Materials Chemistry and Physics 296 (2023) 127121

Contents lists available at ScienceDirect

Materials Chemistry and Physics

e 4

ELSEVIER journal homepage: www.elsevier.com/locate/matchemphys

Multiple equilibria description of type H1 hysteresis in gas sorption
isotherms of mesoporous materials

Gion Calzaferri®’, Sq;puel H. Gallagher b Simon Lustenberger ® Fabian Walther ",
Dominik Brithwiler >

& Department of Chemistry, Biochemistry and Pharmaceutical Sciences, University of Bern, Freiestrasse 3, 3012, Bern, Switzerland
Y Institute of Chemistry and Biotechnology, Zurich University of Applied Sciences (ZHAW), 8820, Wadenswil, Switzerland

HIGHLIGHTS GRAPHICAL ABSTRACT

o Hysteresis in gas sorption isotherms of
MCM-41 and of SBA-15 materials is
reported.

e Data have been analyzed applying the
notion of metastable thermodynamic
equilibrium.

e Description provides information on
thermodynamic parameters of the H1
hysteresis.

e Values for the enthalpy and the free
enthalpy of cavity desorption are
obtained.

ABSTRACT

We report argon adsorption/desorption isotherms of MCM-41 and of SBA-15. The shape of all hysteresis loops we have observed corresponds to type H1. The data
have been analyzed quantitatively using the multiple equilibria description and applying the notion of metastable thermodynamic equilibrium. It is remarkable and
important that for both mesoporous materials the desorption process can be understood according to this description but with a corresponding equilibrium constant.
This procedure therefore allows determining the thermodynamic values for the enthalpy and the free enthalpy of cavity desorption and thus to obtain information not
available so far. We observed that the MCM-41 adsorption isotherms show first an increase with the characteristic Langmuir shape, followed by the almost
instantaneous filling of cavities that ends as soon as all cavities are completely filled. The SBA-15 isotherms show a characteristic Langmuir shape at low relative
pressure. The pressure slightly below the inflection point at prel, int = 0.312 marks the beginning of the growth of a second layer, before an almost instantaneous
filling of cavities takes place. It is interesting to observe that the values of the enthalpy and the free enthalpy for cavity filling and cavity desorption differ by about
0.1 kJ/mol for both, MCM-41 and SBA-15. This means that the driving force for developing a hysteresis is small. The hysteresis loop is therefore driven by delicate
changes occurring within the cavities, partially or completely filled by the adsorbate. The monolayer coverage and monolayer desorption processes are decoupled
from the cavity filling and cavity emptying processes. Knowing thermodynamic parameters for the hysteresis loop ultimately helps to better characterize and un-
derstand the experimental observations.
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1. Introduction

Argon and nitrogen adsorption isotherms of ordered mesoporous
materials such as MCM-41 and SBA-15 are measured under equilibrium
conditions. The same applies for the desorption isotherms. The conse-
quence is, that the shape of the adsorption and of the desorption iso-
therms are expected to be identical within the experimental error. This
is, however, not always the case [1-5]. What is the reason? Do we have
to assume, that the experimentalist did not meet the equilibrium con-
ditions? It is fair to underline, that most experimental results reported
have been carried under the premise that equilibrium was established.
The hysteresis loops, however, seem to contradict this assumption. In
order to understand this, it is useful to remember the meaning of the
term chemical equilibrium condition. We found that hysteresis of type
H1 [1] can be interpreted quantitatively based on the multiple equilibria
description of adsorption isotherms we have reported previously [6,7],
by using the notion of metastable thermodynamic equilibrium [8-10].
The benefit of this is, that thermodynamic parameters for the hysteresis
loop can be determined which helps to better characterize and under-
stand the experimental observations. It is useful to first recall some
thermodynamic facts to avoid misunderstanding [8,11]. We use the
notion of concentrations and not of activities as a simplification without
loss of essential insight.

1.1. Direction of a spontaneous chemical reaction

The condition for the direction of a spontaneous chemical reaction
can be expressed using the free enthalpy as dGt,, < 0 or as AGr, < 0.
This means that in a closed system chemical reactions can proceed at
constant temperature T and constant pressure p voluntarily if accom-
panied by a decrease of free enthalpy. We illustrate this in Fig. 1(A). A
spontaneous chemical reaction proceeds in one of the directions indi-
cated by the two arrows, depending on where we start. A stable equi-
librium is reached when the change of the free enthalpy is equal to zero,
indicated by dG(¢)/dé = 0. The equilibrium point is denoted as & = &.
We consider the reaction A — B under isotherm and isobar conditions.
The initial concentrations are [A]g and [B],. The symbol ¢ stands for the
reaction variable, which expresses the change of the concentrations as
the reaction proceeds: [A]=[A]p — £ and [B]=[Blo + &. Hence, the re-
action quotient Q(&) writes as follows:
B, +¢

[A}o -¢

The free enthalpy change AG(¢) is expressed as a function of the
reaction variable ¢ in eqn (2). The equilibrium constant K is related to
the free reaction enthalpy ARG, as expressed in eqn (3). See SI1 for a
derivation of eqn (2).
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AG(&) = — (1 —€)ArGy + RT[(1 = &)In(1 — &) + £ In €] )

ARGy = — RTInK 3)

The meaning of eqn (2) is best understood by considering the graph
shown in Fig. 1(B). The curve “0” describes the free enthalpy AG(¢) as a
function of the reaction variable & not too far away from the equilibrium
point A 2B indicated by the blue vertical dash-dot line. If at some point
the reaction switches such that B’ is formed instead of B according to A
— B’ the free enthalpy AG (&) path seen as curve “1” is followed instead.
The reaction proceeds until the equilibrium point indicated by the black
vertical dash-dot line is reached, which means that the local equilibrium
A 2B’ is established. This local equilibrium, or perhaps better expressed
as metastable equilibrium, can be described using the same way as used
for describing the stable equilibrium. The condition imposed is that
there is a sufficiently high barrier for the conversion B —B which
means that the rate of establishing the stable equilibrium is small
compared to the rate of establishing the metastable equilibrium so that
values of thermodynamic functions are well defined [8-10].

1.2. Model prediction for an MCM-41 type adsorbent

MCM-41 is an ordered mesoporous silicate featuring a hexagonal
array of parallel cylindrical pores [12]. The adsorption of nitrogen or
argon on MCM-41 begins with the formation of a monolayer on the
pristine surface characterized by fractional coverage ©,, . Sometimes
the formation of a second layer @y is seen before an almost instanta-
neous filling of cavities, denoted by @, [1,13,14], takes place. The
adsorption isotherms are therefore described by means of eqn (4), Ref

[7].

O=0u + Oy + Ouyy @

We show as an example the fractional coverage © observed for Ny
adsorption by mesoporous silica MCM-41 [7] in Fig. 2. The theory
leading to eqn (5), which describes the cavity filling, bears a formal
resemblance to the equilibria formulated for protein interactions with
small molecules [15] and hence to an analysis of type IV and type V
isotherms recently reported by Buttersack [16]. The parameter n de-
notes the number of available positions in the cavity, K¢,y is the equi-
librium constant and @°,, is a factor, py denotes the saturation pressure
of the adsorptive, R is the ideal gas constant, and T the temperature [7].

n
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Fig. 1. (A) Free enthalpy G(¢) as a function of the
reaction variable &. The equilibrium point is denoted
as & = &.. A spontaneous chemical reaction proceeds
in direction of the arrows and a stable equilibrium is
reached when the change of the free enthalpy is equal
to zero, independent of the direction of the reaction,
expressed by dG(¢)/dé = 0. (B) Free enthalpy AG(&)
according to eqn (2) as a function of the reaction
variable &. The curve “0” describes the reaction A — B
while “1” refers to reaction A— B’. The equilibrium

1

points A 2B and A=2B, respectively, are indicated by
the blue and the black vertical dash-dot lines. The
parameters used for calculating the curves “0” and

0.9 0.92

Se

0.94 0.96 “17 are K@ = 20 and K = 18 and the resulting
minima are at 31.24 J/K and 34.62 J/K, respectively.
(For interpretation of the references to color in this
figure legend, the reader is referred to the Web

version of this article.)
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Fig. 2. Nitrogen adsorption isotherm of MCM-41 measured at 77 K, calculated
in the range 0 < pye < 0.8 and using the parameters reported in Table 4 of ref.
[7]. The complete isotherm ©, shown as black curve, consists of three parts: the
monolayer O, evolving on the pristine surface (orange dashed line) and the
formation of a second layer @y on top of it. The cavity filling ©.,y, charac-
terized by Koy = 19.26 [7], starts before the second layer has been completed.
It is shown as part of the solid black curve. The hypothetical H1-type desorption
hysteresis, calculated by using K& = 21.21, is shown as blue dash-dotted line
and has purely didactical meaning to illustrate what is formally needed to
mimic such a behavior. The adsorption and the hypothetical desorption events
are indicated by the upwards and the downwards arrows, respectively. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

Om1+02, seen in Fig. 2 refer to data observed and were calculated using
the parameters reported in Table 4 of Ref [7]. The value for the equi-
librium constant K¢,y, which is of special importance in the present
context, amounts to 19.6. The relative pressure for which data are pre-
sented is intentionally limited to the range 0 < pre] < 0.8. If the relative
pressure is further increased, the region is reached where other pro-
cesses such as condensation in interparticle voids take place. It is also the
region where minor structural changes, e.g., in the region of cavity
openings may occur, which are not detected by the observation of
adsorption isotherms, regarding the fact that, e.g., the lowest internal
Si—O-Si torsional mode is observed at 40 cm™! and therefore partially
activated in the temperature range where adsorption isotherms are
measured [17,18]. The system can therefore switch on a slightly
different AG(¢) path as explained in Fig. 1(B). When this happens, the
system has in a desorption experiment a chance to follow a new path by
establishing at each pye value a metastable equilibrium with a corre-
sponding value ARGL) = —RTInK instead of AgGy = — RTInK. The
consequence is that a hysteresis loop will be observed if the pore
diameter is above a critical value, which is determined by the adsorptive
and the temperature [19].

1.2.1. Cavity filling

Type H1 hysteresis in open-ended cylindrical pores is often assumed
to be caused by the formation of a metastable multilayer film on the pore
walls upon adsorption. Desorption, on the other hand, is thought to take
place via a receding concave meniscus [5,20,21]. However, experi-
mental evidence seems to suggest that the capillary condensation in
cylindrical pores is the equilibrium phase transition, whereas the
capillary evaporation is delayed [22,23]. An additional aspect concerns
the potential deformation of the pore structure upon capillary conden-
sation [24-26].

We have chosen to use the term cavity filling instead of “capillary
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condensation” because careful evaluation leads to the result that it is
more appropriate in the present context. We are, however, aware of the
fact that some authors have been using “capillary condensation” for
similar situations. We have therefore added a corresponding remark as
Ref. [13], see also Ref. [27].

1.2.2. Model calculation
It is remarkable and important that, as a consequence, desorption
can be calculated in the same way as we have reported in Ref. [7] but

with a corresponding K., value that presents the desorption equilibrium
state. This procedure also allows determining the values for ACQVHO/ and

AcaVGO, and thus to obtain information not available so far. We cannot
distinguish which part of the isotherm, the adsorption or desorption,
belongs to the stable and which to the metastable equilibrium. The
condition expressed by dG(&)/dé = 0 applies for both, because adsorp-
tion and desorption isotherm measurements are designed to represent
equilibrium situations.

®py, describes the 1c2-L (linear combination of 2 Langmuir iso-
therms) evolution of the monolayer coverage of sites 1 and sites 2 as a
function of increasing pressure. It is convenient to use the simplified
notations in eqn (6) and (7) for expressing these adsorption equilibria.

{S1} + X=2{S1}X KL, 6)
{S2} + X={S2}X ,KL, %)

while @y, describes the building of a second monolayer on top of the first
one.

{{S1}X, {S2}X} + X=2{{S1}X, {S2}X}X, Ky (8)

The filling of cavities, eqn (9), which is observed to be almost
instantaneous and starts before the process (8) is completed, is charac-
terized by Ocay-

STIX, SZIXIX)X; + X22({{STFX, {S2}X}X) X1, K ©

We refer to Refs. [6,7] for a detailed discussion of these adsorption
processes. Desorption of the second monolayer ®;, and desorption of the
intrinsic monolayer @, are not affected by the emptying of the cavities

eqn (10). We have added a dash to the ({{S1}X, {S2}X}X) X; in order to
distinguish the state undergoing desorption.

{{S1IX, {S2}X}X) X; 2 ({{S1}X, {S2}X}X) X;_| + X, K%

cav

10

H1 hysteresis is therefore a process that is solely caused by small
changes occurring within the cavities, partially or completely filled by
adsorbate. This might be exemplified by small contractions supported e.
g. by the 40 cm™! torsional Si-O-Si mode [17,18] of the cavity exit
which may contribute to delaying the guests until they can escape below
a critical pressure. Findenegg et al. studied pore condensation in
controlled-pore glass with emphasis regarding the influence of the pore
diameter as well as the strength of fluid wall interactions and temper-
ature on the limits of stability and metastability of the adsorbed film [4].
This decoupling of the cavity adsorption/desorption from the monolayer
and second monolayer adsorption/desorption can be considered as
natural H1 hysteresis isotherm behavior. We compare this description
with an experiment we have carried out with an MCM-41 adsorbent at
three different temperatures (65 K, 77 K, 87 K) and of SBA-15 (87 K)
with argon as adsorptive. An overview of the experimental data is pre-
sented in Fig. 3.

2. Experimental

Chemicals. Aqueous ammonia (ACS reagent, 28.0-30.0% NHjs),
tetraethyl orthosilicate (TEOS, reagent grade, >98%), cetyl-
trimethylammonium bromide (CTAB, >98%), and Pluronic P123 were
purchased from Sigma-Aldrich and used without further purification.
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Fig. 3. (A) Argon sorption isotherms of MCM-41 at
65 K, 77 K, and 87 K. Open points denote desorption.
The high-pressure hysteresis loop in the measurement
at 87 K (red points) is due to condensation in inter-
particle voids. (B) Pore size distribution of MCM-41
calculated from the 87 K isotherm by means of
NLDFT. (C) Argon sorption isotherm of SBA-15 at 87
K. Open points denote desorption. (D) Pore size dis-
tribution of SBA-15 calculated by means of NLDFT.
See SI2 for a numerical report of the data. (For
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interpretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)
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MCM-41. The synthesis was performed as reported in Ref. [28].
CTAB (2.20 g) was dissolved in a 35 °C solution of 52 mL of water and
25 mL of aqueous ammonia. Once fully dissolved, 10 mL of TEOS was
added dropwise under stirring. Stirring was continued for 3 h at room
temperature. The mixture was then poured into a Teflon-lined auto-
clave, which was placed in a preheated oven (110 °C). After 48 h at
110 °C, the autoclave was removed from the oven and allowed to cool to
room temperature. The product was filtered and washed with 1 L of
water. After allowing the product to dry for some hours the
structure-directing agent was removed by calcination (300 °C for 2 h
followed by 550 °C for 16 h with a heating rate of 1 °C/min).

SBA-15. The synthesis was performed according to Ref. [29]. P123
(2.20 g) was dissolved in water (49 mL) and HCl (4 M, 31 mL). The
mixture was heated to 35 °C and once a clear solution was obtained,
TEOS (5 mL) was added dropwise. The mixture was stirred for 20 h at
35 °C. The suspension was then transferred to a Teflon-lined autoclave
and placed in a preheated oven set to 100 °C for 24 h. The autoclave was
removed and allowed to cool to room temperature. The product was
obtained through filtration and washed with 1 L of water. After drying in
an oven at 80 °C for 2 h, the structure-directing agent was removed by
calcination (550 °C for 5 h at a heating rate of 1 °C/min).

Sorption measurements. Prior to the measurements, the samples
were vacuum-degassed at 150 °C for 3 h. The isotherms were measured
with a Quantachrome Autosorb iQ MP equipped with a CryoCooler. The
saturation vapor pressure py was experimentally determined during the
measurements. Pore size distributions were calculated by a nonlocal
density functional theory (NLDFT) model developed for silica exhibiting
cylindrical pore geometry (software ASiQwin, version 5.0, Quantach-
rome Instruments).

Data analysis. The Levenberg-Marquardt method [30] implemented
in Mathcad [31] was used for the numerical evaluation of the experi-
mental data and to determine the parameters. It is important to first
analyze the low relative pressure region, so that the monolayer coverage
isotherm @, can be characterized separately. For this, the first exper-
imental inflection point was evaluated. It marks the point pj,n where the
curvature changes sign and was therefore determined by numerically
evaluating the second derivatives which vanish at this point, according
to eqn (11), where V,q; is the volume adsorbed and p the pressure.

2

Evads =0 an

Pore Diameter / nm

The monolayer coverage isotherm &, - see eqn (13) - was deter-
mined for the adsorption isotherm range p <3p,, or p <3p_
respectively, to make sure that the contribution of the next adsorption
process remains negligibly small. In the next step the cavity filling &.,,
step was analyzed, eqn (14) or eqn (16). The residuals shown in Figs. 4
and 5 are the difference between the experimental and the calculated
values, [6,7].

3. Results and discussion

The isotherm data shown in Fig. 3 have been analyzed using results
reported in Refs. [6,7] in the manner we have explained in the discus-
sion of Fig. 2. All adsorption isotherms show first an increase with the
characteristic Langmuir shape, sometimes decorated by the growth of an
additional layer, followed by the almost instantaneous filling of cavities
that ends as soon as all cavities are completely filled. The volume
available in the cavities defines the upper limit of the process. We first
discuss the adsorption/desorption isotherms of MCM-41.

3.1. MCM-41

Fig. 3(A) shows that a reversible type IV(b) isotherm is obtained at
87 K. Lowering the temperature leads to IV(a) isotherms. The opening of
the hysteresis loop at decreasing temperature can be exploited to obtain
information about the pore connectivity. In fact, argon adsorption at 77
K has for this reason been suggested as a viable alternative to the much
more common nitrogen adsorption at 77 K. Hysteresis in cylindrical
pores can be observed for a larger range of pore sizes when using argon
instead of nitrogen as an adsorptive at 77 K [32]. As expected, MCM-41
features a type H1 hysteresis, indicating the absence of network effects
in the adsorption/desorption process. The adsorption isotherm in terms
of fractional coverage ©,s; can be expressed by means of eqn (12),
because we observed no indication for the formation of a second
monolayer on top of the first one. The symbol ©,,;, describes the for-
mation of the monolayer evolving on the pristine surface and the symbol
0% stands for the cavity filling.

cav

@ads = @mL + Qads

cav

12)

Analysis of the data leads to the result that ©,,, must be expressed as
a sum of two Langmuir isotherms, eqn (13), which follows from what we
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Fig. 4. Analysis of the argon adsorption/desorption
isotherms of MCM-41 at (A) 87 K, (B) 77 K, and (C)
65 K, reported in Fig. 3(A). The fractional coverage ®
is plotted versus the pressure p in bar. The arrows
indicate the direction of the adsorption (red) and the
direction of the desorption (violet). The experimental
data of the adsorption are shown as red circles con-
nected with a red solid line and the calculation as
black solid line. The experimental desorption data are
shown as violet circles connected with a violet dash-
dot line. The result of the calculation is shown as
black dash-dot line. The residuals which represent the
difference between the experimental data and the
calculation, shown for the adsorption isotherms, are

drawn as green dotted lines. We also show the
contribution of the Langmuir &y, as red dotted line
and the contribution of the cavity filling % as blue

cav
e dotted line. The position of the first experimental
inflection point is shown as black vertical dashed line.
= (For interpretation of the references to color in this
= figure legend, the reader is referred to the Web
4 version of this article.)
-0.02

0.01 p/bar

Fig. 5. Analysis of the argon adsorption/desorption

isotherms of SBA-15, Fig. 3(C and D). The fractional
coverage O is plotted versus the relative pressure pye.
(A) Description of the data in the relative pressure
range 0 < %p,e,‘i“ﬂ by means of the 1c2-L eqn (13). The
experimental data are shown as red circles connected
with a red solid line. The result of the calculation is
shown as black solid line and black squares. The re-
siduals which represent the difference between the
experimental data and the calculation are drawn as
green dotted line. (B) The experimental data Oy, are
shown as blue circles connected with a blue solid line.

The position of the first experimental inflection point
is shown as black vertical dashed line. The red solid

line indicates the Langmuir isotherm ©,,, and the
0.1 dash-dot dot line shows the difference A® = Ocyp-
Oy, (ref [7], eqn (3)). (C) Numerical description of
the difference A® by means of @5 + O, and Oy +
6% for the adsorption and desorption, respectively.
The experimental data of the adsorption are shown as
red circles connected with a red solid line and those of
the desorption are shown as violet circles connected
with a violet dash-dot line. The arrows indicate the
direction of the adsorption (red) and the direction of
the desorption (violet). The result of the calculation is
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shown as black dash-dot line. The residuals are shown
as green dotted lines. (D) Description of the whole
argon adsorption/desorption isotherms. The colors
are used as in (C). The residuals refer to the adsorp-
tion; those for desorption look nearly the same; see
(C). We also show the contribution of the Langmuir
O as red dotted line and the contribution of the

cavity filling @ as blue dotted line. The position of the first experimental inflection point is shown as black vertical dashed line. (For interpretation of the references

cav

to color in this figure legend, the reader is referred to the Web version of this article.)

have observed previously for several types of adsorbents [6]. The
description of the low pressure part as sum of Langmuir isotherms has
been used for analyzing systems consisting of several sites with different
ease of adsorption and for multicomponent gas analysis [33-38]. This

type of description is reasonable given the heterogeneity of the silica
surface [39]. We have extended the analysis of multiple equilibria of
compounds with different coordination sites [40] to the explanation of
adsorption isotherms for adsorbents bearing different sites, focusing on
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the low pressure range, i.e., on conditions where the
adsorptive-adsorbent ~ binding strength is larger than the
adsorptive-adsorbate, so that monolayer coverage is favored [6]. The
derivation of eqn. (14), which describes the sudden filling of the cavities,
has been discussed in detail in Ref. [7].

1 KLp KL,p

OnL=5— 7 7 13

CEV T RLY TP KLp as)
. > i(p ke RT)' o

@i‘j‘j = V_mL Acav = with Kegy = Kcavﬁ 14)

1+ (p'kewRT)!
i=1

In these equations p’ is the pressure divided by the pressure unit p?,
KL; and KL, denote the Langmuir constants and the parameters a; and a;
express the amount of adsorptive adsorbed on sites 1 and on sites 2,
respectively, while the monolayer coverage volume Vy is equal to a; +
as. K.,y is the equilibrium constant for cavity filling, a., denotes the
amount which is to some extent correlated to the lower limit of available
sites n in a cavity. The value of n is chosen to be 100 [41]. R denotes the
ideal gas constant and T the temperature. The desorption isotherm Gy
differs from eqn (12) only in the second term because the monolayer
desorption shows no hysteresis:

Oes = On1 + @des

cav

(15)

This means, that in eqn (14) a.,, and K., are replaced by a’ and ngj,,
respectively. The results of this interpretation are collected in Fig. 4 and
Table 1.

The results depicted in Fig. 4 illustrate that the experimental results
can be quantitatively interpreted based on eqns (12) and (15). The
resulting parameters are collected in Table 1. There is no surprise that all
adsorption isotherms can be described very well by means of eqn (12).
The new data are an additional support of the results reported in Refs.
[6,7]. The new aspect concerns the analysis of the hysteresis seen for the
isotherms at 77 K and 65 K. We observe that the shift of the cavity
desorption with respect to the adsorption can be described indepen-
dently from the monolayer Langmuir &, coverage. It is instructive to
observe the 6, and the 6%
Fig. 4. The difference of 6% with respect to 6% is apart from the shift so
small that we do not show it separately. The values of the enthalpy and
the free enthalpy for adsorption measured at 87 K are similar to those
previously obtained for MCM-41 with a slightly larger pore diameter
[7]. The same applies for the cavity filling parameters. It is not unex-
pected to observe that the enthalpy and the free enthalpy for monolayer
adsorption show little change with temperature, while the Langmuir
constants KL; and KL; as well as K.,y show the expected increase with
decreasing temperature. We remind that all numerical values A,H?,

contributions separately, as shown in

ads
cav

Table 1
Parameters for the MCM-41 and SBA-15 isotherms.

Materials Chemistry and Physics 296 (2023) 127121
AH?, and ASZ&HQ’ are larger than the enthalpy of vaporization of argon
which amounts to AVHPHQ’(Ar, 87K) = 6.5 kJ/mol [42]. It is interesting
to observe that the values of the enthalpy and the free enthalpy for
cavity filling and cavity desorption differ by only about 0.1 kJ/mol. This
means that the driving force for developing a hysteresis is very small,
even smaller than the energy of a 40 cm™! torsional Si-O-Si mode
(which amounts to 0.48 kJ/mol). The shift to larger fractional coverage
of the desorption curve above p = 0.5 bar of the measurement at 87 K,
Fig. 4(A), with respect to the adsorption isotherm could be connected to
the fact that data were measured up to 1.025 bar. It is very likely that
interparticle condensation takes place so close at the argon saturation
pressure of 1.069 bar. We do not attempt to describe this process
quantitatively. We therefore analyze only the adsorption isotherm up to
p = 0.9 bar and no desorption parameters are reported in Table 1.

3.2. SBA-15

Compared to MCM-41 the pore structure of SBA-15 is more complex.
Several studies have shown that in addition to the well-defined primary
mesopores, the SBA-15 structure features a broad range of secondary
mesopores and micropores, which can form bridges between the pri-
mary mesopores [43-46]. The pore size distribution depicted in Fig. 3
(D) indeed shows a minor contribution of secondary mesopores and
supermicropores. The argon sorption isotherm of SBA-15 is of type IV(a)
with a pronounced H1 hysteresis. We have analyzed the isotherm in the
same way as described above. The first step is to derive the first inflec-
tion point, which was found to be prei, ini = 0.312. This allows to sort out
the low pressure range p,, < 3p, ;.- We illustrate in Fig. 5(A) that the
lc2-L eqn (13) describes the low pressure data perfectly well, similar as
we have already observed for several different adsorbents reported in
Ref. [6]. The resulting data are reported in Table 1. We observe that they
are within the range of the MCM-41 data at 87 K. Deducing the Langmuir
monolayer formation isotherm ®p from the experimental data ac-
cording A® = Oexp- Oy seen in Fig. 5(B), as we have discussed in
Ref. [7] eqn (3), indicates clearly the formation of a second layer @,
before an almost instantaneous filling of cavities takes place. This dif-
ference can be analyzed separately, the same as for the MCM-41 data
shown in Fig. 4 and discussed in Ref. [7]. We illustrate this in Fig. 5(C)
where we compare the numerical description of the difference A® by
means of @y + O,y and Oy + @‘é:ﬁ for the adsorption and desorption,
respectively. This means that eqn (4) applies for the description of the
full adsorption isotherms, and correspondingly eqn (16) holds for the
description of the desorption.

Oes = On. + Oy + O3

cav

(16

We show the result of this description in Fig. 5(D) and in Table 1. It

Temp [K] i a[em’/gl KL; A5G/ Ay HP? Vin,m Arm acay Kaav  AcG?/ AcyH? ale Kl AKGP/ALH?

adsorbent [kJ/mol] [em®/g] m?%/g] [em®/g] [kJ/mol] [em®/g] [kJ/mol]

87 1 58 575 -4.6/11.1 300 1100 21 18 -2.1/-8.6 - - -
MCM-417 2 246 5.4 -1.2/-7.7

77 1 85 2950  -5.1/-11.0 330 1250 2.5 74 -2.7/-8.5 2.6 85 -2.8/-8.6
MCM-41" 2 246 24 -2.0/-7.8

65 1 119 8360  -4.9/-9.7 380 1450 2.2 575  —3.4/-8.3 2.4 708  —3.5/-8.4
MCM-41° 2 61 73 -2.3/-7.2

87 1 67 845 -4.9/-11.4 327 1250 1.78 9 -1.6/-8.1 1.76 10 ~1.7/-8.2
SBA-15% 2 261 4.6 -1.1/-7.6

D ping = 0.286 bar.
b Pinft = 0.053 bar.
9 pina = 4.46 x 1072 bar.

9 Results of the argon SBA-15 isotherms measured at 87 K using eqn (12) for the adsorption and eqn (15) for the desorption isotherms (icay = 235); both extended by
O according to eqn (4). ag, = 1600, Ko, = 0.87, A,4sG4. = 0.1 kJ/mol, AsHS = —6.7 kJ/mol, prel, inn = 0.312.
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fully supports the reasoning presented. It is interesting that the param-
eter icay = 235, which is related to the free volume of the cavity, is
significantly larger than the value for the MCM-41. It corresponds to the
volume of a cylinder of 2.4 nm length and diameter, that the size of the
cavities is at least as large but can also be larger. It appears that the i.,y
parameters reflect the different pore diameters of MCM-41 (3.9 nm) and
of SBA-15 (7.6 nm). It is therefore not surprising that the values for the
free enthalpy A.,G? and the enthalpy A H? for cavity filling are
smaller than those for the MCM-41 measured at the same temperature.
We observe again that all numerical values A,4H?, A, H?, and AXH?
are larger than the enthalpy of vaporization of argon. The value
measured for the second monolayer formation A,HS , however, is
nearly the same or even slightly smaller. This explains why only a small
part of the second monolayer formation is realized before cavity filling
occurs. Again, we observe that the values of the enthalpy and the free
enthalpy for cavity filling and cavity desorption differ by only about 0.1
kJ/mol. This means that the driving force for developing a hysteresis is
small, even smaller than, e.g., the energy of a 40 cm ™! torsional Si-O-Si
mode.

4. Conclusions

We report argon adsorption/desorption isotherms of MCM-41
measured at 87 K, 77 K, and 65 K and of SBA-15 measured at 87 K.
The data have been analyzed using the multiple equilibria description
and procedures reported previously [6,7], and applying the notion of
metastable thermodynamic equilibrium. We observed that the MCM-41
adsorption isotherms show first an increase with the characteristic
Langmuir shape, followed by the almost instantaneous filling of cavities
that ends as soon as all cavities are completely filled. The volume
available in the cavities defines the upper limit of the process. The
SBA-15 isotherms show characteristic Langmuir shape at low relative
pressure. The pressure slightly below the inflection point at prel, infl =
0.312 marks the beginning of the growth of a second layer, before an
almost instantaneous filling of cavities takes place. The shape of all
hysteresis loops we have investigated corresponds to type H1 [1]. It is
remarkable and important that for both the MCM-41 and SBA-15 the
desorption process can be understood in the same way as we have re-
ported in Ref. [7] but with a corresponding K., value that presents the
cavity desorption equilibrium state. This procedure therefore allows

determining the values for A HY and A, G® and thus to obtain in-
formation not available so far. This further underlines the validity of the
theoretical concept. All numerical values A,y H?, A, H?, and AY%SH?
are larger than the enthalpy of vaporization of argon which amounts to
AvpH?(Ar, 87K) = 6.5 kJ/mol [42]. It is interesting to observe that the
values of the enthalpy and the free enthalpy for cavity filling and cavity
desorption differ only by about 0.1 kJ/mol for both, MCA-41 and
SBA-15. This means that the driving force for developing a hysteresis is
very small. The hysteresis loop is therefore driven by minor changes
occurring within the cavities, partially or completely filled by the
adsorbate. We cannot distinguish which part of the isotherm, the
adsorption or desorption, belongs to the stable and which to the meta-
stable equilibrium. The condition expressed by dG(¢)/dé = 0 applies for
both, because adsorption and desorption isotherm measurements are
designed to represent equilibrium situations. It turns out, however, that
the monolayer coverage and monolayer desorption processes are
decoupled from the cavity filling and cavity emptying processes. The
emptying is symmetrical with the cavity filling process and described by
the same but reversed process. The atomistic processes causing the
delayed release cannot be fully elucidated by measuring adsorption/-
desorption isotherms without monitoring additional information.
Monitoring vibrational modes in the low frequency range reflecting the
small energy difference separating the two processes could lead to
further atomistic insight. In summary, hysteresis of type H1 can be
interpreted quantitatively based on the multiple equilibria description

Materials Chemistry and Physics 296 (2023) 127121

of adsorption isotherms we have reported previously [6,7], by using the
notion of metastable thermodynamic equilibrium [8,9]. The benefit of
this is, that thermodynamic parameters for the hysteresis loop can be
determined which helps to better characterize and understand the
experimental observations.
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