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Abstract A recently developed dynamic desorption tech-
nique is used for obtaining vapor isotherms on porous ma-
terials. This gravimetric technique does not require any pre-
liminary calibration and is based on analyzing the kinetics of
liquid evaporation from a porous sample under quasi-steady
state conditions. The crucial feature of the technique is con-
cerned with the fact that no vapor pressure measurements
are necessary. The technique is illustrated by desorption of
benzene vapors from mesoporous silica MCM-41. To cal-
culate the pore size distribution, the Derjaguin–Broekhoff–
de Boer theory in its combination with the Wheeler model
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for capillary condensation is used. In the calculations, the
reference data on benzene adsorption on a nonporous silica
gel from two different sources (published by different au-
thors) are applied. The mean mesopore sizes estimated from
desorption isotherms are shown to be in a fair agreement
with the calculations through the geometrical method based
on the X-ray diffraction data. The dynamic desorption tech-
nique can serve as an additional tool for the characterization
of a porous media.
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1 Introduction

Sorption and transport properties in porous solids are known
to be controlled by pore morphology such as pore shape,
curvature radius, size, and interconnectivity. One of the most
important characteristics of porous solids is concerned with
their pore size distribution (PSD). Methods for the esti-
mation of PSDs are traditionally based on sorption stud-
ies, namely, on the measurements of adsorption isotherms
(Gregg and Sing 1982).

Adsorption isotherms can be obtained by both static and
dynamic methods. Classical static methods include mano-
metric (or volumetric) and gravimetric methods. In the for-
mer case, vapor pressure is measured at a fixed weight of
an adsorbent and, in the latter case, changes in the weight
of the sample are measured at a fixed vapor pressure. Usu-
ally, the above traditional techniques are known to be time-
consuming and expensive. Recently, several alternative tech-
niques for the characterization of porous media have been
developed, which couple vapor adsorption with a physical
method such as X-ray reflectometry or ellipsometry at the
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ambient temperature (Rouessac et al. 2008). In the X-ray re-
flectometry, the amount of adsorbed vapors is estimated as
a function of vapor pressure, by measuring both thickness
and electron density of mesostructured films. In ellipsome-
try, both thickness and refractive index of the adsorbing film
are measured during vapor adsorption.

Dynamic methods such as the programmed thermodes-
orption of liquids from solid surfaces under quasi-isothermic
conditions can also be used (Staszczuk et al. 2000). This
simple and rapid method makes it possible to estimate the
adsorption capacity as well as to define the mechanism of
probe evaporation from the porous solids. An interesting
approach was proposed by Beverley et al. (1999a, 1999b).
First, gravimetric method for the determination of evapora-
tion rates of liquids was developed (Beverley et al. 1999a).
This approach was further extended to measure the rate of
evaporation of water contained within the pores of powdered
silica particles (Beverley et al. 1999b). The experimental
conditions were such that the rate was directly proportional
to the water vapor pressure.

In our work we used the recently developed dynamic des-
orption technique for obtaining vapor isotherms Shkol’nikov
and Volkov (1999, 2001). This approach does not require
any sophisticated equipment and preliminary calibration.
The proposed technique shows excellent agreement with
the results obtained by the standard McBain balance tech-
nique for the mesoporous silica gel S3/benzene system
(Shkol’nikov and Volkov 2001).

The technique is illustrated by desorption of benzene
vapors from mesoporous silica MCM-41. This material is
known to be a well-studied sorbent containing hexagonally
packed cylindrical pores separated by silica walls. The areas
of practical application of MCM-41 are broad: from adsorp-
tion, separation and catalysis to chemosensors (Selvam et al.
2001; Asefa et al. 2009). The choice of this material is asso-
ciated with two following reasons. Its well-ordered porous

structure makes it possible to invoke theoretical data (both
thermodynamic and statistical mechanics) for the transla-
tion of the adsorption data into the PSDs. Moreover, pore
sizes of MCM-41 can be estimated by so-called geometri-
cal method based on the X-ray diffraction data. The PSD
curves for MCM-41 are constructed on the basis of the
Derjaguin–Broekhoff–de Boer (DBdB) theory (Derjaguin
1957; Broekhoff and de Boer 1967, 1968) in its combination
with the Wheeler capillary condensation/evaporation model
(Wheeler 1955). The average mesopore sizes are compared
with results of the geometrical method.

2 Experimental

2.1 Synthesis

The series of MCM-41-type samples was prepared by sol-
gel method: silicon alkoxide was used as a silica precursor
and alkyltrimethyl ammonium bromides—as surfactants in
order to produce the template liquid crystalline mesophase:
CnH2n+1(CH3)3N+Br−, with n = 12, 14, or 16. The proce-
dure for the preparation of the samples (denoted as Cn) has
been described in detail in Klotz et al. (2000, 2001). Prior
to measurements, all samples were carefully dried at 250°C
for 2 h in air at atmospheric pressure.

2.2 Benzene desorption experiments

The key feature of dynamic desorption technique is con-
cerned with the fact that no vapor pressure measurements are
necessary. To reach this goal, a special experimental setup
was designed (Fig. 1a). The measuring cell with the sam-
ple was placed onto a thermostated analytical balance pan.
For on-line measurements, the Sartorius balance (sensitivity
of 0.1 mg) was attached to a computer through the balance

Fig. 1 (a) Schematic representation of a dynamic desorption tech-
nique: (1) air drier; (2) flow meter; (3) balance; (4) thermostat; (5)
measuring cell; (6) control system (PC) and (b) Schematic of mea-

suring cell with a sample. Vapor pressure of an adsorbate p = 0 at the
cell outlet. The liquid evaporation rate varies proportionally with the
vapor pressure p over the sample
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interface RS232. Dry gas (air) is passed over the top end of
the cell in order to ensure the complete removal of adsorbate
vapors from the cell outlet (Fig. 1b). Changes in the weight
loss of the sample with time were recorded.

This method is based on the analysis of the kinetics of liq-
uid evaporation in the quasi-steady state regime. This regime
is provided by optimization of the rate of evaporation from
the cell containing the sample. With decreasing the measur-
able rate of vapor removal from the cell, the vapor pres-
sure over the sample tends to reach its equilibrium value
(Fig. 1b). Therefore, the rate of liquid evaporation is pro-
portional to the vapor pressure p over the sample. Using
geometrical parameters of the offtake tube of the measuring
cell, one can estimate the pressure p from the evaporation
rate. To avoid calculations of pressure and to reduce pos-
sible errors from uncontrolled changes in the experimental
conditions, the principle of self-calibration is used. To this
end, excessive amounts of the adsorbate (wetting liquid) are
supplied into the cell containing the sample saturated with
the liquid (Fig. 1b).

Then, it is evident that until all free liquid fully evapo-
rates from the cell, vapor pressure in the cell is equal to the
equilibrium pressure p0 over its surface. This pressure is as-
sociated with the maximum rate of evaporation W0 from the
cell. In this case, the time dependence of evaporation rate is
characterized by the plateau region. This region is the nec-
essary validation criterion for all experiments, and the W0

parameter is the reference value for the calculation of the
relative pressure in each experimental run. The end of the
initial plateau region corresponds to complete evaporation
of a free liquid as well as to evaporation of the liquid from
the interparticle spaces. As the content of the liquid in the
sample decreases further, evaporation of the probe from the
porous particles takes place; in this case, vapor pressure is
p < p0 and the corresponding evaporation rate is W < W0.

Current relative vapor pressure p/p0 (with decreasing
weight of the adsorbate in the sample) is controlled by the
relative rate of liquid evaporation W/W0. One can expect
that p/p0 ≈ W/W0. More strict analysis requires the ac-
count for a stagnant gas layer (dry air) over the sample in
the cell. Using the well-known model of steady-state evapo-
ration of a volatile liquid into a stagnant gas layer (so called
Stefan diffusion) (Bird et al. 1960), we arrive at the follow-
ing equation (Shkol’nikov and Volkov 2001):

p/p0 = [
1 − (1 − x0)

W/W0
]
/x0, (1)

where x0 = p0/Patm is the mole fraction of saturated va-
por in the measuring cell, Patm is the overall (atmospheric)
pressure of the gas phase. Equation (1) is valid when vapor
pressure outside the cell is equal to zero.

Continuous weighing of the sample allows reproducible
measurements within a moderately short time period. The

experiment provides nearly infinite number of experimen-
tal points together with a detectable random noise of the
weighing readings. Therefore, the data should be carefully
smoothed by averaging and cubic spline. For the ratio of the
adsorbate weight to the dry adsorbent weight (m/ms), the
relative experimental error does not exceed 6%. The mea-
surements were performed at a temperature of 30 ± 0.1°C.

Figure 2 shows evaporation curves of benzene from the
three MCM-41-type silica samples. Evaporation rate W =
−dm/dτ is calculated by differentiation of the smoothed
weight-time curve. The curve W(τ) shows the plateau re-
gion at the early desorption stage. Within the initial period of
time, evaporation rate should be approximately equal to the
evaporation rate of the a pure liquid, W0. The W0 value was
estimated in the preliminary experiments: pure benzene was
placed into the cell and evaporated under nearly the same
conditions as those used for the desorption measurements;
it was found that W0 ≈ 4 mg/h. Profiles of the curves m(τ)

and W(τ) are related to the sample porous structure. The
desorption isotherm (the dependence of m/ms on p/p0) is
obtained by combining these curves using (1).

3 Mesopore size evaluation

3.1 Characterization of samples by the XRD

The powder XRD patterns were collected on an X-ray
diffractometer using the Ni-filtered CuKα-radiation. The in-
terplanar spacing, d100 (nm), was estimated from the XRD
patterns as d100 = 0.154/2 sin θ where the diffraction an-
gle θ corresponds to the diffraction peak. For the C12,
C14, and C16 samples, the following values were calcu-
lated: d100 = 3.27 nm, 4.21 nm, and 4.42 nm, respectively.
These d-spacing values were used to calculate the diame-
ters of ideal hexagonally packed nonintersecting capillaries
through the well-known equation (see e.g. Kruk et al. 1999):

DXRD = cd100

(
ρVmes

1 + ρVmes

)1/2

, (2)

where ρ is the density of pore walls; c = 1.213 for circular
pores; Vmes is the volume of primary mesopores. Density
of pore walls in MCM-41 is assumed to be equal to that of
amorphous silica (2.2 g/cm3). Pore wall thickness can be
expressed as

e = 2 · 3−1/2d100 − DXRD (3)

It should be noted that the above equations are valid for a
fully ordered mesostructured sample without micropores in
the silica walls.
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Fig. 2 Experimental evaporation curves for C12, C14, and C16 sam-
ples after smoothing procedure: the weight of the adsorbate per gram
of adsorbent versus time (solid lines) and corresponding evaporation
rate (dashed lines)

3.2 PSD calculation

To translate desorption isotherms into PSDs, it is necessary
to derive the relationship between evaporation pressure and
pore radius. For this purpose, we used the well-known the
DBdB theory. It should be mentioned that the DBdB theory
is often used for studying adsorption/desorption processes in
the ordered mesoporous materials (Lukens et al. 1999; Qiao
et al. 2004; Kowalczyk et al. 2005). Furthermore, the DBdB

theory fairly agrees with the experimental data (Morishige
and Tateishi 2006) and appears to be competitive with the
density functional theory (Ustinov et al. 2005).

This approach offers a set of two equations for desorption
from the cylindrical open-ended pores:

ln(p0/p) = F(te) + γVm

RgT (R − te)
, (4)

ln(p0/p) = 2

(R − t)2

∫ R

te

(R − t)F (t) dt + 2γVm

RgT (R − te)
,

(5)

where te is the equilibrium thickness of an adsorbed layer
in a pore of radius R at the relative pressure p/p0; γ and
Vm are the surface tension and the molar volume of a liq-
uid adsorbate, respectively; Rg is the gas constant. The F(t)

function describes adsorbate/adsorbent interactions and rep-
resents the difference between the chemical potentials of
a bulk liquid and a multimolecular adsorption layer with
thickness t (in RgT units). By eliminating ln(p0/p) from
(4) and (5), we arrive at the equation relating pore radius
and equilibrium adsorption layer thickness:

2

(R − te)2

∫ R

te

(R − t)F (t) dt − F(te) + γVm

RgT (R − te)
= 0

(6)

According to the Broekhoff and de Boer approximation,
the F(t) function can be estimated from the adsorption
isotherm on a flat surface (i.e. the t-curve) of a reference
solid. We used two data sets for the reference t-curve: ben-
zene adsorption/desorption on a quartz powder with a spe-
cific surface of 6 m2/g at 293 K (Isirikyan 1957; Isirikyan
and Kiselev 1958) (data set I) and adsorption of benzene
vapor on pulverized quartz particles (SBET = 1.57 m2/g) at
298 K (Naono et al. 1994) (data set II). Figure 3 shows the
reference experimental data for the F(t) function. This func-
tion can be closely approximated by the Frenkel–Halsey–
Hill equation:

F(t) = K/tm (7)

Parameters K and m were obtained by regression (with t

in nm): K = 0.1885 and m = 1.7005 for the data set I and
K = 0.1772, m = 1.8825 for the data set II. Note that long
time ago this function has been applied by Dubinin (1980)
but it was recently used (with m = 3) for the analysis of
adsorption in MCM-41 (Lukens et al. 1999). Substitution of
this function in (6) gives:

2F(te)

2 − m

x

1 − x

(
1 − xm−1

(m − 1)(1 − x)
−1

)
−F(te)+ λ

t

x

1 − x
= 0,

(8)
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Fig. 3 Isotherms (t -curves) for the reference silica adsorbent for data
sets I (Isirikyan 1957) and II (Naono et al. 1994)

where F(te) = K/tme , x ≡ te/R and λ ≡ γVm/RgT . The
“length parameter” is λ ∼= 1.02 nm with γ = 28.88 ×
10−3 J/m2, Vm = 88.76 × 10−6 m3/mol at T = 303 K. Nu-
merical solution of (8) gives the function te(R). Then, from
(4), one can find the dependences of the equilibrium thick-
ness of the adsorbed layer and the pore radius on the relative
evaporation pressure.

The PSDs have been constructed according to the model
proposed by Wheeler (1955). The principal result of this
approach for the adsorption/desorption in cylindrical pores
reads as:

V0 − V = π

∫ ∞

R

(r − te)
2L(r)dr

=
∫ ∞

R

(
r − te

r

)2

f (r) dr, (9)

where V is the volume of sorbed vapors at pressure p; V0

is the volume of sorbed vapors at the saturation pressure p0.
The PSD can be characterized by the number L(r) or vol-
ume distribution function f (r). By differentiating (9) with
respect to R, we arrive at the following equation:

f (R) =
(

R

R − te

)2
dV

dR
− 2

(
R

R − te

)2

× dte

dR

∫ ∞

R

r − te

r2
f (r) dr (10)

The PSD function f (R) was calculated through the iteration
procedure:

Fig. 4 Benzene desorption isotherms for the C12, C14 and C16
MCM-41 samples (T = 303 K); the inflection points are shown by
squares

fn(R) = f0(R) − 2

(
R

R − te

)2
dte

dR

∫ ∞

R

r − te

r2
fn−1(r)dr,

n ≥ 1 (11)

where zero-order approximation f0(R) is given by the first
term in (10). This procedure proves to be fast converging be-
cause zero-order approximation yields a fair estimation of
PSD. Second-order approximation is sufficient for the cal-
culation of PSD. The calculated PSD function should obey
the following equation:

V (R) =
∫ R

Rmin

f (r)dr +
∫ Rmax

R

f (r)

[
1 −

(
r − te

r

)2]
dr

(12)

This equation is an alternative form of (9) and states that the
experimental volume adsorbed at a given relative pressure
p/p0 = p/p0(R) is the sum of two terms. The first term is
the capillary condensed volume at r < R; the second term
is the volume of the adsorbed film on pores larger than R.
The lower integration limit in (12) was defined by the con-
dition of non-negativity of the cumulative pore volume; the
upper limit is confined by Rmax = 25 nm (the nominal up-
per limit of mesopores). The cumulative pore volume and
surface area are defined as follows:

Vc(R) =
∫ R

Rmin

f (r)dr, Sc(R) =
∫ R

Rmin

2f (r)

r
dr (13)
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Fig. 5 Evolution of adsorbed benzene film thickness versus rela-
tive evaporation pressure—DBdB results: te (solid lines); reference
t -curves (points)

4 Results and discussion

Figure 4 shows the desorption isotherms (in cm3 of liquid
benzene per g of the solid vs. relative pressure). These type
IV isotherms are similar to those obtained for nitrogen, ar-
gon, and benzene adsorption, which have been earlier re-
ported in literature (Beck et al. 1992; Selvam et al. 2001;
Nguyen and Do 2000; Choma et al. 2004). The desorption
isotherms are exhibit a characteristic step at a relative pres-
sure 0.08–0.19, depending on the pore size of the sample.
The step (inflection) in the isotherm reflects the emptying of
the primary mesopores. Position of this step shifts to higher
pressures as the chain length of the surfactants used for the
synthesis is increased. This fact is in line with the increase
in the interplanar spacing from C12 to C16 samples.

Thickness of the adsorption layer in the pores estimated
according to the DBdB approach appears to be higher than
that of the layer on a flat surface at the same p/p0 value
(as compared with t , relative increase in te exceeds 30%)
(Fig. 5). The te(p/p0) curves for the two reference data sets
are seen to be virtually identical; somewhat higher values
are obtained for the Naono data.

Figure 6 shows the calculated differential and cumula-
tive distribution functions. All PSDs are seen to be narrow,
and pore diameters can be estimated by the maximum of
these functions. Their values and some other calculated pa-
rameters are summarized in Table 1. Noteworthy is that the
most probable pore diameters for the three MCM-41 sam-
ples fit the results obtained from the X-ray diffraction data.
The calculated parameters of the porous structure appear to
be sensitive to the reference data corresponding to sorption
on the nonporous silica adsorbent. For example, the use of

Fig. 6 Differential (top) and cumulative (bottom) pore volume distri-
butions of C12 (1), C14 (2) and C16 (3) samples calculated using the
data set I (solid line) and the reference data set II (dotted line)

the t-curve according to Naono et al. (1994) gives some-
what higher values of pore sizes as compared with the data
collected by Isirikyan (1957).

Figure 7 shows the pore radius plotted against the pres-
sure at which capillary evaporation occurs. The depen-
dence of the pore radius on the relative evaporation pres-
sure can be fitted by the following relationships: ln(p0/p) =
3.394/R1.121 (for data set I) and ln(p0/p) = 3.493/R1.137

(for data set II). The results of the DBdB theory are compa-
rable with the Kelvin equation for evaporation via a hemi-
spherical meniscus:

R = 2γVm

RgT ln(p0/p)
+ t (14)

This equation is the special case of (5); t in (14) corresponds
to the thickness of the adsorbed layer on the flat solid sur-
face. The Kelvin equation is known to provide somewhat
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Table 1 Calculated characteristics of the three mesoporous silica samples

Sample p/p0
a DXRD

b (nm) ec (nm) Vmes
d (cm3/g) Smes

d (m2/g) De (nm)

C12 0.08 2.71 1.06 0.40 (0.40) 601 (584) 2.61 (2.66)

C14 0.16 3.64 1.22 0.47 (0.47) 534 (520) 3.44 (3.50)

C16 0.19 3.89 1.21 0.51 (0.51) 533 (520) 3.75 (3.81)

aThe p/p0 position of the inflection point of the isotherm
bPore diameter DXRD is calculated through (2)
cThe pore wall thickness is calculated through (3)
dPrimary mesopore volume Vmes and surface area Smes are computed by (13) at R = 3 nm (p/p0 ≈ 0.37)

eDiameter corresponding to the PSD maximum. Values of Vmes, Smes and D are presented for data set I and for data set II (in brackets)

Fig. 7 Pore radii calculated by different methods versus relative pres-
sure: the DBdB theory (1), the Choma et al. (15) (2) and the Kelvin
(14) (3). Curves 1 and 3 are constructed using the data set I for the ref-
erence t -curve (solid line) and data set II (dotted line). Radii of primary
mesopores evaluated by geometrical method (2) for C12, C14, and C16
samples are shown (points): in this case, relative pressures correspond
to the inflection points of the desorption isotherms

underestimated pore sizes. When studying benzene adsorp-
tion on MCM-41, Choma et al. (2004) used the following
Kelvin-type equation:

R = 2γVm

RgT ln(p0/p)
+ te + ξ

2
, (15)

where te is the film thickness in terms of the DBdB the-
ory and ξ = 0.25 is an empirical parameter. Note that for
the function F(t), Choma et al. have used the Harkins–
Jura equation, rather than the Frenkel–Halsey–Hill equation.
Equation (15) gives somewhat higher pore sizes as com-
pared with (14) but the values are still lower than those esti-
mated through the DBdB theory in our study. According to
Fig. 7, the DBdB theory appears to be in a fair agreement

with the pore sizes of the samples estimated by the geomet-
rical (Vmes + XRD) method.

Unfortunately, these results cannot be directly compared
with the data obtained in some other works. The morphol-
ogy of the MCM-41 samples is markedly controlled by the
synthesis conditions so that, even at a specified length of sur-
factant molecules, parameters of the porous structure in the
final samples can be slightly differ. Analysis of the literature
data reveals a broad (up to ∼1 nm) dispersion in the values
of pore diameter for the samples with the same surfactant.

Therefore, one can conclude that analysis of the experi-
mental evaporation data collected by the proposed dynamic
desorption technique in terms of the combined DBdB-
Wheeler approach makes it possible to calculate pore di-
mensions which fairly agree with the X-ray diffraction data
even for small-sized mesopores.

5 Conclusions

In this work, the porous structure of the three MCM-41-type
silica samples was studied by benzene desorption measure-
ments. This study is based on a simple dynamic desorption
technique which makes it possible to construct desorption
isotherms without any measurements of relative vapor pres-
sure. The DBdB theory (accounting for the effect of pore
surface curvature) offers the relationship between the pore
radius and relative vapor pressure. As a starting point for
the DBdB theory, the benzene t-curve based on two dif-
ferent experimental data sets for the nonporous silica was
used. Calculation of PSDs for the three samples was per-
formed according to the Wheeler model and the results fairly
agree with the pore dimensions estimated by the geometrical
method. This evidence makes it possible to conclude that the
recently developed dynamic desorption method can serve as
a reliable simple alternative to the traditional methods for
the characterization of the porous media.
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