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Abstract Adaptation of the ENSIC model to physisorption
of nitrogen or argon on a solid surface first led to a 3 param-
eters model called multilayer adsorption equilibrium model
(MAE model). One of these parameters is related to the for-
mation of a multilayer of adsorbate on the solid surface. Ex-
ploitation of data from the literature pointed out that this
parameter does not depend on the nature of the solid sur-
face and an average value was calculated in the case of Nj
and Ar. As a consequence, the MAE model can be consid-
ered as a 2 parameters model. Linearization of the model
was established allowing an easy determination of surface
areas of macroporous and some mesoporous solids. Fitting
of isotherms of meso and macroporous solids has led to
promising results compared to the ones obtained with the
BET model. Moreover, adaptation of this model to microp-
orous solids can also be used for an uncomplicated determi-
nation of porous volume and external surface. Results ob-
tained from data of the literature were close to those ob-
tained with the #-plot model.

Keywords Adsorption isotherm - Surface area - Pore
volume - Mesoporous solid - Microporous solid

1 Introduction

Porous materials are of great interest in many fields such
as heterogeneous catalysis (Ramsay 1998), separation pro-
cesses such as chromatography (Thielmann et al. 2001; Ro-
drigues 1997) or membranes (Blanco et al. 2006; Yan et al.
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2004), drug hosts (Ramila et al. 2003; Anglin et al. 2008) or
sensors (Leite et al. 2010; Whalley et al. 2001). In fact, in
addition to attractive chemical surface properties, high sur-
face areas and specific pore systems are often required to en-
hance solid properties. Characterization and quantification
of these two last parameters are generally obtained from ph-
ysisorption isotherms (Sing et al. 1985), which have been
the subject of many reviews (Ramsay 1998; Leofanti et al.
1998; Sing and Williams 2005; Rodrigues et al. 1989).

Among models describing the adsorption isotherm, the
BET model, developed by Brunauer, Emmett and Teller
(Brunauer and Emmett 1938; Brunauer 1945), is the most
widely used. It allows an easy determination of the surface
area of non-microporous solids. This model is based on uni-
formity of the surface and on the absence of lateral interac-
tions of adsorbed molecules. Moreover, this model implies
that the second and further layers can start to build up before
the completion of the first one. Based on these hypotheses,
adsorption and desorption rates can be expressed as func-
tion of the partial pressure and of the proportion of each
adsorbed layer. At equilibrium, adsorption and desorption
rates on each layer are supposed to be equal. This results in
a 2 parameters equation:

£ -C-Vu
1—4)-A+(C-D-£)

Vads = ey
where V45 stands for the adsorbed volume per gram of sam-
ple (generally expressed in cm’ STPg~!), V,, for the vol-
ume of gas needed to cover all the surface of one gram of
sample with a monolayer, P the pressure of the gas phase
and Py the vapor pressure of the adsorbate in the working
conditions (generally equals to 1 atm in the usual case of ni-
trogen at 77 K). C is related to the difference between the
heat of adsorption on free surface and heat of condensation
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and so to the interaction strength between the adsorbent-
adsorbate.
Equation (1) can be linearized as:

% 1 Cc-1 P

= + - —
V-(I—P%) CVy, CV, Py

(@)

which allows determining V,, and C. The surface area of
the sample can be deduced from V,, assuming a com-
plete coverage of the sample with each molecule occupy-
ing the same surface. A value of 16.2 A2 is generally as-
sumed for the cross-sectional area of a nitrogen molecule
(on2) (Mikhail and Brunauer 1975) but this value may
depend on the type of surface (Jelinek and Kovhts 1994,
Amati and Kovats 1987). The BET model can be applied
to a mesoporous or macroporous solid in a range of relative
pressure of 0.05-0.3 (Gregg and Sing 1982). In fact, hetero-
geneities of the surface and/or presence of micropores, even
in small amounts, can lead to a non linear BET plot for very
low relative pressures. At higher pressure, capillary conden-
sation may occur depending on the pore size distribution of
the sample.

Another model widely used is the #-plot which is more
adapted to microporous solid. This model was proposed by
Lippens and DeBoer in 1965. It is based on the fact that
when non capillary condensation occurs, the volume ad-
sorbed can be expressed by the surface area of the solid
multiplied by the average thickness of the adsorbed layer.
This average thickness has been seen to be quasi indepen-
dent of nature of the solid surface but depends only on the
pressure (Gregg and Sing 1982). Several models or semi em-
pirical equations have been developed to express the evolu-
tion of this average thickness (¢) as a function of the reduced
pressure (P / Py) for different classes of solids. Among them,
equations proposed by Halsey in 1948 and Harkins and Jura
in 1944 are the most widely used:

, 13.99 12
Harkins-Jura: t=| ———+— 3)
0.34 — log(%)
_5 I3
Halsey: r=3.54. [71,] “)
log(%)

where ¢ is expressed in A.

The plot of the adsorbed volume as a function of the aver-
age thickness should lead to a straight line passing through
the origin with a slope proportional to the surface area of the
sample.

In the case of microporous solids (Everett 1998), filling
of the pores occurs at relatively low pressure, which has for
consequence a non linearity between adsorbed volume and
calculated average thickness. When the micropores are com-
pletely filled, adsorption is believed to occur only on exter-
nal surface and the slope of the line obtained is then related
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to this external surface. Moreover, extrapolation to t = 0 al-
lows estimating the microporous volume. The same kind of
data treatment can also be applied to mesoporous solids in a
well-chosen range of ‘¢’.

The ¢-plot method is widely favored to calculate micro-
porous volume and external surface but its use can face
two major difficulties: the choice of the equations to esti-
mate ¢ (Lecloux and Pirard 1979) can lead to non negligible
differences in the determination of porous volume and ex-
ternal surface; for solids with a broad distribution of pore
size, it can be difficult to find a linear part on the z-plot
curve (Storck et al. 1998).

2 Description of the MAE model
2.1 ENSIC model

Sorption of solvents in polymers is a well studied phe-
nomenon (Astarita and Joshi 1978; Robinson et al. 2004)
as it plays a major role in transport processes through
dense membranes. Flory-Huggins thermodynamics theory is
the most used approach to model this phenomenon (Flory
1953). However even this model requires only one param-
eter, theoretically constant (the so-called polymer solvent
interaction parameter); numerous studies have shown that
this parameter depends on polymer concentration (Favre
et al. 1993; Moore and Shuttleworth 1963). This leads to
complex expressions with numerous adjustable parameters
which make this model doubtful in some cases.

In the 90’s Favre et al. have proposed a model called ‘EN-
gaged Species Induced Clustering” (ENSIC) aiming to link
solvent volume fraction in the polymer matrix to the solvent
activity (Favre et al. 1993, 1996).

The ENSIC model considers the probability of insertion
of one non-polymeric molecule (e.g. gas, vapor or solvent)
in a polymer/solvent matrix containing only two types of
species, one being present only in the condensed phase.
The key parameters are the elementary affinity between the
non-polymeric species and either a polymer segment (k)
or a previously sorbed solvent molecule (k;). As a conse-
quence, the basic mechanism underlying the ENSIC model
development is related to two distinct modes of sorption: a
sorbed solvent molecule can either be in interaction with the
polymer or in interaction with a previously sorbed solvent
molecule. Sorption of a solvent molecule can be seen as an
increase of the solvent volume fraction in the polymer ma-
trix. This model was successfully applied to many systems
(Favre et al. 1996) involving various polymers (e.g. poly-
dimethylsiloxane and polyethylene) and various solvents
(e.g. water and toluene).
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Fig. 1 Fit of the ENSIC model to the experimental isotherm, ob-
tained with macroporous silica sample TK800 (Payne et al. 1973) from
P/Py=01t00.5

2.2 MAE model

Extrapolation of this model to physisorption and to surface
adsorption is not straightforward because this phenomenon
occurs on the surface whereas sorption of solvent in a poly-
mer can be seen in a volumetric way. In fact, Fig. 1 shows
that ENSIC model does not describe correctly the experi-
mental results of a physisorption isotherm on a macroporous
silica (Payne et al. 1973).

However, application of the ENSIC model on the sys-
tem sorbent + adsorbate has been attempted taking into
account these differences. The starting equation of ENSIC
model was adapted for the ‘Multilayer Adsorption Equilib-
rium Model’ (MAE model) developed here. Adsorption on
free surface sites or on a previously adsorbed molecule is
considered. It leads to (5):

P
d”adsz(kp'np+ks‘ns)‘d_ 5)
Py

where:

— nggs stands for the adsorbed amount in mole per gram of
solid

— np stands for the number of adsorption sites remaining
free on the surface of the solid per gram of solid at a pres-
sure P

— ny stands for the number of adsorption sites occupied by
the adsorbate on the surface of the solid per gram of solid
at a pressure P

— k) corresponds to the adsorption coefficient of adsorbate
on the free solid surface (unitless)

— kg corresponds to the adsorption coefficient of adsorbate
on previously adsorbed molecule (unitless)

It is important to notice that it is expected that ky < kp,
i.e. the adsorption is more favored on the free solid surface
than on a previously adsorbed molecule (Brunauer and Em-
mett 1938). It should also be noted that, in the absence of

capillary condensation, and for a given sorptive gas, the sum
np + ny (total number of sites on the surface of the solid per
gram of sample), expressed as n,,, only depends on the solid
and not on the pressure.

One major difference of MAE model compared to EN-
SIC model is that the decrease of the amount of free adsorp-
tion sites on the surface has to be taken into account. This
phenomenon can be expressed as:

P
—kpnpdp 6)

Since we consider a clean surface at P = 0, integration of
(6) leads to (7):

dn, =

k-
np=np-e 71 @)

As a consequence (5) can be expressed now as (8):
dnags =nnlkp-e "7 k(1 =e )] d e ®)

Integration from pressure 0 to P leads to a 3 parameters re-
lation between the amount of adsorbate and the relative pres-
sure (9):

ks P P
”ads=”m[<l —k—b>(] —ekaO)-i-ksF] ®

P

This expression can be simplified for very low pressure into
a linear law (10) which is in agreement with a Henry law
(Hill 1952)

P
P po
For intermediate and high relative pressure, the solid is al-
most covered by the adsorbate and adsorption occurs only
on an adsorbate layer with a linear trend (11):

Nads = Nmk (10)

= 1 ks +k P (11)
Nads =N - — —
ads m kp sPO

3 Application of MAE model to macro- and
mesoporous solids

3.1 Physisorption with nitrogen

For macroporous solids, Eq. (11) can be used in the linear
part of the isotherm, generally for values of P /P, between
0.3 and 0.6. In fact, at lower pressure, the surface is generally
not entirely covered by the adsorbate. At higher pressure,
capillary condensation (not predicted by the model) can oc-
cur, which excessively increases the adsorbate amount. For
mesoporous samples, a P/ Py range has to be found between
the total coverage of the surface and the beginning of the
hysteresis corresponding to the capillary condensation in the
smaller mesopores. This range is generally found before the
inflexion point (Fig. 2).
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Fig. 2 Linear part of TK800 sample isotherm (data from Payne et al.
1973)

The parameters of the straight line obtained with (11)
(Fig. 3) allow determining n,, - ks (slope) and n,, (1 — ,f—;)
(y-intercept value). In a first approximation, one can neglect
the term ,]:—; thus considering the y-intercept value as n,.
The adsorption coefficient ks can then be expressed as the
slope/y-intercept ratio.

A more precise way to determine the parameters is to
subtract the linear part expressed by Eq. (10) from the
isotherm values at low pressure. Dividing the resulting val-
ues by n, - (1 — %)’ previously determined as the y-
intercept of the intermediate pressure line, leads to Eq. (12):

P
nuds_nm'ks'?o

(- ) (12)
(1= )

where k;, can then be deduced by plotting

as a function of P/Py for low reduced pressure values
(Fig. 3). Values of ks and n,, can then be more accurately
inferred with Eq. (11) and without neglecting ,’{‘—;

To identify more clearly the range which could be used
for this so called ‘linear part’, it can be helpful to plot the
first derivate of the isotherm (Fig. 4). This allows an esti-
mation of the range of the linear part (from P/Py=0.15 to
0.40 in the case of Fig. 4).

Parameters k; and k, can then be calculated for differ-
ent ranges of relative pressure. Values obtained, reported in
Table 1, do not vary significantly with the range chosen.

Determination of the values of k,, ks and n,, allows re-
building the whole isotherm. The linear trend of the isotherm
is modeled in a larger range of pressure by the MAE model
than by the BET model (Fig. 5 for TK800 sample of Payne
et al. 1973). For low relative pressures, both models lead to
similar values.
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Fig. 3 MAE model line at low pressure for TK800 sample (Payne
etal. 1973)
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Fig. 4 First derivative of the isotherm of a mesoporous silica from
Payne et al. (1973)

Table 1 k and k;, parameters
and correlation coefficients of
MAE line at middle pressure

Range kg kp r

calculated from different ranges 0.10-0.35 2.14 52 0.99867

of relative pressure for a 0.10-0.40 2.16 51 0.99887

mesoporous silica from Payne g

etal. (1973) 0.10-0.45 2.15 51 0.99931
0.15-0.40 2.09 49 0.99958
0.20-0.40 2.03 48 0.99997
0.20-0.35 2.03 48 0.99999
0.20-0.45 2.07 49 0.99982
0.25-0.45 2.09 49 0.99968

Distinction between adsorption on solid surface and mul-
tilayer formation can be appreciated by plotting the modeled
isotherm with k; = 0 (no multilayer formation) and with
kp = 0 (adsorption on the solid surface no taken into ac-
count) (Fig. 6).

The surface area can be derived from the MAE model
(SpaE) in a similar way to that used in the BET one (13):

SMAE =N - Oads - Na (13)
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Fig. 5 Comparison of the experimental physisorption isotherm on
TK800 sample from Payne et al. (1973) (diamonds) with isotherms
calculated with BET model (dotted line) and MAE model (full line)
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Fig. 6 Comparison of the experimental physisorption data on TK800
sample from Payne et al. (1973) (diamonds) with isotherms calcu-
lated from MAE model (dotted line) with k; = 0 (full line) and k, =0
(dashed line)

with 0,4, the surface occupied by one adsorbate molecule
on the surface of the solid.

Adsorption isotherms data with nitrogen at 77 K, for sam-
ples differing in surface and composition, were found in the
literature. These results were used to evaluate parameters in
the MAE model (Table 2).

It should be noted that values obtained for ky are similar
for all the samples i.e. they are not strongly depending on the
surface or its chemical nature (Fig. 7). In the MAE model,
the coefficient k; is related to the adsorption of the gas on an
adsorbed layer. For one temperature, if the model is coher-
ent, this coefficient should be independent of the solid and
only dependent of the nature of the adsorbed gas. We have
fitted 17 experimental N, adsorption data at 77 K. The mean
kg coefficients are found equal to 2.00 with a standard devi-
ation of 0.03. This is clearly coherent with definition of the
ks coefficient in the MAE model. With this observation, the
model which was built as a three parameters model can be
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Fig. 7 Determination of average k; value for samples presented in
Table 1
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Fig. 8 Comparison between surface area values determined by the
MAE and BET models, for the samples presented in Table 1

considered as a two parameters model like the BET equation
with kg = 2.00 for Nj. Alternatively, if one uses the three pa-
rameters to analyze his experimental results, the k; obtained
could be a good test of the verification of MAE model.

In these conditions, 7n,, as well as Sy4g can be deduced
directly with Eq. (11) from the slope of the straight line for
intermediate P/ Py values. When comparing surface values
calculated from MAE and BET models, a linear correla-
tion can be observed (Fig. 8), indicating a good correspon-
dence of the two models with an overestimation of the BET
model or an underestimation of MAE. Anyway, MAE model
allows determining the specific surface area using only a
few points in the intermediate reduced pressure range and
prior to the development of the capillary condensation phe-
nomenon.

The data presented in Table 2 shows that the ratio ﬁ is
generally lower than 0.05 and can be neglected in Eq. (11) as
a first approximation. This ratio is related to the comparison
of the adsorption modes (on a free surface vs. on a covered
site). As a consequence, a correlation has been attempted be-
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Table 2 Syag, kj and kg values calculated ; Sper and C obtained from nitrogen adsorption isotherm at 77 K on various samples from the literature

Reference Sample SBET C SMAE kp ks
(m*g~h) (m*g~ 1)
Payne et al. (1973) Silica TK 800 160 128 140 70 1.88
Mesoporous silica gel B 328 74 289 48 2.03
Keller et al. (1999) SiC 25 133 23 63 1.98
de Boer et al. (1966) Alumina 245 111 216 50 2.06
Emmett and Brunauer (1937) Iron Synthetic Ammonia Catalyst 25 92 23 42 1.94
Pomonis et al. (2005) SiO; 928 58 818 33 2.04
Bartoszek et al. (2009) Mesoporous silica-alumina 435 166 411 70 1.91
Serwicka (2000) V,05-WO3/TiO;-fresh 47 152 40 68 1.90
V,05-WO3/TiO;-aged 46 136 37 77 2.08
Witoon et al. (2011) Meso-macroporous silica MSI-3 400 172 340 82 2.08
Meso-macroporous silica HS-3 304 108 262 51 2.04
Trammell et al. (2011) Bis(trimethoxysilylethyl)benzene 525 79 459 52 1.92
Izquierdo-Barba et al. (2011) SBA-15 639 162 547 79 2.00
Marinovic et al. (2011) Bentonite Sg 28 47 25 29 1.95
Bentonite SA 38 66 33 37 2.06
Anu Prathap and CeO; calcined at 923 K 72 50 62 30 1.93
Srivastava (2011) CeO, calcined at 823 K 95 63 84 41 2.05
60 1 Similarly as for nitrogen, surfaces estimated by MAE
50 model were around 20 % lower than those determined by
BET method. The values obtained for k; were similar for all
40 the samples (ca. 2.4) but different from the one calculated
” in the case of nitrogen (ca. 2.0) indicating the specificity of
fa 30 1 each molecule rather than the influence of the solid in the
= formation of multilayers.
20 4
101 4 Application to microporous solids
0 50 100 150 200 250 For microporous solids, pore-filling occurs at very low

c

Fig.9 k,/ks ratio as a function of the ‘C” BET parameter, for samples
presented in Table 2

tween the ratio ,’:—; and the ‘C’ parameter of the BET model
(Fig. 9).

Even though one can argue on the accuracy of the deter-
mination of ‘C” and k), a linear trend can be observed in
Fig. 9, pointing to the similarity between the two models.

3.2 Physisorption with argon

Argon adsorption isotherms were also processed (Table 3).
The value of the cross-sectional area of an argon molecule
(o ar) used for the calculation was 13.8 A2 (McClellan and
Hainsberger 1967). A linear trend between C and the ,]f—;

ratio was also observed (not shown).
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P/ Py and the Eq. (9) can be adapted to Eq. (9) for higher
reduced pressure:

ks —k, B P
Nads = Mmicro + 1. |:(1——) l—e 7P +k‘—i| 9)
ads micro m k) ( ) YPO

where 70 corresponds to the amount of adsorbate
needed to fill up the micropores and 7/, to the number of
surface sites non present in the microporosity (i.e. on the
external surface).

At intermediate pressures, Eq. (9) can be simplified as
expressed in Eq. (14) and leads to the determination of the
microporous volume:

+n |1 ks +k P (14)
Nads = N n - — —
ads micro m kp s PO

As previously mentioned, the kk—; ratio is generally found

to be less than 0.05 (Table 2) and it can then be neglected
in Eq. (14). Moreover, estimating k, is in that case difficult,
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Table 3 Spyak, kp and kg values calculated; Sper and C obtained from argon adsorption isotherm at 77 K on various samples from the literature

Reference Sample SBET C SMAE kp kg
m?g™") (m*g™")

Ruzicka and Kudlacek (1964) Regenerated cellulose 64 28 54 24 2.48

Selles-Perez and Carbon Ap 7.3 61 6.1 56 2.37

Martin-Martinez (1992)

Payne et al. (1973) Silica TK 800 121 36 98 28 2.35
Nonporous hydroxylated silica 137 36 112 30 2.34
Mesoporous silica gel B 253 33 202 30 2.52

Table 4 Microporous volume (V,icro maE) and external surface (Seys pag) values of various samples from the literature calculated by MAE model.
Comparison with the values calculated in the reference (Vinicro ref and Sext ref)

Reference Sample Vinicro MAE Sext MAE Vinicro ref Sext ref
(cm®STPg™!) (m?g~h (cm3STPg™!) (m2g™h
Passe-Coutrin et al. (2008) Activated carbon VetH,0 0.34 290 0.36 291
Activated carbon P0.5 0.42 186 0.45 153
Activated carbon P1 0.36 536 0.39 535
Activated carbon P1.5 0.20 521 0.22 536
Scherdel et al. (2010) Carbon pyrolyzed at 1000° C 0.24 100 0.25 90
Carbon pyrolyzed at 1500° C 0.07 118 0.09 96
Sergio et al. (2006) Montmorillonitic Clay M > 450 0.11 39 0.11 27
Montmorillonitic Clay M < 250 0.15 77 0.17 37
Frackowiak (2006) KOH activated carbon 0.73 453 0.80 374
Dimitrov et al. (2011) ZSM-12 zeolite-parent 0.11 54 0.11 62
ZSM-12 zeolite-desilicated 0.09 159 0.11 141
Guzman-Castillo et al. (2011) Y zeolite-F-1C 0.25 48 0.26 55
Y zeolite-MMZ-34C 0.28 94 0.28 115
Y zeolite-MMZ-38C 0.20 205 0.20 253
Méndez et al. (2006) Petroleum Coke-Norit 0.48 65 0.51 21

because filling of the micropores and progressive coverage
of the surface occur simultaneously. Using the parameters of
the linear section of the adsorption isotherm at intermediate
pressures, n,,icro can then be expressed as follows:

slope

Nmicro = Y intercept — (15)

)
with kg ~ 2.0 for N, at 77 K as previously determined.

The microporous volume can then be easily calculated
assuming that the molar volume of the adsorbate in the mi-
cropores is equal to the one of the liquid. The amount of non-
microporous adsorption sites (non-microporous surface, so
called external surface) can also be obtained from Eq. (16):

0 = slope (16)
ks
Nitrogen isotherm data on microporous solids extracted
from the literature have been examined using the MAE
model. The results are summarized in Table 4.
A good agreement is obtained for microporous volume
by the MAE model and by the ¢-plot method (Fig. 10). It is

important to stress that microporous volumes derived from
MAE model are obtained with only few points in the inter-
mediate reduced pressure range and with simpler calculation
than in the 7-plot method. The underestimation of micro-
porous volume by the MAE model when compared to the
t-plot may be partially associated to the fact that the lk‘—; ratio
has to be neglected in Eq. (14).

Figure 11 depicts the comparison between the external
surfaces determined by the MAE model and by the ¢-plot
model. The results show a good agreement between the ex-
ternal surface values deduced from the MAE model and
those found in the corresponding articles.

5 Conclusions
Adaptation of the ENSIC model to physisorption of nitrogen

or of argon on solid surfaces leads to a 2 parameters model
(MAE model) allowing an easy determination of surface

@ Springer



128

Adsorption (2013) 19:121-129

08

06

0.4

3 1
V micro MAE (cm g )

02|

00 L L L J
0.0 0.4 0.6 0.8

\) micro t-plot (°m3 9-1)

Fig. 10 Comparison between the microporous volumes determined by
the MAE model and by the 7-plot models for samples presented Table 4
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Fig. 11 Comparison between the external surfaces determined by the
MAE model and by the 7-plot models for samples presented Table 2

area of macroporous and some mesoporous solids. The fit-
ting of isotherms for macroporous solids has led to promis-
ing results compared to those obtained with the BET model.
Moreover, this model can also be used for an uncomplicated
determination of porous volumes and external surfaces of
microporous solids.
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