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Abstract

The pore size distribution (PSD) is an important property of the porous materials, but an accurate and reliable PSD is very
difficult to obtain. Quenched Solid Density Functional Theory (QSDFT) is widely used to analyze the pore size distribution.
Here, a series of unclosed and closed isotherms of activated carbon were measured and compared. The experimental results
revealed the appearance of an artefact peak in the PSD for the unclosed isotherms by employing QSDFT equilibrium model.
Moreover, the location of the artificial peak is highly related to the end point of the desorption branch. In addition, tensile
strength effect (TSE) illustrates the limit of mechanical stability of liquids in pores, and subsequent cavitation generates an
artefact peak at around 2.8 nm. Interestingly, it was found that isotherm data associated with TSE can be used to calculate
the total pore volume of all large cavities in which cavitation occurs.

Keywords QSDFT equilibrium model - Tensile strength effect - Pore size distributions - Adsorption - Desorption

1 Introduction

The pore size distribution (PSD) is an important property
of the porous materials, which are widely used in energy
storage, preparation of supported catalysts, and separation
(Chmiola et al. 2006; Meng et al. 2017; Young et al. 2018;
Méndez-Morales et al. 2019). Particularly for the porous car-
bons, which are the main electrode materials for supercapac-
itance (Xia et al. 2008; Wang et al. 2018), the PSD is closely
related to the capacitance performance (Shao et al. 2018),
energy density, and volumetric capacitance. For instance, the
specific capacitance is improved by a large specific surface
area and large pores (Young et al. 2018; Prehal et al. 2017).
On the other hand, the large pores are detrimental for the
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volumetric capacitance, which is lowered. Relatively recent
(2006), it was found that the specific capacitance increases
significantly when the size of micropores is less than 1 nm
(Wang and Xia 2013; Lu et al. 2018; Zhu et al. 2018). For
instance, it was found that a decrease in pore size of acti-
vated carbon from 1.3 to 0.65 nm causes the volume spe-
cific capacitance to notably increase from 80 to 180 F-cm™
(Prehal et al. 2017). However, despite all methods devel-
oped so far, the accurate assessment of the pore size is still
challenging (Bergaoui et al. 2018; Jahandar Lashaki et al.
2016; Wongkoblap et al. 2010). Among the methods used
to analyze the pore size, nuclear magnetic resonance cry-
oporometry, mercury intrusion porosimetry, and differential
scanning calorimetry thermoporosimetry (Gane et al. 2004),
electron microscopy (Young et al. 2018), and gas adsorption
(Storck et al. 1998) can be cited. Physical adsorption is the
most frequently used method to obtain PSD for micropo-
rous and mesoporous materials. The isotherms describing
the relationship between the adsorption volume and the
relative pressure are measured by using various gases, such
as N,, Ar, CO,, which are sent on the sample surface in
small doses until the entire surface of the sample is covered
(Wongkoblap et al. 2010). Then, by applying specific meth-
ods and equations to the isotherm, PSDs, surface area, and
pore volume are obtained (Smarsly et al. 2005; Gelb and
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Gubbins 1998). For example, the surface area of micropo-
res can be calculated by applying the Langmuir method
(Langmuir 1918, 1916) based on a monolayer adsorption.
Specific surface area of porous materials can be obtained
by Brunauer—-Emmett-Teller (BET) theory (Stephen et al.
1938) based on a multilayer adsorption. The capillary con-
densation normally occurring in a mesoporous material is
used to establish a relationship between the relative pres-
sure and the pore diameter, which is described by the Kel-
vin equation. Barret-Joyner—Halenda (BJH) method based
on Kelvin equation can be used to analyze the mesopore
size distribution (Barrett et al. 1951). For the analysis a
micropore size distribution, Horvath—Kawazoe (HK) method
(Horvath and Kawazoe 1983) and Saito—Foley (SF) model
(Saito and Foley 1991, 1995) are typically used. HK is gen-
erally applied to assess the PSD of activated carbon with
slit-shaped pores and SF is applied for the evaluation of PSD
of zeolites with cylindrical pores.

In recent years, molecular simulations (Steele 2002;
Vuong and Monson 1996; Hirotani et al. 1997) and Non-
Local Density Functional Theory (NLDFT) (Tarazona 1985;
Tarazona et al. 1987) were developed and used for adsorp-
tion characterization of materials, both microporous and
mesoporous. NLDFT is a statistical mechanical theory that
describes the molecular properties of fluids (Jagiello and
Olivier 2013). For this method, a one-dimensional model
of pore structure with uniform energy distribution on the
surface walls is adopted (Walton and Quirke 1989; Raviko-
vitch and Neimark 2001, 2002a; Tarazona 1985; Jagiello
and Olivier 2013). However, the main shortcoming of the
NLDFT model is related to the chemical and geometrical
heterogeneity of the pore walls, which are not considered.
This is different from the actual situation when the porous
materials have rough surface (Ravikovitch et al. 1995, 2000;
Olivier 1998). Taking into account the surface roughness,
the Quenched Solid Density Functional Theory (QSDFT)
(Ravikovitch and Neimark 2006; Landers et al. 2013; Gor
et al. 2012) and 2D-NLDFT (Jagiello and Olivier 2013;
Puziy et al. 2016; Kwiatkowski et al. 2019) models were
developed for the pore structure characterization by gas
adsorption.

The different probe gases (N,, Ar, and CO,) used to assess
the textural properties of a porous material are adsorbed at
different temperatures and they exhibit different adsorption
behaviours, although their kinetic diameters are similar
(0.36, 0.34, and 0.33 nm for N,, Ar, and CO,, respectively)
(Sing and Williams 2004b). However, the chemical compo-
sition of the solid surface is also important, and it is used
to select the appropriate gas for the adsorption. Hence, the
results of the adsorption measurements for the same sample
are different depending on the gas used. Due to its quadru-
polar moment, the nitrogen molecule, which is adsorbed at
77 K, interacts with surface functional groups or free ions
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(Storck et al. 1998). The argon molecule, adsorbed at 87 K,
has no quadrupolar moment, it does not exhibit specific
interactions with the functional groups, and the adsorption in
micropores occurs at a higher relative pressure than for nitro-
gen, whereas the diffusion rate is higher, the equilibrium is
faster reached, and measurement time is shorter. Therefore,
smaller pores can be suitably characterized by Ar adsorption
with higher precision and accuracy. For CO,, the adsorption
measurements are performed at 273 K. At this temperature,
the diffusion is greatly faster, whereas it is insensitive to
pores larger than 1.5 nm (Ravikovitch et al. 2000; Jagiello
and Thommes 2004) and also has quadrupolar moment.

For porous materials with complex pore structures, such
as activated carbon, QSDFT is widely used to analyze PSD.
QSDFT is a microscopic model that describes adsorption
and more realistically reflects the thermodynamic properties
of the fluid in the pore. In the practical applications, a large
number of QSDFT theoretical isotherms are developed and
they constitute the so-called kernel. The calculation of the
theoretical PSDs is based on fitting the theoretical isotherm
of the kernel to the experimental data. Hence, the accuracy
of pore size calculation is related to the difference between
real and theoretical isotherms.

The unclosed isotherms are obtained for some activated
carbon or MOFs materials. They obviously deviate from the
theoretical isotherm for which the hysteresis loop is closed.
However, it is unknown what effect this abnormality may
have on the pore size calculation, and most researchers do
not realize the difference, they simply using the software to
analyze PSD for their porous materials. To properly address
this issue, it is important to study the influences of the
unclosed isotherm. For this purpose, a series of unclosed and
closed isotherms of activated carbon were measured and the
corresponding PSDs were calculated by the QSDFT method.
In addition, considering the cavitation phenomenon (Raviko-
vitch and Neimark 2002b; Reber and Bruhwiler 2015), the
artefact peak in the PSD curve caused by TSE is explained
in detail.

2 Materials and characterization

Five porous carbons were selected for this study and labelled
as AC1-ACS. For comparison, graphite with mesopores and
macropores in the structure was also analyzed.

The Ar physisorption was used to measure pores size dis-
tribution of the solids. Before measurement, each sample
was degassed at 300 °C for 5 h. Then, Ar adsorption—des-
orption measurements were performed on an Autosorb iQ2
(Quantachrome Instruments) at 87 K. The isotherms were
recorded and then processed to obtain PSD curve for each
solid using QSDFT model within ASiQwin 600 software.
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3 Results and discussions
3.1 Unclosed isotherm

For AC1, due to the swelling of non-rigid pores (Lowell
et al. 2004) or the near-solid state condensation of the
adsorbate at the entrance of pores, the evaporation of fluid
from the pore cavity (Maddox et al. 1997) is prevented,
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Fig.1 The isotherms of AC1 with desorption branches measured on
ranges of: 1-107 P/P, (a), 1-107 P/P, (b), 1-0.03 P/P, (c), 1-0.08
P/P, (d) and corresponding PSDs (inset) calculated with the equilib-

resulting in a very low pressure hysteresis, as shown in
Fig. la and b. Many similar results have been reported so
far (Bailey et al. 1971). Yet, they do not describe the effect
of the unclosed isotherm on PSD.

To understand the relationship between the unclosed
isotherm and PSDs, four isotherms with different desorp-
tion ranges of AC1 were measured (Fig. 1a—d), and QSDFT
equilibrium model was employed to calculate the PSD. As
shown in Fig. 1a, the adsorption isotherm is a combination
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of type I and type II, indicating the presence of a large num-
ber of micropores. However, a very low pressure hysteresis
loop is associated with appearance of a peak at 0.5 nm (inset
Fig. 1a) when the desorption ends at 10~ P/P, (Fig. 1a).
However, when the desorption isotherm was recorded in the
range 1-1072 P/P,, (Fig. 1b), the corresponding peak in the
PSD curve appears at 1 nm while the peak at 0.5 nm almost
disappears (inset Fig. 1b). Still, the desorption range for the
isotherm displayed in Fig. 1a is larger than that displayed
in Fig. 1b, indicating a higher contribution of micropores
in the first case. On the other hand, the inset of Fig. 1a does
not display a sharp peak at 1 nm. Obviously, this is abnor-
mal, and it is not caused by real pores. When the desorp-
tion ranges from 1 to 0.03 and 0.08 P/P, (Fig. Ic and d,
respectively), the corresponding peaks in PSDs are placed
at 1.2 nm (inset Fig. 1c) and 1.4 nm (inset Fig. 1d), respec-
tively. Normally, each peak on the PSD curve corresponds
to a step on the desorption branch, which is related to the
evaporation of gas from a type pore of a certain size in the
micro and mesoporous domains. For example, the peak at
1.5 nm corresponds to a steep desorption step at 0.1 P/P, on
the isotherm and it would denote the presence of micropores
with an average size of 1.5 nm. Comparing the isotherms
and PSD curves, the peaks (inset of Fig. 1 b—d) should be
related to changes at low relative pressure on the desorption
branch. Yet, no such changes can be seen on the desorption
branches of the three isotherms. Therefore, it can be affirmed
that the peaks at 1, 1.2, and 1.4 nm discussed above do not
really correspond to the pores existing in the solid and thus,
they are Artefact Peaks (APs). The AP moves with the shift
of the end-point on the desorption isotherm. Obviously, the
appearance of these APs is related to the non-closure of the
isotherm.

To go insight into this phenomenon, the PSD curve for
the solid whose isotherm is displayed in Fig. 1b was sepa-
rately calculated from the adsorption and the desorption
branches. The two PSD curves are shown in Fig. 1e. How-
ever, when using isotherms to analyze PSD, the analysis
range of the equilibrium model is usually set by default to
0-1 P/P, e.g., the PSDs in the inset of Fig. 1a—d. How-
ever, unlike the PSD obtained by the equilibrium model in
Fig. 1b, when using the desorption branch to calculate the
PSD in Fig. le, the analysis range of the equilibrium model
is set as 1-1072 P/P,,, which is equal to the actual desorption
measurement range. This indicates that there are no other
factors affecting the PSD except for the data of desorption
branch and the calculation method of the equilibrium model.
Figure le shows the comparison of the two PSD curves. The
PSD curve obtained by the adsorption branch has a more
complete micropore distribution. As noticed, the APs vis-
ible in the inset of Fig. 1b—d cannot longer be seen on the
PSD curves depicted in Fig. le. Therefore, it is confirmed
that the peaks (B, C, D) are erroneous. Moreover, there is no
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AP which is produced by the tensile strength effect (TSE) at
2.8 nm. Nevertheless, the PSDs of the two are similar.

Figure 1f shows the comparison of the adsorption-based
PSD and desorption-based PSDs (inset of Fig. 1a—d) of ACI.
Indeed, the adsorption-based PSD curve shows no sharp dis-
tribution peak (such as peaks A, B, C, and D). Moreover,
there was no AP at~2.8 nm. However, except for these dif-
ferences, adsorption-based PSD and desorption-based PSD
exhibit a similar PSD, indicating that the adsorption branch
shows more reliable PSD information. In fact, except for
peak A, the PSD curves that are below 1 nm of adsorption-
based PSD are somewhat different from other PSDs because
the DFT method is essentially a fitted theoretical isotherm
to the experimental data. Therefore, although it uses the
same low-pressure data, the different fits of the method to
the different upper P/P, ranges may slightly alter the fit in the
low-pressure range. However, the PSD message (and how
interpret these PSDs) is the same: a distribution of pores
from 0.4 to 1 nm.

As shown in Fig. 2a, AC2 activated carbon mainly
contains micropores while the desorption and adsorp-
tion branches overlap in the low-relative pressure range.
Although the relative pressure ranges of the desorption
branch are different, i.e., 1-1072 (Fig. 2a), 1-0.03 (Fig. 2b)
and 1-0.08 P/P (Fig. 2c), the corresponding PSD curves
(Fig. 2d) calculated with the equilibrium model are similar.
Therefore, if the desorption and adsorption branches overlap
below 0.4 P/P,, APs similar to those in the inset of Fig. 1b—d
do not appear in the PSD curves, confirming that such peaks
are associated with the non-closure of isotherm. In the PSD
curves shown in Fig. 2d, the adsorption-based PSD does
not have the AP which is produced by the TSE; except for
this difference, it rather has the same PSD as others. This
shows that an adsorption isotherm can provide more reliable
PSD information because there is less negative information
affecting the PSD.

As shown in Fig. 3a, the isotherm displays two steep des-
orption steps caused by TSE at 0.4 P/P, and non-closure,
respectively. The non-closure causes an AP at 1 nm, and the
TSE causes an AP at 2.8 nm (inset Fig. 3a). It is obvious that
the origins of these APs are different.

The desorption isotherm of AC3 is measured from 1 to
0.3 P/P, (Fig. 3b). Note that these desorption data can only
be used to calculate the pore size larger than 2.3 nm. Indeed,
the inset of Fig. 3b (red curve) shows no pore size distribu-
tion below 2.3 nm. On the other side, the grey curve illus-
trated in the inset of Fig. 3b displays pores with size smaller
than 2.3 nm. However, these data cannot be provided by the
desorption branch, so they can only be associated with the
adsorption branch, since the data below 0.03 P/P, are not
available. In this case, the equilibrium model takes the data
in the range of 0-0.3 P/P, as if they were from the adsorption
isotherm. This situation is valid when the two branches of
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the isotherm close at 0.4 P/P,, (Ar, 87 K) and then overlap at
lower relative pressures. Hence, at relative pressure below
0.4, the DFT model analyzes a hybrid isotherm consisting
of adsorption and desorption branches, as shown in Fig. 3b.
The isotherm is forced closed generating a steep desorption
step, which is translated as an AP at 2.3 nm in the PSD curve

(inset Fig. 3b). Therefore, a non-closed isotherm causes an
AP and thus, an erroneous assessment of the pore size.
These findings show that the measurement of full des-
orption range from 1 to 107’ P/P, or limiting the relative
pressure range (equal to the real desorption measurement
range) of the QSDFT calculations may prevent AP caused
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by non-closure from appearing. However, measuring the
full desorption range takes too long time while the delayed
evaporation produces a steep decrease, resulting in the
appearance of APs at 0.5 nm in the PSD curve, as shown in
the inset of Fig. la. On the other side, narrowing the rela-
tive pressure range for the QSDFT calculations does not
consider a part of micropores. By contrary, these problems
can be elegantly solved using the adsorption isotherms to
calculate PSDs.

It is known that a few of carbon materials have completely
reversible isotherms. Figure 4a shows the Ar isotherm of
AC4 recorded at 87 K for which the adsorption and des-
orption branches almost overlap. The isotherms were ana-
lyzed by applying adsorption model and equilibrium model,
respectively. The corresponding PSD curves are almost the
same. Therefore, in such cases, it is feasible to select the
equilibrium model to calculate the pore size distribution.

In addition, 0.4 P/P, is considered the limit of hysteresis
according to TSE. Below 0.4 P/P,,, adsorption and desorption
are reversible (Coasne 2016) except for some special materi-
als, such as some activated carbon and MOFs. To accurately
evaluate the pore size distribution irrespective of the des-
orption mechanisms, various mathematical models should
be developed. If the desorption end-point of the unclosed
isotherm is above 0.4 P/P, the obtained results from fitting
the models may differ from those obtained below 0.4 P/P,,.
Figure 5a depicts the physisorption isotherms (Ar, 87 K)
of AC3 whose desorption measurement range are at 1-0.4,
1-0.5, and 1-0.6 P/P,. Unlike the isotherm unclosed below
0.4 P/P,, the gradual broad AP at 2.8 nm can be observed
(Fig. 5b). However, left end-points are the same for APs of
all three PSD curves, meaning that the adsorption and des-
orption branches were considered closed at 0.4 P/P, when
the DFT model was applied. To verify this hypothesis, two
isotherms (Ar, 87 K) of the same graphite sample, mainly
containing mesopores and macropores, were measured. For
one of the isotherms, the desorption branch was measured
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in the range of 1-0.52 P/P,, and for the other one, the iso-
therm closes at 0.4 P/P,, (Fig. 5c). Despite this difference, the
obtained PSD curves are similar (Fig. 5d), consistent with
the assumption discussed above regarding the closure of the
isotherm at 0.4 P/P,,.

3.2 Tensile strength effect

TSE is an important factor affecting the PSDs calculated by
QSDFT. When the tension of the condensed liquid in pores
reaches the tensile strength, the liquid evaporates from pores
and a forced closure of the hysteresis loop at 0.42-0.5 P/P,
for N, (77 K) (Reber and Bruhwiler 2015) or 0.35-0.45 P/P,,
for Ar (87 K), such as step AB in Fig. 6a. The closure step
caused by TSE is a frequent phenomenon occurring for the
materials giving isotherms with types H3 and H4 hysteresis
loops (Thommes 2010; Lowell et al. 2004). In this case, if
desorption isotherm is used to analyze PSD, it causes an AP
around 2.8 nm (Fig. 6b). But this AP cannot be observed on
the PSD derived from the adsorption branch, implying that
the pore distribution peak at 2.8 nm does not actually exist.
The relationship between TSE and AP is explained below
in the text.

In mesopores, the capillary condensation of the adsorbed
gas occurs, forming a meniscus-shaped liquid—vapor inter-
face. Before reaching the condensed state, the adsorbed mul-
tilayer is metastable. Overcoming the nucleation energy bar-
rier of liquid phase nucleation requires higher pressure than
the capillary evaporation (Saam and Cole 1975; Thommes
2010). During desorption process, the condensed phase
evaporates via meniscus-shaped liquid—vapor interface at
equilibrium condition, called near-equilibrium evapora-
tion. As shown in Fig. 6a, the BC step is associated with the
near-equilibrium evaporation. Thus, the pressure needed for
evaporation is lower than that for condensation (Lowell et al.
2004). As a result, a hysteresis loop appears on the adsorp-
tion—desorption isotherm.
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Fig.4 Ar adsorption—desorption isotherm (a) of AC4 and the PSD curves (b) obtained by applying adsorption and equilibrium models
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Considering that the contact angle between the liquid
and the pore wall is zero, the relationship between the pore
radius r (cylindrical geometry) and the evaporation pres-
sure can be described by Kelvin equation (Eq. 1):

P 2yV

Ino- = ——= )
P, r,RT

r=r,+t )

where P is the vapour pressure of meniscus surface and P,
is the vapour pressure of a plane surface, y is the surface
tension coefficient, V,, is the molar volume of liquid, R is
the universal gas constant, and 7 is the absolute temperature
(K). t is the thickness of the adsorbed multilayer and r,, is
the radius of curvature of the liquid phase at equilibrium.
r,, decreases as the relative pressure, P/P, decreases. If the
radius of curvature of the liquid phase is higher than r,,
evaporation occurs. Based on this equation, BJH model was
developed to calculate PSD, but it failed when applied to
micropores (Groen et al. 2003).

There is a critical relative pressure (P/P,) g (correspond-
ing to the diameter dygz=2rpgz=2 r,, + 2t), which defines
the capillary condensation limit (Coasne 2016; Kadlec and
Dubinin 1969). Above this critical relative pressure, the lig-
uid phase tension (7) in the pores increases as the relative
pressure decreases. The relationship between liquid phase
tension, relative pressure, and r,, can be described by the
following equations (Gregg and Sing 1982):

T= —Elnﬂ
B Vm PO (3)
2y
T= [ 4

When P/P reaches the critical value (P/P,) g, the lig-
uid phase tension, 7, reaches the tensile strength 7, (Kadlec
and Dubinin 1969; Gregg and Sing 1982; Burgess and

Fig.7 Schematic diagram of a (a)

complex pore network structure
(a) and cavitation: pore filled
with liquid (b), formation of
bubbles in pore and liquid phase
evaporation from channel (c),
narrow channel filled with fluid

L

Channel/Pore neck

while the pore cavity is emptied
(d), liquid evaporation from the
narrow channel (e)

[ Cavity
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Everett 1970). Then, the capillary condensation liquid phase
becomes unstable and evaporates (Sing and Williams 2004a;
Gregg and Sing 1982; Sing et al. 2014) and the diameter
of pores occurring evaporation at (P/P)yg is drgp- The 7
is a constant for a given adsorbate at a given temperature
(Ravikovitch and Neimark 2002b) and has been discussed
by Burgess and Everett (1970), Kadlec and Dubinin (1969).
For N, adsorption—desorption measurement (77 K), the the-
ory diameter (dygz) of pores which occur TSE is 3.44 nm,
according to calculations of Sonwane and Bhatia (1998).
This value is close to the experimental value (3.6 nm) (Gregg
and Sing 1982; Coasne 2016). For Ar adsorption—desorp-
tion measurement (87 K), the diameter d;g; approximately
is about 4 nm (Coasne 2016; Nguyen et al. 2013b; Reber
and Bruhwiler 2015) for cylindrical geometry and 3 nm for
slit geometry.

TSE only indicates the limit of capillary condensation
when the material has only pores with cylindrical geometry.
In this case, if the pore diameter is larger than the diam-
eter (dygg), near-equilibrium evaporation will occur. If pore
diameter is smaller than the dygz, adsorption and desorption
are reversible (Coasne 2016). Throughout the desorption
process, the evaporation pressure is related to the pore size
and geometry (Coasne 2016). It is worth underlining that
only the pores with cylindrical geometry pores do not cause
an AP.

In reality, the porous structure of materials is complex.
Pores of different size are interconnected and they are come
in contact with the gas phase by narrow channels (Fig. 7a).
During the adsorption process, the pressure of pore filling
is associated with pore size. Fluid first fills the narrow chan-
nels and then fills the larger pore cavities, which makes the
adsorption isotherm more reliable to obtain information
about the pore size. During the desorption process, the fluid
in large pore cavities evaporates via the narrow channels. If
the diameter of these channels is higher than the diameter
(dygg), the pressure needed for evaporation highly depends
on the diameter of narrow channels. After the evaporation

(b) (c)

;

Tension

(d) (e)

0
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of fluid from the narrow channels, the fluid in the larger pore
cavities evaporates suddenly. This phenomenon is referred
to as pore blocking (Ravikovitch and Neimark 2002b). In
this case, the desorption isotherm contains information on
the size of narrow channels, but cannot give accurate pore
size information on the larger pore cavities. However, if
the diameter of narrow channels is smaller than the d g,
the cavitation occurs (Ravikovitch and Neimark 2002b;
Reichenbach et al. 2011; Nguyen et al. 2013b). Cavitation
extends the hysteresis to the critical pressure (P/P);g; and
the fluid in larger pore cavities evaporates suddenly due to
TSE and causes a steep decrease on the desorption isotherm.
In this case, the evaporation does not occur at the theoretical
evaporation pressure determined by the pore size, but at the
critical pressure determined by TSE. Therefore, the desorp-
tion isotherm not contains information on the size of narrow
channels and larger pore cavities. Moreover, as discussed
above, the pore shape and structure change the shape of the
hysteresis loop.

Based on the cavitation phenomenon (Sarkisov and Mon-
son 2001; Ravikovitch and Neimark 2002b), the hysteresis
end-point at 0.4 P/P, is described in detail. In a complex
pore structure, larger pore cavities are connected to the bulk
gas phase via narrow channels. If the diameter of narrow
channels is smaller than the diameter (d;g), the liquid phase
tension in pore cavities increases with decreasing pressure
(Fig. 7b) until reaches the tensile strength at the critical pres-
sure (P/P )¢z At this moment, the liquid phase reaches the
thermodynamic stability limit. As the pressure continues to
decrease, the distance between the molecules in the liquid
increases and bubbles nucleation occurs in the large pore
cavities (Fig. 7c). As a result, the volume of gas-liquid
mixed phase is expanded and the original meniscus of nar-
row channels disappears. The molecules of the liquid phase
evaporate from the narrow channels and diffuse into the bulk
gas phase while they are replaced by new molecules coming
from the pore cavity (Sarkisov and Monson 2001). Due to
the small enough diameter, the narrow channels are perma-
nently filled with fluid (Fig. 7d) as the pore cavity empties.
Finally, the liquid phase from these channels evaporates
(Fig. 7e) at pressure related to the pore size of channels.

The occurrence of cavitation needs to satisfy several
conditions, as follows, (1) the porous materials have large
pore cavities connected to the bulk gas phase via narrow
channels, (2) the diameter of the narrow channels is smaller
than the diameter (d;g;) (Ravikovitch and Neimark 2002b;
Rasmussen et al. 2010; Coasne 2016; Thommes et al. 2006),
and (3) the relative pressure reaches critical pressure when
desorption occurs. The critical pressure (P/P,)rs; depends
on adsorbate, adsorption temperature, and pore geometry
(Ravikovitch and Neimark 2002b).

Because of the AP, TSE is misleading for the pore size
analysis. However, seen from another perspective, the

isotherm data associated with TSE can be used to calculate
the total pore volume of all large cavity in which cavitation
occurs.

To demonstrate this theory, the AC5 activated carbon is
taken an example. In the range of 0.35 to 0.45 P/P, (Fig. 6a),
the evaporating adsorbate comes from cavitation and equi-
librium evaporation (Cychosz et al. 2017; Cychosz and
Thommes 2018). That means that the volume of desorbed
molecule coming from cavitation is the difference of the
total desorbed volume and the desorbed volume coming
from equilibrium evaporation. Between 0.35 and 0.45 P/P,,,
the total desorbed volume is obtained from the desorption
branch, whereas the desorbed volume coming from the equi-
librium evaporation is obtained from the adsorption branch.
The cavitation pore volume can then be calculated by con-
verting these desorbed volumes into pore volumes.

Here, the cavitation pore volume is calculated by using
the cumulative pore volume. In the range of 0.35-0.45 P/P,,
the cumulative pore volume obtained from the desorption
branch is the sum of the volume of large cavities in which
cavitation occurs and the volume of pores in which equi-
librium evaporation occurs. The cumulative pore volume
obtained from the adsorption branch is the volume of pores
in which equilibrium evaporation should occur between 0.35
and 0.45 P/P,,. Therefore, the total pore volume of large cavi-
ties in which cavitation occurred can be calculated by the
cumulative pore volumes obtained from the adsorption and
desorption branches.

From Fig. 6a, the steep desorption step between 0.35 and
0.45 P/P, causes an AP in range of 2.38-3.24 nm (Fig. 6b).
Hence, between 0.35 and 0.45 P/P, the volume of the des-
orbed molecules is converted to the cumulative pore vol-
ume in the range of 2.38-3.24 nm. In a similar way, on the
adsorption branch, between 0.35 and 0.45 P/P the volume
of adsorbate is converted to the cumulative pore volume
in the range 2.38-3.24 nm. The total volume of cavities
in which cavitation occurred is equal to the difference of
cumulative pore volumes obtained from the desorption
and adsorption branches. The cumulative pore volumes are
shown in Table 1. It can be deduced from Table 1 that the
total volume of cavities associated with the cavitation is
0.135 cm®/g. Therefore, TSE can contribute to the analysis

Table 1 Cumulative pore volume of AC5 calculated from QSDFT

Pore size range (nm) Cumulative pore
volume obtained on
the desorption branch

Cumulative pore
volume obtained on
the adsorption branch

(cm3/g) (cm3/g)
0-2.38 0.606 0.635
0-3.24 0.881 0.775
2.38-3.24 0.275 0.140
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of pore structure and to estimate the total volume of large
cavities related to the occurrence of cavitation.

The idea that analyzes the pore structure using the des-
orption branch and TSE is compared with other theories.
Most theories of pore structure analysis focus on the cal-
culation of PSD. If only PSD is required, the adsorption
branch can provide more reliable PSD information. But
for samples having the same PSD, the adsorption isotherm
hardly distinguishes the differences in pore structure because
their adsorption isotherms are similar (Nguyen et al. 2013a).
However, multiple physical phenomena during the desorp-
tion process show some information of pore structure, such
as pore blocking and cavitation associated with TSE, which
will be reflected in the desorption isotherm. Both phenom-
ena can be used to confirm the existence of inkbottle-like
pore structure. Some researchers connect many physical
phenomena in the desorption process with the pore structure
and determine the possible pore structure by the geometry
of the hysteresis loop (Nguyen et al. 2013a; Cychosz et al.
2017). And, the desorption branch and TSE can be used to
calculate the total volume of larger pore cavities in which
cavitation occurs. Thus, in addition to determining the pore
structure, the overall message of the pore structure in the
sample can be evaluated to some extent.

4 Conclusions

An artefact peak appears on the pore size distribution if
QSDFT equilibrium model is used to analyze an unclosed
adsorption—desorption isotherm. TSE is also prone to gen-
erate an artefact peak around 2.8 nm. Hence, to accurately
reflect the pore size distribution, the pores should be char-
acterized by calculating the PSD on the adsorption branch.
However, the isotherm data associated with TSE can be
used to calculate the total pore volume of all large cavities
in which cavitation occurs based on the difference between
the cumulative pore volumes obtained by desorption branch
and adsorption branches in the range of 0.35-0.45 P/P, (Ar,
87 K). This idea can help researchers to better understand the
pore structure of the porous material. These mean that both
adsorption and desorption branches of the isotherm can be
used to evaluate the porosity. Hence, the adsorption branch
is useful to evaluate the pore size distribution, whereas the
desorption branch is useful to analyze the pore structure.
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