaporation than for sur-
face diffusion. The process of evaporation from an in-
dividual pore site, which is typically in metastable
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Fig. 5. Impact of lattice size on the computed effective diffu-
sivity for desorption. a) Lattice dimensions: 30 × 30
(M), 20 × 20 (•); b) lattice dimension 20 × 20, average
values and error bars evaluated from 10 simulations.

state, can be very quick. Simulations confirm that
the reason of the slow desorption close to percola-
tion threshold is long and complicated mass transfer
path in the lattice with many blocked connections and
pores.

Next, some interesting features of the kinetic mod-
els are discussed. Time dependence of the adsorbed
film thickness, t, during adsorption inside the pores is
shown in Fig. 6. In Fig. 6a we can observe much slower
filling by the surface diffusion compared to rapid and
robust capillary condensation illustrated by practi-
cally vertical lines.

Because the capillary condensation commences al-
most simultaneously in all four neighbours of the pore
16, there exists a local minimum of the film thickness
in the pore 16 as manifestation of the adsorbate suc-
tion by its neighbours, as illustrated in Fig. 6b.

Interesting behaviour can be observed also during
desorption in the same subsystems of pores, as pre-
sented in Fig. 7.

Comparing Fig. 6a and Fig. 7a we can see that
capillary condensation starts in the pore 10 and then
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Fig. 6. Time dependence of adsorbed film thickness during ad-
sorption inside the pores from Fig. 2. a) Complete tran-
sients for central pore 16 and its four neighbours; b) de-
tailed inset for filling of the pores at the onset of cap-
illary condensation.

subsequently in pores 17, 15, 22, and 16. On the other
hand, the evaporation from the same pores occurs in
the order: 10, 16, 15, 22, and 17 as a consequence
of pore blocking in the network. Fig. 7b shows the
existence of maxima on the time dependences of the
film thickness for pores 10 and 4 when large amount
of adsorptive evaporating from pore 16 passes through
the pores to the lattice surface.

Experimental data of the normalized Fickian dif-
fusivity for desorption for the system Vycor glass—
nitrogen are shown in Fig. 8. Comparisons to the the-
oretical predictions by desorption model of this work,
as well as by “shell and core” model [15], are pre-
sented in the figure. Both theoretical models are able
to predict well, qualitatively, the experimental con-
centration dependence of the diffusivity. Less satisfac-
tory prediction of the minimum position by the lattice
model is a consequence of unsatisfactory prediction of
the primary desorption curve by this 2D model, as al-
ready presented in Fig. 3. Compared to our previous
work [15] the quantitative agreement was significantly
improved, too.
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CONCLUSION

Percolation square lattice models are formulated
for modelling of mass transport during adsorption and
desorption of condensable vapours in porous adsor-
bent. Sorption kinetics is studied both experimentally
and theoretically. The main results are as follows:

1 . Kinetic models satisfactorily predict maximum
of the Fickian diffusivity for adsorption as well as min-
imum for desorption.

2 . Significant improvement of the quantitative
agreement with experimental data for desorption was
achieved assuming higher pore diffusivities for evapo-
ration from pores. Simulations indicate that the pro-
longation of the mass transport path from the core of
the sorbent microparticles is the main reason of the
slow desorption close to the percolation threshold.

3 . Unsatisfactory prediction of the primary desorp-
tion equilibrium by the simple 2D model influences
the position of predicted minimum on the concen-
tration dependence of normalized Fickian diffusivity.
Both problems can be solved employing lattices (e.g.
2D triangular or 3D cubic) with connectivity C > 4.

4. Adsorption model predicts interesting theoreti-
cal transient behaviour in the selected pores with pos-
sible local minima of the adsorbed film thickness as a
consequence of suction of adsorbate by neighbouring
pores in which capillary condensation occurs.

5. Desorption model predicts local maxima of the
film thickness as a consequence of evaporation of ad-
sorbate from neighbouring pore.

6. Filling or emptying of the same pores can start
in very different order, because of pore blocking during
desorption.

7. Models proposed in this work represent next step
in unification of the theories for equilibrium and ki-
netics for systems with hysteresis. Information on the
adsorption-desorption equilibria are used for predic-
tion of kinetic behaviour.

Acknowledgements. This project was financed by the Grant
Agency of the Slovak Republic (Grant VEGA 1/7351/20).

SYMBOLS

C connectivity
ci(τ) adsorbate concentration
D diffusivity of the whole network m2 s−1

D0 diffusivity D at the lower closure
point m2 s−1

dji relative diffusivity for the connection be-
tween pore i and j

ϕ basic mass transport coefficient m3 s−1

Lji length of the cylindrical pore connection m
L lower limiting point
N number of pore sites in each row or column

of the N ×N lattice
NI number of internal pore sites of the lattice

NI = (N − 2)× (N − 2)
NS number of surface pore sites of the lattice

NS = 4× (N − 1)
Rji radius of the cylindrical pore connection nm
Ri radius of the spherical pore site nm
T temperature K
t thickness of adsorbed film nm
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τ time s
U upper limiting point
∆V part of pore volume filled or emptied dur-

ing a sorption step m3

x relative pressure
∆x increment of relative pressure for a sorp-

tion step

Subscripts

i, j indices for pore connections and pore sites
s surface

Superscripts

L lower limiting point
U upper limiting point
T percolation threshold
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