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1 Introduction

1.1 REAL SURFACES

There is a convenient mathematical idealization which asserts that a cube of
edge length, ¢cm, possesses a surface area of 6¢° cm?” and that a sphere of

radius  cm exhibits 4072 cm? of surface. In reality, however, mathematical,
perfect or ideal geometric forms are unattainable since under microscopic
examinations all real surfaces exhibit flaws. For example, if a ‘super
microscope’ were available one would observe surface roughness due not
only to voids, pores, steps, and other surface imperfections but also due to
the atomic or molecular orbitals at the surface. These surface irregularities
will always create a real surface area greater than the corresponding
theoretical area.

1.2 FACTORS AFFECTING SURFACE AREA

When a cube, real or imaginary, of one meter edge length is subdivided into
smaller cubes each one micrometer (10 meter) in length there will be
formed 10'* particles, each exposing an area of 6 x 10" square meters (m?).
Thus, the total area of all the particles is 6 x 10° m2 This million-fold
increase in exposed area is typical of the large surface areas exhibited by
fine powders when compared to undivided material. Whenever matter is
divided into smaller particles, new surfaces must be produced with a
corresponding increase in surface area.

In addition to particle size, the particle shape contributes to the
surface area of the powder. Of all geometric forms, a sphere exhibits the
minimum area-to-volume ratio while a chain of atoms, bonded only along
the chain axis, will give the maximum area-to-volume ratio. All particulate
matter possesses geometry and, therefore, surface areas between these two
extremes. The dependence of surface area on particle shape is readily shown
by considering two particles of the same composition and of equal mass, M,
one particle a cube of edge length ¢ and the other spherical with radius r.
Since the particle density, p, is independent of particle shape' one can write

' For sufficiently small particles the density can vary slightly with changes in the area to
volume ratio. This is especially true if particles are ground to size and atoms near the surface
are disturbed from their equilibrium position.
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M'uhv = Mvphz'rv (1 . 1)
(Vp) cube — (Vp)sphuru (1 2)
eiubu = % ﬂrj\‘f:lu'ru ( 1 3)
Scu ¢ ecu 4 r:\- liere
——h6_h = S\'p/mr(' IT (1 4)
S 2 7 iere

cuhe = spl ( 1 5)
S.vphuru gculu'

Thus, for particles of equal weight, the cubic area, S, will exceed the
spherical area, Sy, by a factor of 2r/¢.

The range of specific surface area* can vary widely depending upon
the particle’s size, shape, and porosity. The influence of pores can often
overwhelm the size and external shape factors. For example, a powder
consisting of spherical particles exhibits a total surface area, S, as described
by equation (1.6):

S, =4x(K’ N, +r} N,+.. 417’ N,) =4y r’N, (1.6)
i=|
where r; and N; are the average radii and numbers of particles respectively in

the size range i. The volume of the same powder sample is

V=20 N,+ 5N+ 41 N)=47> N, (1.7)

=1

Replacing V in equation (1.7) by the ratio of mass to density, M/p, and
dividing equation (1.6) by (1.7) gives the specific surface area

S 3D N7
S=—A—4—=—p'ZN’r|3 (18)

For spheres of uniform radius equation (1.8) becomes

* The area exposed by one gram of powder is called the ‘specific surface area’.
¥ Porosity is defined here as surface features that are deeper than they are wide.
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S == (1.9)
pr

Thus, powders consisting of spherical particles of 0.1 micrometer (u#m)
radius with densities near 3 g cm™ will exhibit surface areas about 10° cm’g’
(10 m’g™"). Similar particles with radii of 1.0 pm would exhibit a tenfold
decrease in surface area. However, if the same 1.0 um radius particles
contained extensive porosity they could exhibit specific surface areas well in
excess of 1,000 m’g™". This clearly indicates the significant contribution that
pores can make to the surface area.

1.3 SURFACE AREA FROM PARTICLE SIZE
DISTRIBUTIONS

Although particles can assume all regular geometric shapes, and in most
instances highly irregular shapes, most particle size measurements are based
on the so-called ‘equivalent spherical diameter’. This is the diameter of a
sphere that would behave in the same manner as the test particle being
measured in the same instrument. For example, the electrical sensing zone
method [1] is a commonly used technique for determining particle sizes. Its
principle is based on the momentary increase in the resistance of an
electrolyte solution that results when a particle passes through a narrow
aperture between two electrodes. The resistance change is registered in the
electronics as a rapid pulse. The pulse height is proportional to the particle
volume and therefore, the particles are sized as equivalent spheres.

Stokes’ law [2] is another concept around which several instruments
are designed to give particle size or size distributions. Stokes’ law is used to
determine the settling velocity of particles in a fluid medium as a function of
their size. Equation (1.10) is a useful form of Stokes’ law

D= f—lgﬂ’— (1.10)
(p.—p)g

where D is the particle diameter, 7 is the coefficient of viscosity, v is the
settling velocity, g is the gravitational constant, and p, and p, are the
densities of the solid and the fluid, respectively. Allen [3] gives an excellent
discussion of the various experimental methods associated with
sedimentation size analysis. Regardless of the experimental method
employed, nonspherical particles will be measured as larger or smaller
equivalent spheres depending on whether the particles settle faster or more
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slowly than spheres of the same mass. Modifications of Stokes’ law have
been used in centrifugal devices to enhance the settling rates but are subject
to the same limitations of yielding only the equivalent spherical diameter.

Optical devices, based upon particle attenuation of a light beam or
measurement of scattering angles and intensity, also give equivalent
spherical diameters.

Permeametric methods, discussed in chapter 6, are often used to
determine average particle size. The method is based upon the impedance
offered to the fluid flow by a packed bed of powder. Again, equivalent
spherical diameter is the calculated size.

Sieving is another technique that sizes particles according to their
smallest dimension but gives no information on particle shape.

Electron microscopy techniques can be used to estimate particle
shape. A limitation is that only relatively few particles can be viewed.

Attempts to measure surface area based on any of the above
methods will give results significantly less than the true value, in some cases
by factors of 10’ or greater depending upon particle shape, surface
irregularities and porosity. At best, surface areas calculated from particle
size will establish the lower limit by the implicit assumptions of sphericity
or some other regular geometric shape, and by ignoring the highly irregular
nature of real surfaces.

1.4 REFERENCES

1. 1SO 13319 (2000) Determination of particle size distributions — Electrical sensing zone
method, International Organization for Standardization, Geneva, Switzerland.

2. Orr Jr. C. and DallaValle J.M. (1959) Fine Particle Measurement, Macmillan, New
York.

3. AllenT. (1981) Particle Size Measurement, Chapman and Hall, London.



2 Gas Adsorption
2.1 INTRODUCTION

Gas adsorption is one of many experimental methods available for the
surface and pore size characterization of porous materials. These include
small angle x-ray and neutron scattering (SAXS and SANS), mercury
porosimetry, electron microscopy  (scanning and transmission),
thermoporometry, NMR-methods, and others, Each method has a limited
length scale of applicability for pore size analysis. An overview of different
methods for pore size characterization and their application range was
recently given by IUPAC [1]. Among these methods gas adsorption is the
most popular one because it allows assessment of a wide range of pore sizes
(from 0.35 nm up to > 100 nm), including the complete range of micro- and
mesopores and even macropores. In addition, gas adsorption techniques are
convenient to use and are not that cost intensive as compared to some of the
other methods. A combination of mercury porosimetry and gas adsorption
techniques allows even performing a pore size analysis over a range from
ca. 0.35 nm up to ca. 400 um.

Adsorption can be understood as the enrichment of one or more
components in an interfacial layer; in gas adsorption we consider the
gas/solid interface. The solid is called the adsorbent and the gas, which is
capable of being adsorbed, is called the adsorptive. The fluid in the adsorbed
state is called adsorbate [2].

Invariably the amount adsorbed on a solid surface will depend upon
the absolute temperature 7, the pressure P, and the interaction potential £
between the vapor (adsorbate) and the surface (adsorbent). Therefore, at
some equilibrium pressure and temperature the weight I of gas adsorbed on
a unit weight of adsorbent is given by

W=F(P,T,E) @2.1)

Usually the quantity adsorbed is measured at constant temperature
and equation (2.1) reduces to

W=F(P,E) (2.2)

A plot of W versus P, at constant T, is referred to as the sorption isotherm of
a particular gas-solid interface.
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2.2 PHYSICAL AND CHEMICAL ADSORPTION

Depending upon the strength of the interaction, all adsorption processes can
be divided into the two categories of chemical and physical adsorption. The
former, also called irreversible adsorption or chemisorption, is characterized
mainly by large interaction potentials, which lead to high heats of adsorption
often approaching the value of chemical bonds. This fact, coupled with other
spectroscopic, electron spin resonance, and magnetic susceptibility
measurements confirms that chemisorption involves true chemical bonding
of the gas or vapor with the surface. Because chemisorption occurs through
chemical bonding it is often found to occur at temperatures above the
critical temperature of the adsorbate. Strong bonding to the surface is
necessary in the presence of higher thermal energies, if adsorption is to
occur at all. In addition, chemisorption is usually associated with an
activation energy, as is true for most chemical reactions. Furthermore,
chemisorption is necessarily restricted to, at most, a single layer of
chemically bound adsorbate on the surface. Another important feature of
chemisorption is that the adsorbed molecules are more localized on the
surface when compared to physical adsorption. Because of the formation of
a chemical bond between an adsorbate molecule and a specific site on the
surface the adsorbate is less free to migrate about the surface. This fact often
enables the number of active sites on catalysts to be determined by simply
measuring the quantity of chemisorbed gas.

The second category, reversible or physical adsorption, is a general
phenomenon, which occurs whenever an absorbable gas (the adsorptive) is
brought in contact with the surface of the solid adsorbent. Physisorption
exhibits characteristics that make it most suitable for surface area-
determinations as indicated by the following:

1. Physical adsorption is accompanied by low heats of adsorption with no
violent or disruptive structural changes occurring to the surface during
the adsorption measurement.

2. Unlike chemisorption, physical adsorption may lead to surface coverage
by more than one layer of adsorbate.

3. Pores can be filled completely by the adsorptive for pore volume
measurements. Such pore condensation phenomena can be used also to
calculate the pore size and its distribution.

4. Physical adsorption equilibrium is achieved rapidly since no activation
energy is required as is generally true in chemisorption. An exception
here is adsorption in small pores where diffusion can limit the
adsorption rate.

5. Physical adsorption is fully reversible, enabling both the adsorption and
desorption processes to be studied.
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molecular dispersion of light due to the light’s electromagnetic field
interaction with the oscillating dipole.

It is evident from the above that adsorption forces are similar in
nature and origin to the forces that lead to liquefaction of vapors and that the
same intermolecular interactions are responsible for both phenomena.

2.4 PHYSICAL ADSORPTION ON A PLANAR
SURFACE

The London-van der Waals’ interaction energy Uy(z) of a gas molecule with
a planar surface is given by

Ufz) = Cz"-Cr 2" 24)

where C, and C, are constants, and z is the distance of the gas molecule from
the surface. The first term describes the repulsive forces that occur when the
location of the molecule is too close to the surface (so-called Bomn
repulsion). The second term represents the attractive fluid-wall interactions.
The interaction potential Uy(z) exhibits a minimum relatively close to the
surface of the adsorbent and tends to zero for large distances from the
surface (see Fig. 2.1). The (attractive) interaction energy at the minimum of
the gas-solid potential is typically ten times greater than the thermal energy
kT, where ki, is the Boltzmann constant and T is the absolute temperature.
As a consequence, gas molecules will accumulate in the vicinity of the
surface (see Fig.2.1).

At sufficiently low temperatures (typically around the boiling
temperature of the adsorptive) a dense monolayer of molecules is formed at
pressures P far below the saturation pressure P, and a multilayer adsorbed
film of increasing thickness and liquid like density builds up on strongly
adsorbing substrates as P, is approached. In this low-temperature region the
adsorption of gases can be analyzed in terms of a two-phase model, in which
an adsorbed phase coexists with the bulk phase [5]:

ng = Nuds + Mk (25)
Vg = Vnd: + vhulk (26)
where n° is the amount of gas and V* the overall macroscopic volume

accessible to the gas molecules; n,y represents the amount and V. the
volume of the adsorbed phase.
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us(z)ﬂ

t
G| Zm

Zm Zz

Figure 2.1 Gas-solid interaction potential Uy(z) (upper graph) and density profile p(z) of an
ideal adsorbed gas at a flat, homogeneous surface for two temperatures 7> > Ty. From [5].

However, at higher temperatures the model of an adsorbed phase
becomes progressively unrealistic because (i) the tendency of molecules to
accumulate near the surface of the adsorbent becomes less pronounced and
(ii) due to the weaker physisorption at elevated temperatures higher
pressures have to be applied in order to reach significant surface coverage
[5]. As a consequence the density of the bulk gas phase is no longer
negligible relative to the density near the surface and a clear separation
between adsorbed phase and bulk gas phase is not possible, i.e. the profile of
the local density p(z) exhibits a smooth transition from the surface into the
bulk gas. For this situation the definition of the adsorbed amount, i.e., the
adsorption space, becomes problematic and other concepts have to be
applied. One possibility is to express the adsorbed amount in terms of the
surface excess, a concept that was first introduced by Gibbs [6].

The surface excess (not the adsorbed amount) is the quantity that is
actually determined when using the volumetric or gravimetric technique (see
chapters 13 and 14) to measure adsorption isotherms. Here a known amount
of gas, n, is contained in a volume V* in contact with the solid adsorbent.
The experimentally determined adsorbed amount represents the excess
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amount over and above the amount that would be present if the density of
the gas remained constant and equal to that of the bulk fluid up to the
surface [7]. Accordingly, experimentally the surface excess n° instead of the
adsorbed amount n” is determined

n® = n*-ptVe 2.7)

where p* is the (molar) density of the bulk gas at the experimental
temperature and pressure. Combining equations (2.5) — (2.7) leads to

)

n = Ny~ P'u Vuds = (puds = Pg) Vads (28)

where the term p* V.4 represents the amount of gas in a volume equal to
V.is somewhere in the bulk phase and p,gs = Ny’ V.gs is the mean density of
the adsorbed phase.

At sufficiently low temperatures and pressures, the gas density is
negligibly small against the density near the surface (p* << p.q) and thus the
surface excess n° corresponds to the adsorbed amount n,g;, i.e. n® = n,y,. This
is the typical situation encountered for nitrogen and argon adsorption at their
boiling temperatures (77.35 K and 87.27 K, respectively), which is used for
the surface and pore size characterization of solids and finely divided
matter.

In contrast, adsorption in significant amounts occurs close to the
critical point and in particular above the critical temperature (supercritical
adsorption) only at higher pressures [5]. The bulk gas density is here so high
that it cannot be neglected anymore, and as indicated before adsorption data
are therefore usually given in terms of the surface excess.

2.4 REFERENCES

1. Rougquerol J., Avnir D., Fairbridge C.W., Everett D.H., Haynes J.H., Pernicone N.,
Ramsay J.D.F., Sing K.S.W. and Unger K.K. (1994) Pure Appl. Chem. 66, 1739.

2. Sing K.S.W., Everett D.H., Haul R.A.W., Moscou L., Pierotti R.A., Rouquerol J. and

Siemieniewska T. (1985) Pure Appl. Chem. 57, 603.

Israelachvili J.N. (1985) Intermolecular and Surface Forces, Academic Press, London.

London F. (1930) Z. Phys. 63, 245.

Findenegg G.H. and Thommes M. (1997) In Physical Adsorption: Experiment, Theory

and Application (Fraissard J. and Conner W.C.,, eds), Kluwer, Dordrecht.

6. Gibbs J.W. (1957) The Collected Works, Vol.1, Yale University Press, New Haven,
p219.

7. Everett D.H. (1972) Pure Appl. Chem. 31, 579.

Yo



3 Adsorption Isotherms

3.1 PORE SIZE AND ADSORPTION POTENTIAL

The shape of sorption isotherms of pure fluids on planar surfaces and porous
materials depends on the interplay between the strength of fluid-wall and
fluid-fluid interactions as well as the effects of confined pore space on the
state and thermodynamic stability of fluids confined to narrow pores. The
International Union of Pure and Applied Chemistry [1] proposed to classify
pores by their internal pore width (the pore width defined as the diameter in
case of a cylindrical pore and as the distance between opposite walls in case
of a slit pore), i.e., Micropore: pore of internal width less than 2 nm;
Mesopore: pore of internal width between 2 and 50 nm; Macropore: pore of
internal width greater than 50 nm.

(@) (b) ()

Figure 3.1 Schematic illustration of adsorption potential. €, on (a) planar, nonporous surface;
(b) mesopore; (c) micropore.

The sorption behavior in macropores is distinct from that of
mesopores and micropores. Whereas macropores are so wide that they can
be considered as nearly flat surfaces (see Fig. 3.1a) the sorption behavior in
micropores is dominated almost entirely by the interactions between fluid
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molecules and the pore walls; in fact the adsorption potentials of the
opposite pore walls are overlapping. Hence the adsorption in micropores
(i.e., micropore filling) is distinct from the adsorption phenomena occurring
in mesopores. As illustrated in Fig. 3b, the pore potential in mesopores is
not dominant anymore in the core of the pores. Hence, the adsorption
behavior in mesopores does not depend only on the fluid-wall attraction, but
also on the attractive interactions between fluid molecules, which may lead
to the occurrence of capillary (pore) condensation. Pore condensation
represents a phenomenon whereby gas condenses to a liquid-like phase in
pores at a pressure less than the saturation pressure P, of the bulk fluid. It
represents an example of a shifted bulk transition under the influence of the
attractive fluid-wall interactions.

3.2. CLASSIFICATION OF ADSORPTION ISOTHERMS

Based upon an extensive literature survey, performed by Brunauer,
Demming, Demming and Teller (BDDT)[2], the IUPAC published in 1985 a
classification of six sorption isotherms [1], which reflects the situation
discussed above in connection with figure 3.1. The appropriate IUPAC
classification is shown in Fig. 3.2. Each of these six isotherms and the
conditions leading to its occurrence are now discussed according to Sing ef
al [1].

The reversible type [ isotherm is concave to the P/P, axis and the
adsorbed amount approaches a limiting value as P/Py—1. Type I isotherms
are obtained when adsorption is limited to, at most, only a few molecular
layers. This condition is encountered in chemisorption, where the
asymptotic approach to a limiting quantity indicates that all of the surface
sites are occupied. In the case of physical adsorption, sorption isotherms
obtained on microporous materials are often of type I. Micropore filling and
therefore high uptakes are observed at relatively low pressures, because of
the narrow pore width and the high adsorption potential. The limiting uptake
is being governed by the accessible micropore volume rather than by the
internal surface area.

Type 1I sorption isotherms are typically obtained in case of non-
porous or macroporous adsorbent, where unrestricted monolayer-multilayer
adsorption can occur. The inflection point or knee of the isotherm is called
point B. This point indicates the stage at which monolayer coverage is
complete and multilayer adsorption begins to occur.

The reversible type III isotherm is convex to the P/P, axis over its
entire range and therefore does not exhibit a point B. This indicates that the
attractive adsorbate-adsorbent interactions are relatively weak and that the
adsorbate-adsorbate interactions play an important role. Isotherms of this
type are not common, but an example is nitrogen adsorption on polyethylene
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or the adsorption of water vapor on the clean basal plane of graphite.

Type 1V isotherms are typical for mesoporous materials. The most
characteristic feature of the type IV isotherm is the hysteresis loop, which is
associated with the occurrence of pore condensation. The limiting uptake
over a range of high P/Py results in a plateau of the isotherm, which
indicates complete pore filling. The initial part of the type IV can be
attributed to monolayer-multilayer adsorption as in case of the type II
isotherm.

I I
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Figure 3.2 IUPAC classification of sorption isotherms. From [1].

Type V isotherms show pore condensation and hysteresis. However,
in contrast to type IV the initial part of this sorption isotherm is related to
adsorption isotherms of type III, indicating relatively weak attractive
interactions between the adsorbent and the adsorbate.

The type VI isotherm is a special case, which represents stepwise
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multilayer adsorption on a uniform, non-porous surface [3], particularly by
spherically symmetrical, non-polar adsorptives. The sharpness of the steps
depends on the homogeneity of the adsorbent surface, the adsorptive and the
temperature. Type VI isotherms were for example obtained with argon [4]
and krypton [5] on graphitized carbons at liquid nitrogen temperature.
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4 Adsorption Mechanism

4.1 LANGMUIR AND BET THEORIES (KINETIC
ISOTHERMS)

The success of kinetic theories directed toward the measurements of surface
areas depends upon their ability to predict the number of adsorbate
molecules required to cover the solid with a single molecular layer. Equally
important is the cross-sectional area of each molecule or the effective area
covered by each adsorbed molecule on the surface. The surface area then, is
the product of the number of molecules in a completed monolayer and the
effective cross-sectional area of an adsorbate molecule. The number of
molecules required for the completion of a monolayer will be considered in
this chapter and aspects of the adsorbate cross-sectional area will be
discussed in chapter 5.

4.1.1 The Langmuir Isotherm
The asymptotic approach of the quantity adsorbed toward a limiting value
indicates that type I isotherms are limited to, at most, a few molecular
layers. In the case of chemisorption, only one layer can be bonded to the
surface and, therefore, true chemisorption always exhibits a type I isotherm.
Although it is possible to calculate the number of molecules in the
monolayer from the type I chemisorption isotherm, some serious difficulty
is encountered when attempts are made to apply the cross-sectional
adsorbate area. This difficulty arises because chemisorption tightly binds
and localizes the adsorbate to a specific surface site so that the spacing
between adsorbed molecules will depend upon the adsorbent surface
structures as well as the size of the adsorbed molecules or atoms. In those
cases where the surface sites are widely separated, the calculated surface
area will be smaller than the actual values because the number of molecules
in the monolayer will be less than the maximum number which the surface
can accommodate. Nevertheless, it will be instructive to consider the type I
isotherm in preparation for the more rigorous requirements of the other five
types.

Using a kinetic approach, Langmuir [1] was able to describe the
type I isotherm with the assumption that adsorption was limited to a
monolayer. According to the kinetic theory of gases, the number of
molecules N striking unit area of surface per second is given by
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N=—F @.1)
27aMRT

where N is Avogadro’s number, P is the adsorbate pressure, M is the
adsorbate molecular weight, R is the gas constant and T is the absolute
temperature. If 6, is the fraction of the surface unoccupied (i.e., with no
adsorbed molecules) then the number of collisions with bare or uncovered
surface per unit area of surface each second is

2L~ ke, (42)

where k is N / N27ZMRT . The number of molecules striking and adhering
to each unit area of surface is

N

ats = kP64, (4.3)
where A, is the condensation coefficient and represents the probability of a
molecule’s being adsorbed upon collision with the surface.

The rate at which adsorbed molecules leave each unit area of
surface is given by

N, =N, 6ve"" (4.4)
where N,, is the number of adsorbate molecules in a completed monolayer of
unit area, @, is the fraction of the surface occupied by the adsorbed
molecules, E is the energy of adsorption and v, is the vibrational frequency
of the adsorbate normal to the surface when adsorbed. The product N, 6, is

the number of molecules adsorbed per unit area. Multiplication by v,
converts this number of molecules to the maximum rate at which they can
leave the surface. The term e " represents the probability that an adsorbed
molecule possesses adequate energy to overcome the net attractive potential
of the surface. Thus, equation (4.4) contains all the parameters required to
describe the rate at which molecules leave each unit area of surface.

At equilibrium the rates of adsorption and desorption are equal.
Thus equating (4.3) and (4.4):

N, Bve """ =kP@,4, (4.5)

m

Recognizing that 8, =1— 8, one obtains
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N, 8, ve """ = kPA — 0,kPA, (4.6)
then
kPA
0 = ! 4.7
'ON e "R+ kP4, “7
Allowing
kA
K=——"2L1— 4.8
vale_,' T ( )
Substitution of equation (4.8) into (4.7) gives
6, = KP 4.9)
1+ KP

The assumption implicit in equation (4.8) is that the adsorption energy E is
constant, which implies an energetically uniform surface. Up to and
including one layer of coverage one can write

g =2 -7 4.10
I NIII ( )

where N and N, are the number of molecules in the incomplete and
complete monolayer, respectively, and W/W,, is the weight adsorbed relative

to the weight adsorbed in a completed monolayer. Substituting W/W,, for 6,
in equation (4.9) yields

w__KP (4.11)
W 1+KP

m

Equation (4.11) is the Langmuir equation for Type I isotherms.
Rearrangement of equation (4.11) gives

P 1 P
= (4.12)
w K

n n
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A plot of P/W versus P will give a straight line of slope 1/W,, and
intercept 1/KW,, from which both K and W, can be calculated. Having
established W,, the sample surface area S, can then be calculated from
equation (4.13):

S, =N,4, = ", N4, (4.13)
’ M

where A, and M are the cross-sectional area and the molecular weight of the

adsorbate, respectively, and N is Avogadro’s number.

Although the Langmuir equation describes type I and sometimes
chemisorption isotherms, it fails to be adequately general to treat physical
adsorption and the type Il-type V isotherms. In addition, surface area
measurements obtained from type I isotherms are subject to uncertainties,
regardless of whether chemisorption or physical adsorption is occurring. In
chemisorption, localization of the adsorbate molecules leaves the value of 4,
seriously in question, since the adsorbate will adsorb only at active surface
sites, leaving an unspecified area around each chemisorbed molecule. When
applied to physical adsorption, the type 1 isotherm is associated with the
pore filling of micropores with no clearly defined region of monolayer
coverage.

4.1.2 The Brunauer, Emmett and Teller (BET) Theory [2]

During the process of physical adsorption, at very low relative pressure, the
first sites to be covered are the more energetic ones. Those sites with higher
energy on a chemically pure surface reside within narrow pores where the
pore walls provide overlapping potentials. Other high-energy sites lie
between the horizontal and vertical edges of surface steps where the
adsorbate can interact with surface atoms in two planes. In general,
wherever the adsorbate is afforded the opportunity to interact with
overlapping potentials, or an increased number of surface atoms, there will
be a higher energy site. On surfaces consisting of heteroatoms, such as
organic solids or impure materials, there will be variations in adsorption
potential depending upon the nature of the atoms of functional groups
exposed at the surface.

That the more energetic sites are covered first as the pressure is
increased does not imply that no adsorption occurs on sites of lower
potential. Rather, it implies that the average residence time of a physically
adsorbed molecule is longer on the higher-energy sites. Accordingly, as the
adsorbate pressure is allowed to increase, the surface becomes progressively
coated and the probability increases that a gas molecule will strike and be
adsorbed on a previously bound molecule. Clearly then, prior to complete
surface coverage the formation of second and higher adsorbed layers will
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commence. In reality, there exists no pressure at which the surface is
covered with exactly a completed physically adsorbed monolayer. The
effectiveness of the Brunauer, Emmett and Teller (BET) theory is that it
enables an experimental determination of the number of molecules required
to form a monolayer despite the fact that exactly one monomolecular layer
is never actually formed.

Brunauer, Emmett, and Teller, in 1938, extended Langmuir’s
kinetic theory to multilayer adsorption. The BET theory assumes that the
uppermost molecules in adsorbed stacks are in dynamic equilibrium with the
vapor. This means that where the surface is covered with only one layer of
adsorbate, an equilibrium exists between that layer and the vapor; where two
layers are adsorbed, the upper layer is in equilibrium with the vapor, and so
forth. Since the equilibrium is dynamic, the actual location of the surface
sites covered by one, two or more layers may vary but the number of
molecules in each layer will remain constant.

Using the Langmuir theory and equation (4.5) as a starting point to
describe the equilibrium between the vapor and the adsorbate in the first
layer,

N, Bve """ =kP6, 4 (cf. 4.5)

By analogy, for the fraction of surface covered by only two layers one may
write

N,8,v,e """ = kP 4, (4.14)

m

In general, for the nth layer one obtains

N,8v,e " =kpPO, A, (4.15)

The BET theory assumes that the terms v, £, and 4 remain constant
for the second and higher layers. This assumption is justifiable only on the
grounds that the second and higher layers are all equivalent to the liquid
state. This undoubtedly approaches reality as the layers proceed away from
the surface but is somewhat questionable for the layers nearer the surface
because of polarizing forces. Nevertheless, using this assumption one can
write a series of equations, using L as the heat of liquefaction

N, 8ve """ =kP@ 4, (cf. 4.5)

m

N, O,ve """ =kP@, A4 (4.16a)

m
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N O.ve "*" = kPO, 4 (4.16b)

mn

and, in general, for the second and higher layers

N 0 ve "¥" = kPO, A (4.16¢)

mn n-\

From these equations, it follows that

6 kPA

_0'_ = _____N s 'H‘/R’ = (4.17a)
0 m’

g, kPA

_0_-=___-—N ” TR =ﬂ (4.17b)
1 m

7 kPA

03 — ~ Ve‘L/RT ___ﬂ (4.17¢)
6, kPA

5 =N v T =p (4.17d)
n-1 m

then

9, = 0!90 (4.18a)

8, = 56, = i, (4.18b)

0, = po, = o6, (4.18¢)

6,=p6,,=aop"'6, (4.18d)

The total number of molecules adsorbed at equilibrium is

0,+..4nN, 0, =N,(0,+26,+..4n6,) (4.19)

m m m-n m

N=N,6,+2N

Substituting for ,,6,,... from equations (4.18 a-d) gives
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Ni = a8, +20f6, + 3036, +.. +naff 6,

=af,(1+2+3F°+..4+nf"")
Since both arand S are assumed to be constants, one can write
a=Cf

This defines C by using equations (4.17a) and (4.17b-d) as

AV, o .y
] _e(L_; I.)RT=C
AV,

Substituting Cf for ain equation (4.20) yields

Ni =CO,(B+25 +3[+..+nf")

nr

The preceding summation is just ,B/ (1- )" . Therefore,

N __cop
N, (-p
Necessarily

1=6,+6,+6,+..+6,

Then

6, =1-(0,+0,+.+6,)=1->8,

n=l

Substituting equation (4.26) into (4.24) gives

N, (1-8)

n=l

N Cb’(

1—519,,)

Replacing 6, in equation (4.27) with @80, from equation (4.18d)

21

(4.20a)

(4.20b)

(4.21)

(4.22)

(4.23)

(4.24)

(4.25)

(4.26)

(4.27)
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yields

N __CB (1_,05 g
T (1 a&onz;:‘ﬂ )

and introducing C3 from equation (4.21) in place of & gives

N __CP (I—CB > )
N, (l_ﬂ)z ogﬂ

The summation in equation (4.29) is

S =pe i =Es

n=l

Then

N__CP (1-09 —ﬂ—J
N, (1-p) "1-8

From equation (4.24) we have

g __N1
(l—ﬁ)2 Nm 00

Then equation (4.31) becomes

=1 ﬂ

and

1

%=17cp (1-8)

Introducing @, from equation (4.33) into (4.24) yields

(4.28)

(4.29)

(4.30)

(4.31)

(cf. 4.24)

(4.32)

(4.33)
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N ch (4.34)

N, (1-B)1-B+Cp)

When f equals unity, N/N,, becomes infinite. This can physically occur
when adsorbate condenses on the surface or when P/P, = 1.
Rewriting equation (4.17d) for P = Py, gives

1= 7\/% (4.35)
but

1= N,,,]:/j]j-'”” (cf. 4.17d)
then

B= g) (4.36)
Introducing this value for B into (4.34) gives

N = ar R) (4.37

N, (1-P B)1-P/B+C(P/R)]

m

Recalling that N/N,, = W/W,, (equation 4.10) and rearranging equation (4.37)
gives the BET equation in final form,

,1 -1, cfe (4.38)
wip/p-1 w,.C Ww.C\P,

m n

If adsorption occurs in pores limiting the number of layers then the
summation in equation (4.37) is limited to » and the BET equation takes the
form

w_ C 7[71—(n+1)(P; R) +n(P PO)"*‘] )
., [PR-1] [1+(C—1)P"R,—C(Pf]90)"*'] '




24 CHARACTERIZATION OF POROUS SOLIDS AND POWDERS

Equation (4.39) reduces to (4.38) with n = o and to the Langmuir equation
withn=1.

The application of the BET (essentially equation (4.38)) and the
Langmuir approach (essentially equation (4.11)) for the determination of the
specific surface area will be discussed in chapter 5.

4.2 THE FRENKEL-HALSEY-HILL (FHH) THEORY OF
MULTILAYER ADSORPTION

Physisorption at temperatures below the critical temperature T, and in the
complete wetting regime leads to the development of multilayer adsorption
by approaching the saturation pressure Py. The BET theory describes
adsorption of the first two or three layers in a satisfying way, but fails to
assess correctly the range of the adsorption isotherm, which is associated
with the development of thick multilayer films.

Beyond a film thickness of two or three molecular layers, the effect
of surface structure is largely smoothed out and close to the saturation
pressure the adsorbed layer has a thickness, which allows to consider the
adsorbed film as a slab of liquid. It is assumed that here the adsorbed film
has the same properties (i.e., density etc.) as the bulk liquid would have at
this temperature. This is the basic assumption of the slab approximation,
which was first proposed by Frenkel [3] and was later also derived
independently by Halsey [4] and Hill [5]. The only modification to its free
energy of the adsorbed liquid slab arises from the interaction with the solid,
i.e., the adsorption forces (dispersion forces). The interaction energy Uy(z)
of a gas molecule at distance z from a solid surface is approximately given
as

U = CupJZ’ (4.40)

where C, is a measure for the strength of attractive fluid-wall interactions
and p; represents the solid density.

Within the spirit of the FHH approach, the chemical potential
difference Ap = W, - lo between an adsorbed, liquid-like film ( p, ) of
thickness z = / and the value (o) at gas-liquid coexistence of the bulk fluid
is given by

AR = W Po=- RT In(P/Py) = u(z) = -a. " (4.41)

The more general equation (4.41) is known as the Frenkel-Halsey-Hill
(FHH) equation:
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Ap = W~ Wo=-RT In(P/Py) = -aI™ (4.42)

where o is an empirical parameter, characteristic for the gas-solid
interaction. For non-retarded van-der-Waals’ interactions (i.e., dispersion
forces), one expects m = 3 (as expected from equation (4.41)). According to
equation 4.42, the FHH-equation predicts that the thickness of a film / (z = /)
adsorbed on a solid surface is expected to increase without limit (/ — oo) for
Ma — W, i.e. by approaching P/Py = 1.

—>
Ho =
1 Vads
Ha
0 1
(a) (b)

Figure 4.1 (a) Chemical potential difference of an adsorbed film as function of distance z
(i.e. film thickness /) from the adsorbent surface. The film thickness diverges by approaching
Mo, which corresponds to a relative pressure P/P, =1. (b) Corresponding adsorption isotherm
revealing the diverging of the film thickness (and V,, for P/P, —1).

In the case of low temperature adsorption (e.g. adsorption of
nitrogen and argon at their boiling temperatures) the adsorption can be
analyzed in terms of a two-phase model in which a clearly defined adsorbed
phase coexists with a bulk gas phase of low density (see chapter 2). In this
case the thickness of the adsorbed liquid-like multilayer, /, can be related to
the volume Vj;, of the adsorbed phase, viz

l: Vliq/S (443)

where S is the total surface area. Inserting this expression into the equation
(4.42) gives

In(P/Py) = -0 (V/S) " (4.44)

The validity of the FHH equation can be tested by plotting loglog(P/P,)
against log(V1¢/S) (the classical FHH plot). In the multilayer region of the
sorption isotherm a straight line should be obtained; the slope is indicative
of Frenkel-Halsey-Hill exponent m. Experimental values usually found for
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m are often significantly smaller than the theoretical values of 3, i.e., values
of m = 2.5-2.7 are found even for strongly attractive adsorbents like graphite
[6], as well as for samples with oxidic surfaces like silica, alumina, rutile
etc. [7]. The deviations from the theoretical value m = 3 were often
attributed to interparticle condensation (in case of powders [6,8]), which
overlaps with multilayer adsorption, as well as to surface roughness and
fractality of the adsorbent surface (see chapter 7). In addition it was found
that the relative pressure range over which a linear FHH plot is achieved
seems to depend on the nature of the adsorbent-adsorbate interaction [7].
Please note also that the FHH theory is only applicable in the regime of high
relative pressures, where the assumption that the adsorbate can be
considered as slab of liquid with bulk-like properties can be indeed justified.
Accordingly, when the FHH theory is applied to the low or middle range of
isotherms the values obtained for m etc. can only be considered as empirical.

The temperature dependence of the FHH-equation was tested by
Findenegg and co-workers [6,8,9] over a large temperature up to the critical
temperature T.. In the region of higher temperatures and pressures the
relative pressure P/P, has to be replaced by the ratio of appropriate
fugacities f/fy. The correspondent FHH equation can then be written in the
form: In(f/f,) = - /™ [10] and it could be concluded that the simple FHH-
equation remains indeed applicable up to nearly the critical point.

4.3 ADSORPTION IN MICROPOROUS MATERIALS

4.3.1 Introduction

According to IUPAC [11] pores are classified as macropores for pore widths
greater than 500 A, mesopores for the pore range 20 to 500 A and
micropores for pore widths less than 20 A. Because of the intense potential
fields in very narrow pores (overlapping fields from opposite pore walls),
the mechanism of pore filling is different as in mesopores. Mesopores fill
via pore condensation (see chapter 4.4), which represents a first order gas-
liquid phase transition. In contrast the filling of micropores reflects in most
cases a continuous process. The micropore range is subdivided into those
smaller than about 7 A (ultramicropores) and those in the range from 7 to 20
A (supermicropores). The filling of ultramicropores (pore width smaller <7
A) occurs at very low relative pressures and is entirely governed by the
enhanced gas-solid interactions. However, in addition to the strong
adsorption potential a cooperative mechanism may play a role in the pore
filling process of so-called supermicropores [12]. The relative pressure
where micropore filling occurs is dependent on a number of factors
including the size and nature of the molecules of the adsorptive, the pore
shape and the effective pore width. The pore filling capacity depends
essentially on the accessibility of the pores for the probe molecules, which is
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determined by the size of the molecule and the chosen experimental
conditions.

In an ideal case microporous materials exhibit type I isotherms (see
IUPAC classification, i.e., Fig. 3.2 in chapter 3). However, many
microporous adsorbents (e.g., active carbons) contain pores over a wide
range of pore sizes, including micro- and mesopores. Accordingly, the
observed adsorption isotherm reveals features from both type I and type IV
isotherms. An example is shown in Fig. 4.2, which shows the nitrogen
isotherm (at ~77 K) on a disordered active carbon sample. The observed
hysteresis loop is indicative of mesoporosity, whereas the type I behavior is
clearly visible in the lower relative pressure range. Another example is
shown in Fig. 4.3, which shows the adsorption isotherm at 87 K (i.e., liquid
argon temperature) in a faujasite zeolite. In order to reveal details of the
adsorption isotherm (in particular in the range of the low relative pressures
where micropore filling occurs), the isotherm is favorably represented in a
semi-logarithmic scale of the relative pressure. The strong increase of the
adsorbed amount close to saturation pressure results from pore condensation
into large meso- and macropores.

500
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Figure 4.2 Nitrogen adsorption at 77.35 K on an active carbon sample, which contains, in
addition to its microporosity, some mesoporosity indicated by the occurrence of hysteresis
and the fact that the adsorption isotherm does not reveal a truly horizontal plateau at relative
pressures > 0.1; the observed slope being associated with the filling of mesopores.
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Figure 4.3 Semi-logarithmic isotherm plot of argon at 87K on a faujasite zeolite which
clearly resolves the micropore filling in the low relative pressure range. The steep increase
close to the saturation pressure represents the pore filling of large meso- and macro-pores.

In order to interpret sorption isotherms measured on microporous materials
various methods and theories have been developed. The so-called ‘classical
methods’ are based on macroscopic, thermodynamic assumption, i.e., they
assume that the adsorbed pore fluid is liquid-like and that it reveals
essentially the same properties as a bulk liquid at the same temperature.

Such classical approaches are, for instance, the theories for
micropore characterization by Polanyi [13], Dubinin [14-16], Stoeckli [17]
including the more recent approaches by Horvath-Kawazoe (HK) [18] and
related methods [19]. In contrast to these macroscopic approaches, methods
like the Density Functional Theory (DFT) [20] or methods of molecular
simulation (e.g., Monte Carlo simulation methods (MC), Molecular
Dynamics methods (MD)) [21,22] provide not only a microscopic model of
adsorption but lead also to a better assessment of the thermodynamic
properties of the pore fluid. These theories, which are based on statistical
mechanics, connect macroscopic properties to the molecular behavior
allowing a much more realistic description of micropore filling, which is the
prerequisite for an accurate and comprehensive pore size analysis.

In chapter 4.3.2 we will discuss some aspects of macroscopic,
classical theories for adsorption in microporous materials. In chapter 4.3.3,
we focus on some aspects of the microscopic methods (e.g., Density
Functional Theory (DFT) and Molecular Simulation), which are meanwhile
frequently used to describe adsorption in micropores.
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4.3.2 Aspects of Classical, Thermodynamic Theories for Adsorption in
Micropores: Extensions of Polanyi’s Theory

Polanyi’s potential theory of adsorption [13] views the area immediately
above an adsorbent’s surface as containing equipotential lines that follow
the contour of the surface potential. When a molecule is adsorbed, it is
considered trapped between the surface and the limiting potential plane at
which the ‘adsorption potential’ has fallen to zero. Fig. 4.4 illustrates these
equipotential planes. In the diagram, Y represents a pore and X depicts some
surface impurity.

According to the potential theory, the volume V', defined by the
adsorbent’s surface and the equipotential plane, E,, can contain adsorbate in
three different conditions, depending upon temperature. Above the critical
temperature, the adsorbate cannot be liquefied and the gas in the adsorption

volume, 14 , simply becomes more dense near the surface.

At temperatures just below the critical temperature, the adsorbate is
viewed as a liquid near the surface and a vapor of decreasing density away
from the surface.

'\—'_ e . ety En=0

Y

Figure 4.4 Polanyi’s potential planes.

At temperatures much less than the critical temperature (T <£0.87,),
the adsorption volume is considered to contain only liquid. Under the latter
conditions one can write

= (4.45)

P

where W and p are the adsorbate weight and density, respectively.
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The potential theory asserts that when the adsorbate is in the liquid state, the
adsorption potential is given by

E= RTln% (4.46)

According to the preceding equation, E is the isothermal work required to
compress the vapor from its equilibrium pressure, P, to the saturated
pressure, P, of the liquid in the adsorption volume.

Using equations (4.45) and (4.46), both ¥ and E can be calculated
from an experimental isotherm. Therefore,

V =F(E) (4.47)

Piots of ¥ versus E take the form shown in Fig.4.5 and are called
‘characteristic curves’. If two adsorbates fill the same adsorption volume, as
shown by the vertical dotted line in Fig. 4.5, their adsorption potentials, £
and E,, will differ only because of differences in their molecular properties.
Consequently, the ratio of adsorption potentials is assumed by Dubinin
[14,15] to be constant. Dubinin calls E/E, the ‘affinity coefficient’, which,
for an adsorbate pair, is a measure of their relative affinities for a surface.
Using the adsorption for one vapor, say E;, as a reference value, the ratio of
potentials can be written as

—=5 (4.48)

Substitution into equation (4.47) then gives, for the reference vapor,

~ E
7V =FZ (4.49)
5

Using benzene as the reference or standard vapor (# = 1), Dubinin and
Timofeev [14a] were able to calculate values of f for other adsorbents. The
characteristic curves, shown in Fig. 4.5, appear similar to the positive side of
a Gaussian curve.
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Figure 4.5 Characteristic curves for two vapors.

These similarities led Dubinin and Radushkevich (“DR”) [14b] to postulate

that the fraction of the adsorption volume, 7, occupied by liquid adsorbate
at various values of adsorption potentials, £, can be expressed as a Gaussian
function. Thus,

V =V, exp(-KE;) (4.50)

where K is a constant, determined by the shape of the pore size distribution,
and V, is the total adsorption volume or the microporous volume.
Substituting the value for E, from equation (4.48) gives

V=7 exp(—K(E/,B)z) 4.51)

Equation (4.51) is applicable to micropores, rather than larger pores,
because the overlapping potential from the walls of pores only slightly
larger than an adsorbate molecule will considerably enhance the adsorption
potential. Substituting for £ in equation (4.51) using equation (4.46) yields

V=V, exp{—K(% ln%] :I (4.52)
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which can be rewritten as

log W = log(V,0) - 2.3031{[% log(%—)] (4.53)

where W and p are the weight adsorbed and the liquid adsorbate density,
respectively. Simplifying equation (4.53) yields

- P\T
logW = log(VOp) - k[log(—i‘)’—ﬂ (4.54)
where
k= 2.303K(%] (4.55)

A plot of logh versus [log(P(,/P)]2 should give a straight line with an
intercept of log( 170p ), from which ¥, the micropore volume, can be

calculated. Linear DR plots over a large relative pressure range can be found
for a number of microporous carbons. For many other adsorbents (zeolites
are particularly problematic) the linear range is limited over a very narrow
relative pressure range. The DR equation often fails in the case where the
microporous adsorbent is very heterogeneous with regard to surface
chemistry and texture. In such cases the application of a generalized form of
the DR equation, i.e., the Dubinin-Asthakov (“DA”) equation [16] is of
advantage (see chapter 9).

V =V, exp(- A/E)") (4.56)

where A = -RT In (P/Py) and n is the Dubinin-Asthakov parameter, which
depends not only on the heterogeneity of the adsorbent but of course also on
the relative pressure range of the sorption isotherm, where the DA-equation
was applied. Further improvements were made by Stoeckli and co-workers,
who introduced an alternative to the DA-equation [17]. However, details of
the interactions of the adsorptive molecules with the porous material, and
their impact on micropore filling (and thus the shape of the adsorption
isotherm) were not considered until the Horvath —Kawazoe (HK) theory
[18] and related approaches [19] were published (see chapter 9.5 for more
details). Although the HK-related methods take into account the effect of
pore geometry, and the strength of the attractive adsorptive-adsorbent
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interaction on the adsorption potential, they still assume incorrectly that the
thermophysical properties of the strongly confined liquid-like pore fluid
does not differ from the properties of the corresponding bulk liquid. These
obstacles can be overcome by applying modern methods of statistical
mechanics, which we discuss in the following section, 4.3.3.

4.3.3 Aspects of Modern, Microscopic Theories for Adsorption in
Micropores: Density Functional Theory and Molecular Simulation
Density functional theory and computer simulation methods have been
developed into powerful methods for the description of the sorption and
phase behavior of fluids, confined to porous materials. These methods allow
equilibrium density profiles of a fluid adsorbed on surfaces and in pores to
be calculated, from which properties such as the adsorption/desorption
isotherm, heats of adsorption, neutron scattering patterns and transport
properties for model systems can be derived.

Pioneering studies on the application of density functional theory
and molecular modeling by computer simulation in order to study the
sorption and phase behavior of fluids in pores were performed by Evans and
Tarazona [20], Gubbins et al. [21,22], Quirke et al. [23] and Fischer et al.
[24] in the time period from 1985 t01989. Seaton et al. [25] were the first to
apply Density Functional Theory to calculate the pore size distribution in
both the meso-and micropore range. In their approach, the so-called Local
Density Functional Theory (LDFT) approach was used, which still
represents a significant improvement over the macroscopic, thermodynamic
descriptions of pore filling, but is inaccurate for narrow micropores — mainly
because LDFT fails to take into account the short-range correlations in these
pores. In contrast, the Non-Local Density Functional Theory (NLDFT) and
Monte Carlo computer simulation techniques provide a much more accurate
description of a fluid confined to narrow pores and both are able to produce
the strong oscillation characteristics of a fluid density profile at a solid fluid
interface (see Fig. 4.6). The first paper where the non-local density
functional theory was used for pore size analysis (of microporous carbons)
was published in 1993 by Lastoskie ef al. [26]. Since then, the Non-Local
Density Theory was quite often employed to calculate the pore size
distribution of micro- and mesoporous materials. In order to do so, NLDFT
methods dedicated to specific adsorptive/adsorbent pairs had to be
developed [27,28]. In particular, Neimark and Ravikovitch [28] confirmed
the validity of NLDFT by comparing the calculated pore size distribution
curves for mesoporous molecular sieves (e.g., MCM 41, which consist of an
array of independent pores) and zeolites (e.g., ZSM 5) with pore size results
obtained from other techniques, (e.g., methods based on like XRD, TEM
etc.), which are independent of the position of the pore filling step in the
adsorption isotherm.
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4.3.3.1 Density Functional Theory (DFT). In experimental systems the
adsorbed fluid in a pore is in equilibrium with a bulk gas phase. For such a
system the grand canonical ensemble provides the appropriate description of
the thermodynamics. The local density p(r) of the pore fluid is therefore
determined by minimizing of the correspondent grand potential Z[p(r)].
Once p(r) is known, other thermodynamic properties, such as the adsorption
isotherm, heat of adsorption, free energies, phase transitions, etc. can be
calculated. The grand potential function Z[p(r)] is given by the following
term

Qp(r]= Flp(n)]- [ dro(r)(u—7,,(r) (4.57)

where F[p(r)] is the intrinsic Helmholtz free energy functional in the
absence of any external field and V,(r) is the potential imposed by the
walls, i.e., Z[p(r)] depends of course on all the interactions.

The parameters of the fluid-fluid interactions are usually determined
in a way that they allow to reproduce the bulk properties (e.g., surface
tension, gas-liquid coexistence curve etc.). Parameters of the solid-fluid
interactions can then be obtained by fitting the calculated adsorption
isotherms on a planar surface to the standard (e.g., nitrogen) isotherm. In
addition, it is assumed that the fluid is contained in individual pores of
simple geometry (e.g., slits or cylinders). For instance, an individual slit
pore can be represented as two infinite, parallel graphitic slabs, separated by
a width W, the distance between the centers of carbon atoms (for a carbon
slit-pore).

Fig. 4.6 shows NLDFT density profiles of a fluid confined to a slit-
pore of pore width ca. 56, where ¢ is the diameter of one molecule. The
fluid shows the characteristic density oscillations (which reflect adsorbed
layers) throughout the complete narrow pore space, which demonstrates the
strong adsorption potential (in contrast, mesopores reveal a bulk-fluid like
region in the core of the pore, see Fig. 4.10). It is also clearly visible that in
such a small pore only two adsorbed layers can build up on each pore wall.
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Figure 4.6 Characteristic density profile of a Lennard-Jones fluid in a slit pore of width 50,
where ¢ is the diameter of one molecule [29a].

4.3.3.2 Computer Simulation Studies: Monte Carlo Simulation and
Molecular Dynamics. The most prominent computer simulation method
for the study of adsorption and wetting phenomena of fluids on planar
surfaces and in pores is the Grand Canonical Monte Carlo simulation
method (GCMC). This technique simulates the situation of an adsorbed fluid
(or mixture) in equilibrium with a bulk fluid reservoir, which reflects
usually the situation encountered in experimental studies of confined
systems. A random number generator is used to move and rotate the
molecules in a random fashion, which leads to particular configurations.
Such movements and the resulting configurations are then accepted or
rejected according to thermodynamic criteria (i.e., based on the temperature
and chemical potential). After generating a long sequence of such moves
(so-called Markov chain, typically in the order of several millions), they can
be averaged (based on equations of statistical mechanics) to obtain the
equilibration density profiles and, hence, the adsorption isotherm.

The molecular dynamics (MD) method applies Newton’s equations
of motion in order to obtain the trajectories and velocities of molecules. This
method allows determining the transport as well as equilibrium properties of
the system. The method is not as frequently used as GCMC, but some
excellent work was performed using this method to study the adsorption and
phase behavior of fluids in pores [e.g., 24].
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4.3.3.3 NLDFT and Monte Carlo Simulation for Pore Size Analysis.
NLDFT and GCMC are considered to be the most advanced methods with
regard to pore size analysis of micro- and mesoporous materials. For very
narrow micropores the Monte Carlo simulation is considered to be the most
accurate method. In both techniques, a set of isotherms calculated for a set
of pore sizes in a given range for a given adsorptive constitutes the model
database (these isotherms are calculated by integrating the equilibrium
density profiles, p(r), of the fluid in the model pore). Such a set of
isotherms, called a kernel, is the basis for pore size analysis by Density
Functional Theory [e.g., 28]. The calculation of the pore size distribution is
based on a solution of the Generalized Adsorption Isotherm equation (GAI),
which correlates the kernel of theoretical adsorption/desorption isotherms
with the experimental sorption isotherm:

N(P/F,) f " N(P/P, W) f(W)dW (4.58)

where N(P/Py) = experimental adsorption isotherm data, /' = pore width,
N(P/P,,W) = isotherm on a single pore of width W and f{W¥) = pore size
distribution function.

The GAI equation reflects the assumption that the total isotherm
consists of a number of individual “single pore” isotherms multiplied by
their relative distribution, W), over a range of pore sizes. The set of
N(P/Py, W) isotherms (kernel) for a given system (adsorptive/adsorbent ) can
be obtained, as indicated above, by either Density Functional Theory or by
Monte Carlo computer simulation. The pore size distribution is then derived
by solving the GAI equation numerically. In general, the solution of the GAI
represents an ill-posed problem, which requires some degree of
regularization. However meaningful and stable solutions of this equation
can be obtained by existing regularization algorithms [e.g., 26- 29]. Because
the equilibrium density profiles are known for each pressure along an
isotherm no assumptions about the pore filling mechanism are required as in
case of the macroscopic, thermodynamic methods. Hence, NLDFT and
GCMC allow describing the adsorption isotherm over the complete range,
and it is possible to obtain with a single method a pore size distribution
which extends over the complete micro-mesopore range.

The application of these advanced methods for micro- and mesopore
size analysis is discussed in chapters 8 and 9.
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4.4 ADSORPTION IN MESOPORES

4.4.1 Introduction

The sorption behavior in mesopores (2- 50 nm) depends not only on the
fluid-wall attraction, but also on the attractive interactions between fluid
molecules. This leads to the occurrence of multilayer adsorption and
capillary (pore) condensation. Pore condensation is the phenomenon
whereby a gas condenses to a liquid-like phase in a pore at a pressure P less
than the saturation pressure P, of the bulk liquid. Typically, type IV and V
sorption isotherms according to the IUPAC classification (see chapter 3) can
be observed. Significant progress was achieved during the last decade with
regard to the understanding of sorption phenomena in narrow pores and the
subsequent improvement in the pore size analysis of porous materials
(which will be discussed in chapter 8). This progress can be primarily
attributed to: (i) the discovery of novel ordered mesoporous materials, such
as MCM-41, MCM-48, SBA-15 [30], which exhibit a uniform pore structure
and morphology and could therefore be used as model adsorbents to test
theories of gas adsorption; (ii) carefully performed adsorption experiments
and (iii) the development of microscopic methods, such as the Non-Local-
Density Functional Theory (NLDFT) or computer simulation methods (e.g.
Monte-Carlo — and Molecular-Dynamic simulations), which allow to
describe the configuration of adsorbed molecules in pores on a molecular
level. In the following chapter we discuss the most important phenomena
occurring in mesopores, i.e. multilayer adsorption, phase transition (e.g.,
pore condensation) and sorption hysteresis in the context of classical
approaches and the most recent developments.

4.4.2 Multilayer Adsorption, Pore Condensation and Hysteresis

As described in §4.2, in the complete wetting range a multilayer adsorbed
film is produced at the pore walls. For fluids in contact with a planar surface
the thickness / of the adsorbed film is expected to increase without limit, i.e.,
1 — oo for PIPy — 1.

Aps = M- o = - RTIn(P/P) = -ouI™ (cf4.42)

where a. is the fluid-wall interaction parameter, and the /™ law results from
the long-range van der Waals’ interactions between a fluid molecule and a
semi-infinite planar wall. In the case of non-retarded van der Waals’ fluid-
wall interactions, the exponent m has a theoretical value of 3. However,
experimental values for m are often significantly smaller than the theoretical
value, even for strongly attractive adsorbents like graphite, i.e., m = 2.5-27
(see chapter 4.2 for a more detailed discussion).
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In pores, however, the film thickness cannot grow unlimited. The
stability of this film is determined by the attractive fluid-wall interactions,
the surface tension and curvature of the liquid-vapor interface. In this case
the difference in chemical potential Ap = p - po between the adsorbed
liquid-like film (i) and the value at gas-liquid coexistence (po) of the bulk
fluid is given by

Ap = Ay, + Ap, (4.59)

For small film thickness the first term Ap, (equation cf. (4.43)) associated
with multilayer adsorption dominates:

A= -al” (cf. 4.42)

When the adsorbed film becomes thicker, the adsorption potential will
become less important, and Ap will be dominated almost entirely by the
curvature contribution Ap. (i.e., the Laplace term), which is given for
cylindrical pores by

Ap. =-(y/a Ap) (4.60)

where a is the core radius (a = r — /; r is the pore radius), v is the surface
tension of the adsorbed liquid-like film (which is assumed to be identical
with the liquid), Ap = p’-p®, describes the density difference between the
liquid like film and the vapor phase. At a critical thickness, /c, pore
condensation occurs in the core of the pore, controlled by intermolecular
forces in the core fluid. Pore condensation represents a first-order phase
transition from a gas-like state to a liquid-like state of the pore fluid,
occurring at a chemical potential p less than the value of p, at gas-liquid
coexistence of the bulk fluid.

These phenomena are illustrated in Fig.4.7, which depicts a sorption
isotherm as it is expected for adsorption/desorption of a pure fluid in a
single mesopore of cylindrical shape in combination together with a
schematic representation of the appropriate sorption and phase phenomena
occurring in the pore. Please note, that the schematic isotherm reveals a
vertical pore condensation step; however, a truly vertical step in the
adsorption isotherm is not to be expected for any real porous material with a
non-vanishing pore-size distribution, i.e. the wider the pore size distribution,
the less sharp is the pore condensation step. At lower relative pressures the
adsorption mechanism in mesopores is comparable to that on planar
surfaces. After completion of the monolayer formation (4), multilayer
adsorption commences (B). After reaching a critical film thickness (C),
capillary condensation occurs essentially in the core of the pore (transition



4 Adsorption Mechanism 39

from configuration C to D). The plateau region of the isotherm reflects the
situation where the pore is completely filled with liquid and separated from
the bulk gas phase by a hemispherical meniscus. Pore evaporation therefore
occurs by a receding meniscus (E) at a pressure, which is less than the pore
condensation pressure. The pressure where the hysteresis closes corresponds
again to the situation of an adsorbed multilayer film which is in equilibrium
with a vapor in the core of the pore and the bulk gas phase. In the relative
pressure range between (F) and (A) adsorption and desorption are
reversible.
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Figure 4.7 Schematic representation of multilayer adsorption, pore condensation and
hysteresis in a single cylindrical pore. From [43b].
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4.4.3 Pore Condensation: Macroscopic, Thermodynamic Approaches
4.4.3.1 Classical Kelvin Equation. For pores of uniform shape and width
pore condensation can be treated on the basis of the Kelvin approach, which
relates the shift from bulk coexistence, Ap =p - p, = - RTIn(P/Py), to
macroscopic properties such as surface tension, the densities of the bulk gas
and liquid and the contact angle 6 of the liquid meniscus against the pore wall.
The condition for the coexistence of liquid and gas in a cylindrical pore of
radius » and temperature T is then given by the Kelvin equation [31]:

2ycosf

Ap=p—u, =_RT1n(P/Po)=_ r Ap

(4.61)

where R is the universal gas constant, ¥ is again the surface tension of the
liquid, @ the contact angle of the liquid against the pore wall, Ap = o-p,
where g/ represents the orthobaric liquid density at bulk coexistence and o
is the gas density, and r,, is the mean radius of curvature of the meniscus of
the pore liquid. In a cylindrical pore the condensed liquid reveals a
hemispherical meniscus and the mean radius of curvature corresponds to the
pore radius (i.e., the Kelvin radius).

The contact angle 8 can be considered as a measure of the relative
strength of fluid-wall and fluid-fluid interactions, i.e., the relative strength of
fluid-wall and fluid-fluid interactions enters implicitly through the contact
angle 6. One would expect the occurrence of pore condensation as long as
the contact angle is < 90°. For fluids in contact with a single planar wall, one
expects complete wetting in the temperature range between the so-called
wetting temperature 7\, and the critical temperature Tc of the fluid. At
temperatures below the wetting temperature incomplete wetting (cosé < 1)
is observed.

In the case of nitrogen adsorption at 77 K the gas density is small
against the liquid density, and p* can be neglected. The liquid density is

often given as 1/g = V , where V' is the molar volume of the condensed
liquid. In addition it is assumed that we have the situation of complete
wetting, i.e., the contact angle is assumed to be zero. In this case the Kelvin
equation is stated as

-2
InP/F, = —ﬂ% (4.62)

The Kelvin equation relates the equilibrium vapor pressure exerted
from the curved meniscus of the pore liquid to the equilibrium pressure of
the same liquid on a plane surface. The difference in vapor pressure between
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the flat and the curved surface is related to the phenomenon of a
(mechanical) pressure drop across an interface (having two principal radii of
curvature of the surface »; and r») as described by the Young —Laplace
equation, viz AP = 2)r,,, where r, is the radius of mean curvature, which is
given by 1/r, = % [1/r) + 1/r2]. For a spherical surface », = r» = r;_and the
Laplace equation becomes AP = 2r, where r is the radius of the spherical
surface. The Kelvin equation can be derived by using thermodynamics to
assess the effect of a change in mechanical pressure, AP, on the molar free
energy, which leads to an expression where AP is replaced by a function of
relative vapor pressures (see for instance derivation in ref. [32]).

An alternative way to derive the Kelvin equation on purely
thermodynamic grounds is based on the following: Consider the transfer of
on molecules of vapor in equilibrium with the bulk liquid at pressure Py
into a pore where the equilibrium pressure is P. This process consists of
three steps: evaporation from the bulk liquid, expansion of the vapor from
Py to P, and condensation into the pore. The first and third steps are
equilibrium processes and are therefore accompanied by zero free energy
change, dG = 0. The free energy change for the second step is described by

0G = (RTlngjan (4.63)

0

When the adsorbate condenses in the pore, it does so on a previously
adsorbed film, thereby decreasing the film-vapor interfacial area. The free
energy change associated with the filling of the pore is given by

0G = —(y cos6)dS (4.64)

where 7 is again the surface tension of the adsorbed film (assumed to be

identical with that of the liquid), dS'is the change in interfacial area, and 6
is again the contact angle, which is taken to be zero, sine the liquid is
assumed to wet completely the adsorbed film.

Equations (4.59) and (4.60), when combined using the assumption
of a zero wetting angle, yield

on_ -y

= (4.65)
oS RTInP/P,

The volume of liquid adsorbate that condenses in a pore of volume V), is
given by
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oV, =Von (4.66)

where ¥ is the molar volume of the liquid adsorbate. Substituting equation
(4.61) into equation (4.62) gives

v, __ -7
oS ~ RTInP'P,

(4.67)

The ratio of volume to area within a pore depends upon the pore geometry.
For example, the volume to area ratios for cylinders, parallel plates, and
spheres are, respectively, #/2, /2, and r/3, where r is the cylinder radius, the
sphere radius, or the separation distance between parallel plates. If the pore
shapes are highly irregular or consist of a mixture of regular geometries, the
volume to area ratio can be too complex to express mathematically. In these
cases, or in the absence of specific knowledge of the pore geometry, the
assumption of cylindrical pores is usually made. Then equation 4.67)
becomes the Kelvin equation

24
InP/P =—— £4.62
8 /0 rRT (c )

The Kelvin equation provides a correlation between pore diameter
and pore condensation pressure, i.e., the smaller the radius, the lower is the
P/P, value at which pore condensation occurs. In case of real porous
materials consisting of pores of different sizes, condensation will occur first
in the pores of smaller radii and will progress into the larger pores, at a
relative pressure of unity condensation will occur on those surfaces where
the radius of curvature is essentially infinite. Conversely, as the relative
pressure is decreases evaporation will occur progressively out of pores with
decreasing radii.

4.4.3.2 Modified Kelvin Equation. The original Kelvin equation (equation
4.62) does not take into account any fluid-wall interaction parameter, and
consequently not the existence of an adsorbed multilayer film prior to pore
condensation as illustrated in Fig.4.7. Taking into account that in case of
complete wetting the pore walls are covered by a multilayer adsorbed film at
the onset of pore condensation, one obtains the modified Kelvin equation [33],
which is given for cylindrical pores by:
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—2ycosé
In(P/pP)=——2105Y 4.68
n(F/F) RTAp(r,-1,) (4.68)

where . describes the (critical) statistical thickness (see chapter 8) prior to
condensation (all other symbols are the same as in case of equation 4.61).

The modified Kelvin equation serves as the basis for many methods
applied for pore size analysis of mesoporous materials including the Barrett-
Joyner-Halenda method (BJH) [34], which is widely used. In order to
account for the preadsorbed multilayer film, the Kelvin equation is
combined with a standard isotherm or a so-called t-curve, which usually
refers to adsorption measurements on a non-porous solid. Accordingly, the
preadsorbed multilayer film is assessed by the statistical (mean) thickness of
an adsorbed film on a nonporous solid of a surface similar to that of the
sample under consideration (such statistical thickness equations were
derived for instance by Halsey, Harkins & Jura and de-Boer (see chapters 8
and 9 for a discussion of these equations). The application of the modified
Kelvin equation for mesopore size analysis and its limitations will be
discussed in chapter 8.

In contrast to the Kelvin approach, more sophisticated approaches
such as the Broeckhoff and de Boer [35] as well as the Cole-Saam theory
[36] capture essentially the mechanism of pore condensation and hysteresis
as it is described above. These theories take into account the (i) influence of
the adsorption potential on the chemical potential where pore condensation
occurs in the pores and (ii) the effect of curvature on the thickness of the
adsorbed multilayer film. In agreement with experimental observations,
these theories predict that an increase in the strength of the attractive fluid-
wall interaction, a lowering of the experimental temperature as well as
decreasing the pore size will shift the occurrence of pore condensation to
lower relative pressures. However all these thermodynamic, macroscopic
theories do not take into account the peculiarities of the critical region. In
contrast, microscopic theories, such as NLDFT or molecular simulation
allow a much more accurate description of the state of the pore fluid, also
close to the critical point. This will be discussed in more detail in section
4.47.

4.4.4 Adsorption Hysteresis

4.4.4.1. Classification of Hysteresis Loops. It is widely accepted that there is
a correlation between the shape of the hysteresis loop and the texture (e.g.,
pore size distribution, pore geometry, connectivity) of a mesoporous
adsorbent. An empirical classification of hysteresis loops was given by the
IUPAC [11], which is based on an earlier classification by de Boer [37]. The
IUPAC classification is shown in Fig 4.8. According to the IUPAC
classification type H1 is often associated with porous materials consisting of
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Figure 4.8 1UPAC classifications of hysteresis loops. From [11].

well-defined cylindrical-like pore channels or agglomerates of compacts of
approximately uniform spheres. It was found that materials that give rise to
H2 hysteresis are often disordered and the distribution of pore size and
shape is not well defined. Isotherms revealing type H3 hysteresis do not
exhibit any limiting adsorption at high P/P,, which is observed with non-
rigid aggregates of plate-like particles giving rise to slit-shaped pores. The
desorption branch for type H3 hysteresis contains also a steep region
associated with a (forced) closure of the hysteresis loop, due to the so-called
tensile strength effect. This phenomenon occurs for nitrogen at 77K in the
relative pressure range from 0.4 — 0.45 (see chapter 8.6.2 for a detailed
discussion). Similarly, type H4 loops are also often associated with narrow
slit pores, but now including pores in the micropore region (see for instance
Fig. 4.3, which depicts the nitrogen sorption isotherm on activated carbon).
The dashed curves in the hysteresis loops shown in Fig. 4.8 reflect
low-pressure hysteresis, which may be observable down to very low relative
pressure. Low-pressure hysteresis may be associated with the change in
volume of the adsorbent, i.e. the swelling of non-rigid pores or with the
irreversible uptake of molecules in pores of about the same width as that of
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the adsorptive molecule. In addition chemisorption will also lead to such
“open” hysteresis loops. An interpretation of sorption isotherms showing
low-pressure hysteresis is difficult and an accurate pore size analysis is not
possible anymore. But also the hysteresis loops usually associated with pore
condensation imposes, of course, a difficulty to the pore size analysis of the
porous materials and the decision whether the adsorption —or desorption
branch should be taken for calculation of the pore size distribution curve
depends very much on the reason(s) which caused the hysteresis. Hence, we
discuss the origin of pore condensation hysteresis in the following section,
4.4.4.2.

4.4.4.2 Origin of Hysteresis As mentioned before the occurrence of pore
condensation/evaporation in mesoporous adsorbents is often accompanied
by hysteresis. However, the mechanism and origin of sorption hysteresis is
still a matter of discussion. There are essentially three models that contribute
to the understanding of sorption hysteresis: (a) independent (single) pore
model (b) network model, and (c) disordered porous material model. In the
following we will discuss some aspects of these models.

(a) Independent Pore Model. Sorption hysteresis is considered as an
intrinsic property of a phase transition in a single, idealized pore, reflecting
the existence of metastable gas states. The hysteresis loop expected for this
case is of type H1, according to the IUPAC classification.

Different approaches, which would explain the occurrence of
hysteresis in a single pore, can be found in the literature since ca. 1900.
Cohan [32] assumed that pore condensation occurs by filling the pore from
the wall inward (for a cylindrical pore model). It was suggested that pore
condensation would be controlled by a cylindrical meniscus once the pore is
filled, whereas evaporation of the liquid would occurs from a hemispherical
meniscus, which would lead according to the Kelvin equation to different
values of P/P, for condensation and evaporation.

Theories by Foster [38], Cassell [39], Everett [40], Cole and Saam
(CS) [35] and Ball and Evans [41] suggested that hysteresis may be caused
by the development of metastable states of the pore fluids associated with
the capillary condensation transition in a manner analogous to superheating
or supercooling of a bulk fluid. These ideas could be essentially confirmed
by recent theoretical studies based on Non Local Density Functional Theory
(NLDFT) [42]. These studies revealed that the H1 hysteresis can indeed be
attributed to the existence of metastable states of the pore fluid, associated
with the nucleation of the liquid phase, i.e., pore condensation is delayed. In
principle, both pore condensation and pore evaporation can be associated
with metastable states of the pore fluid [49]. This is consistent with the
classical van der Waals picture, which predicts that the metastable
adsorption branch terminates at a vapor-like spinodal, where the limit of
stability for the metastable states is achieved and the fluid spontaneously
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Figure 4.9 NLDFT adsorption isotherm of argon at 87K in a cylindrical pore of diameter 4.8
nm in comparison with the appropriate experimental sorption isotherm on MCM-41. It can be
clearly seen that the experimental desorption branch is associated with the equilibrium gas-
liquid phase transition, whereas the condensation step corresponds to the spinodal
spontaneous transition. From [42].

condenses into a liquid-like state (so-called spinodal condensation).
Accordingly, the desorption branch would terminate at a liquid-like
spinodal, which corresponds to spontaneous evaporation (spinodal
evaporation) In practice however, metastabilities occur only on the
adsorption branch. Assuming a pore of finite length (which is always the
case in real adsorbents) evaporation can occur via a receding meniscus (see
Fig.4.5) and therefore metastability is not expected to occur during
desorption. The NLDFT prediction for pore condensation and hysteresis in
comparison with the correspondent experimental sorption isotherm of argon
at 87 K in MCM-41 silica is shown in Fig. 4.9 (from ref. [42]). The
experimental isotherm and the NLDFT isotherm agree quite well and the
theoretical prediction for the position of the equilibrium liquid-gas transition
(which corresponds to the condition at which the two states have equal grand
potential) agrees quite well with the experimentally observed evaporation
transition, i.e. the position of the desorption branch of the hysteresis loop.
Hence, it was concluded that the desorption branch is associated with the
equilibrium gas-liquid phase transition. In such a case the desorption branch



4 Adsorption Mechanism 47

should be chosen for pore size analysis if theories/methods are applied
which describe the equilibrium transition (e.g., BJH, conventional NLDFT).
This will be discussed in more detail in chapter 8.

The small steps in the theoretical isotherm are a consequence of
assuming a structureless (i.e., chemically and geometrically smooth) pore
wall model, which neglects the heterogeneity of the MCM-41 pore walls.

There is also some evidence that type H1 hysteresis as observed in
ordered three dimensional pore systems such as MCM-48 silica [43a] but
also in highly ordered porous glasses (such as sol-gel glasses [44] and
controlled pore glasses [45]) is predominantly caused by the existence of
metastable states associated with pore condensation. The hysteresis loops
could be described by applying models based on the independent pore
mode] (e.g., Cole-Saam theory [44,45] NLDFT [43a] etc.). Accordingly,
classical networking and pore blocking effects are not necessarily present in
an (ordered) interconnected pore system (please see also chapter 8.6).

(b) Network Model. Sorption hysteresis is explained as a
consequence of the interconnectivity of a real porous network with a wide
distribution of pore sizes. If network and pore blocking effects are present
typically a hysteresis loop of type H2 (IUPAC classification) is expected.

Network models take into account that in many materials the pores
are connected and form a three-dimensional network. An important feature
of the network model is the possibility of pore blocking effects during
evaporation, which occurs if a pore has access to the external gas phase only
via narrow constrictions (e.g., an ink-bottle pore). The basis for the
understanding of sorption hysteresis in inkbottle pores and networks can be
found in the work of McBain [46]. The wide inner portion of an inkbottle
pore is filled at high relative pressures, but it cannot empty during
desorption until the narrow neck of a pore first empties at lower relative
pressure. Thus, in a network of inkbottle pores the capillary condensate in
the pores is obstructed by liquid in the necks. The relative pressure at which
a pore empties now depends on the size of the narrow neck, the connectivity
of the network and the state of neighboring pores. Hence, the desorption
branch of the hysteresis loops does not (in contrast to the single pore model)
occur at thermodynamic equilibrium, but reflects a percolation transition
instead. In such a case the desorption branch of the hysteresis loop is much
steeper (compared to the adsorption branch) leading to H2 hysteresis
according to the IUPAC classification.

Work by Everett [40] and others have led to the development of
several specific network models. Advanced network or percolation models
were introduced for instance by Mason [47] Wall and Brown [48], Neimark
[49], Parlar and Yortsos [50], Ball and Evans [41], Seaton et al. [51] and
Rojas et al. [52].

Type H2 hysteresis is observed in many disordered porous materials
such as, for instance, porous Vycor® glass, or disordered sol-gel glasses. By
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combining different experimental techniques such as adsorption
measurements (volumetric, gravimetric), ultrasound and light scattering
[53] or gas adsorption and ir situ neutron scattering [54] some evidence for
a percolation mechanism associated with pore evaporation could be obtained.

However, the existence of the conventional pore blocking mechanism
as described above is under discussion. Sarkisov and Monson [55] concluded
that the H2 hysteresis loop (obtained from a molecular dynamics study of
adsorption of a simple fluid) typically observed in inkbottle pores is not
necessarily caused by the occurrence of conventional pore blocking. The large
cavities could be emptied by a diffusional mass transport process from the fluid
in the large cavity to the narrow neck and from there into the gas phase, hence
the pore body can empty even while the pore neck remains filled. Further
experimental and theoretical work by Ravikovitch ef al. [56] suggests that both
conventional pore blocking and so-called cavitation can occur in inkbottle
type pores depending on temperature and pore size.

Cavitation corresponds to the situation of spinodal evaporation, i.e.,
the condensed liquid evaporates when the limit of stability of metastable
pore liquid is achieved and the pore fluid spontaneously evaporates into a
vapour-like state as shown in Fig. 4.9. In such a case the desorption branch
does not reflect the thermodynamic equilibrium liquid-gas transition. The
cavitation effect is correlated with the occurrence of a lower limit of
hysteresis in the sorption isotherm, which is within the classical picture
correlated with the so-called tensile strength effect. This effect is believed to
be the cause for the observation that for many disordered porous materials
the hysteresis loop for nitrogen adsorption at 77.35 K is forced to close at
relative pressure at or above 0.42, apparently independent of the porous
material [57, 58]. The existence of a lower closure point affects primarily
the position of the desorption branch with regard to its position and
steepness. Despite the fact that the reasons for this phenomenon are still not
sufficiently understood, it is clear that it leads to complications for pore size
calculation, which we will discuss in chapter 8.

(c) Disordered Porous Material Model. A more realistic picture
takes into account that the thermodynamics of the pore fluid is determined
by phenomena spanning the complete pore network. Even with the
incorporation of network and percolation effects the adsorption
thermodynamics is still modeled at a single pore level, i.e., the behavior of
the fluid in the entire pore space is not assessed. In order to achieve this one
needs to consider models which attempt to describe the microstructure of
porous materials at length scales beyond that of a single pore. According to
Gubbins et al. [59] there are two general approaches to construct a model of
nanoporous materials by methods of molecular simulation. The first is the
so-called mimetic simulation, and involves the development of a simulation
strategy, that mimics the development of the pore structure in the materials
preparation. In fact, Gelb and Gubbins [60] have reproduced the complex
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network structure of porous glasses such as Vycor® and controlled-pore
glass by applying molecular simulation and have studied the sorption and
hysteresis behavior of xenon in such systems. Grand Canonical Monte Carlo
simulation results for xenon adsorption in these systems suggest strongly
that the shape of the adsorption/desorption hysteresis does not depend on the
connectivity of the material model, supporting the hypothesis that in
materials of this type (e.g., a porous Vycor® glass with a porosity of 30%)
the fluid in different pores behaves quasi-independently, and that no system-
spanning phase transitions occur during adsorption or desorption.

The second approach is the reconstruction method. Here one seeks a
molecular model, whose structure matches available experimental structure
data. Monson and co-workers investigated by Monte Carlo simulation the
condensation and hysteresis phenomena of a Lennard-Jones fluid in a
reconstructed model of silica xerogel [61]. Their adsorption isotherms
exhibited hysteresis loops of type H1 and H2 in agreement with
experimental results obtained on the same type of material. The observed
hysteresis was attributed with thermodynamic metastability of the low and
high density phases of the adsorbed fluid — however these phases span the
entire void space of the porous material and are therefore not associated
with the individual pores.

However, it was also suggested that in disordered porous glass
materials (e.g., porous Vycor® glass) the origin of the hysteresis is
associated with long time dynamics, which is so slow that on
(experimentally) accessible time scales, the systems appear to be
equilibrated, which leads to the observed reproducible results in the
observation of the hysteresis loop [62, 63].

Theoretical and experimental work is necessary to (i) clarify what
determines the shape of the hysteresis loop in such disordered systems and
(i) to obtain a clearer picture of the nature of phase behavior of fluids in
disordered porous systems.

4.4.5 Effects of Temperature and Pore Size: Experiments and
Predictions of Modern, Microscopic Theories

As discussed before, the Kelvin approach considers pore
condensation as a gas-liquid phase transition in the core of the pore between
two homogenous, bulk-like gas and liquid phases. The density difference Ap
=p' - p* is considered to be equal to the difference in orthobaric densities
of coexisting bulk phases, i.e., pore condensation and hysteresis are
expected to occur up to the bulk critical point, where Ap = 0.

In contrast, microscopic theories such as density functional theory,
molecular simulation and lattice model calculations [22-24, 64-68] predict
that a fluid confined to a single pore can exist with two possible density
profiles corresponding to inhomogeneous gas- and liquid configurations in
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Figure 4.10 Density profiles of coexisting gas (circles)- and liquid configurations
(squares) in a slit pore of pore width 206, where ¢ denotes the molecular diameter
obtained by Monte-Carlo simulation; z* is the reduced distance from the pore wall
and p* is the reduced density From [23].

the pore. Corresponding density profiles obtained by Grand Canonical
Monte Carlo Simulation (GCMC) for a Lennard-Jones fluid confined to
mesoscopic slit-pore are shown in Fig. 4.10. The fluid in the core of pore (in
gas and liquid configuration) is — in contrast to the situation in micropores
(see Chapter 4.3, Fig. 4.6)- almost structureless, i.e. it does not show the
characteristic oscillations observed closer to the pore walls. Hence, in wide
mesopores the core fluid can indeed be considered to be bulk-like.

Pore condensation is now understood as first order phase transition
between an inhomogeneous gas configuration, which consists of vapor in the
core region of the pore in equilibrium with a liquid like adsorbed film
(corresponds to configuration C in Fig 4.7), and a liquid configuration, where
the pore is filled with liquid (corresponds to configuration D in Fig. 4.7). At
the pore critical point of the confined fluid, these two hitherto distinct fluid
configurations will become indistinguishable, i.e., a pore condensation step
cannot be observed anymore. The suggested order parameter for this phase
transition is the difference in surface excess (or adsorbed amounts at low bulk
gas densities, i.e., AV, = Vigsiiquey — Vadsws) between the two
inhomogeneous gas and liquid phases and not the difference in orthobaric
densities Ap as it is the case for the corresponding bulk phase transition,
which occurs between homogeneous gas and liquid phases.

Accordingly, at the pore critical point AV, = 0 and pore
condensation cannot be observed anymore. The critical temperature of the
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confined fluid is shifted to lower temperatures, i.e., in contrast to the
predictions of the Kelvin equation pore condensation and hysteresis will
vanish already at temperatures below T.. The shift of the critical temperature
can be rationalized by the argument that a fluid in narrow pores is an
intermediate between a three-dimensional fluid and a one-dimensional fluid
for which no critical point exists at T > 0. Hence, the shift of the pore critical
temperature is correlated with the pore width, i.e., the more narrow the pore,
the lower the pore critical temperature. Consequently, at a given subcritical
temperature pore condensation is only possible in pores which are wider than
the critical pore size W..

Adsorption experiments of pure fluids in porous glasses [67-69],
silica gel [70] and MCM-41-type of materials [71-73] revealed that pore
condensation and hysteresis indeed disappears below the bulk critical
temperature. Furthermore, systematic adsorption studies of SF, in
controlled-pore glasses indicated that hysteresis already disappears below
the capillary critical temperature T, i.e., reversible pore condensation could
be observed (the criterion applied here to determine pore criticality was the
disappearance of the pore condensation step) [69].

An experimental study on nitrogen adsorption in MCM-41 silica in
combination with the application of density functional theory clearly
revealed that the experimental disappearance of hysteresis at the so-called
hysteresis critical temperature 7;, is indeed not identical with having
achieved the pore critical point [71]. Nitrogen sorption hysteresis (at 77K)
disappears when the pore diameter is smaller than 4 nm (see Fig. 8.3,
chapter 8), however based on the theoretical results the (pseudo)-pore
critical point is achieved at a much smaller pore diameter, i.e. 1.8 nm (the
bulk critical temperature of nitrogen is 126.2K). This picture was supported
by subsequent experimental sorption studies of pure fluids in ordered
mesoporous silica materials [72-74]. For instance, experiments to study the
temperature dependence of argon adsorption in MCM-41 materials with
pore channels of 2.2 nm diameter revealed a hysteresis critical temperature
T;, of ca. 62K. In contrast, the pore critical temperature was located at ca.
98K (the bulk critical temperature 7. for argon is 150.7K), i.e., substantial
downward shifts in the pore critical and hysteresis critical temperatures are
observed for such narrow pores [73].

These systematic studies also revealed that temperature and pore
size can be considered as complementary variables with regard to their
influence on the occurrence of hysteresis: an increase in temperature has
qualitatively a similar effect as a decrease in pore size. Both lead to a
decrease in the width of the hysteresis loop, which eventually disappears at a
certain critical pore size and temperature (7,,), which is illustrated in Fig
4.11.



52 CHARACTERIZATION OF POROUS SOLIDS AND POWDERS

600-
500
Cl
B
= 400
=
% 300-
= 200 —s— —o— MCM-41A
> <007 —e— —o— MCM-41B
—a— —a— MCM-41C
100 1 ]

00 02 04 06 08 10
RELATIVE PRESSURE p/p,
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The effect of pore size on hysteresis is shown in Fig. 4.11a, where
the hysteresis behavior of argon adsorption isotherms at 77.35K is shown
for various MCM-41 silica samples, which exhibit different mode pore
diameter (MCM-41A: 3.30 nm, MCM-41 B: 3.66 nm, MCM-41 C: 4.25
nm). It can be clearly seen that the width of the hysteresis loop decreases
with decreasing pore size and disappears for the MCM-41 silica A. Fig.
4.11b shows the effect of temperature on hysteresis. Argon adsorption was
measured at 77 K and 87 K on an MCM-48 silica sample of pore diameter
4,01 nm. The width of the hysteresis decreases significantly as the
temperature is increased from 77 K to 87 K.

In addition to the shift in critical temperature, experiments and
theory indicate that as a result of the combined effects of fluid-wall forces
and finite-size the freezing temperature and triple point of the pore fluid
may also be shifted to lower temperature relative to the bulk triple point if
the wall-fluid attraction is not too strong, i.e., the pore wall does not prefer
the solid phase [75-79]. This is for instance the case for silica materials. The
amount of the shift depends again on the pore size, i.e., the more narrow the
pore size the larger the shift of the pore triple point region. Hence, pore
condensation can also be observed at temperatures below the bulk triple
point temperature [44,88], as it is shown in Figure. 4.11 for argon sorption at
77 K in the narrow pores of MCM-48 and MCM-41 silica. However,
systematic sorption experiments of nitrogen and argon adsorption at 77 K
and 87 K in mesoporous molecular sieves and controlled pore glasses by
Thommes et al. [43a,80] indicate that pore condensation of argon adsorption
at 77.35 K cannot be observed anymore if the pore diameter exceeds ca. 15
nm, which limits the range for pores size analysis with argon at 77K. This
behavior could be related to confinement effects on the location of the
(quasi)-triple point of the pore fluid. The effect of confinement on the phase
behavior of a pore fluid is also important for thermoporometry, a technique
where the effect of confinement on the suppression of the freezing or
melting temperature is used to determine the pore size.

In summary, theoretical and experimental studies have led to the
conclusion that the complete coexistence curve of a fluid confined for
instance to mesoporous silica materials is shifted to lower temperature and
higher mean density [67, 69, 71] (see also the review of Gelb et al [66]). Fig.
4.12 shows a schematic phase diagram of bulk- and pore fluid (confined to
different sized, single pores) which illustrates the influence of confinement
on the sorption and phase behavior as it can be found for instance in case of
mesoporous silica. According to this phase diagram, one can separate the
following regimes: (i) continuous pore filling without pore condensation
step occurs below a certain critical pore width (w.) at a given temperature T
< T.. For a given pore size (w) continuous pore filling can be observed
above the pore critical temperature Ty (and, of course, above the bulk
critical temperature); (ii) Reversible pore condensation occurs for pore sizes
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between the critical pore size w,. and the pore size where hysteresis
disappears (wy,), i.e., in the pore size range w. < w < wy; or in case of fixed
pore size in the temperature range between the hysteresis critical
temperature 7}, and the pore critical temperature Ty.; (iii) Pore condensation
with hysteresis occurs for pore sizes larger than wy, at temperatures below
Ts.

Figure 4.12 Schematic phase diagram of a bulk and pore fluid confined to different sized,
single pores of widths w; > w,. From [43a]. The pore condensation lines, i.e., the locus of
states of the unsaturated vapor at which pore condensation will occur end in the appropriate
pore critical points C,; and Cys_ with T¢yy > Tewa, For a given experimental temperature,
pore condensation will occur first in the pore of width w,, and a higher (relative) pressure in
the larger pore W,. The temperatures Ty, and Ty, are the so-called hysteresis critical
temperatures, where experimental hysteresis disappears. Details of the sorption and phase
behavior below the bulk triple point (Tr) as well as the nature of quasi-triple points is still
under investigation [76-81] and these regions of the phase diagram are indicated by dashed
lines and the grey areas. Please note, that from a theoretical point of view, real phase
transitions and therefore real criticality cannot occur in pseudo-one dimensional cylindrical
pores, i.e., pore condensation and the pore critical point should therefore be considered here
as pseudo-phase transition and pseudo-critical point, respectively.

These observations clearly reveal that the shape of sorption
isotherms does not depend only on the texture of the porous material, but
also on the difference of thermodynamic states between the confined fluid
and bulk fluid phase. This has to be taken into account for the
characterization of porous media by gas adsorption. However, macroscopic,
thermodynamic approaches related to the Kelvin equation do not account for
these effect (these approaches predict the occurrence of pore condensation
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up to the bulk critical temperature) and therefore fail to describe correctly
the position of the pore condensation step in narrow mesopores, in particular
in a temperature and pore size range where hysteresis disappears. In
combination with other deficiencies of the Kelvin equation based methods,
this leads to significant errors in the pore size analysis (see chapter 8, Fig.
8.3).
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S Surface Area Analysis from the Langmuir and
BET Theories

5.1 SPECIFIC SURFACE AREA FROM THE
LANGMUIR EQUATION

The Langmuir [1] equation is more applicable to chemisorption (see chapter
12), where a chemisorbed monolayer is formed, but is also often applied to
physisorption isotherms of type 1. Although this type of isotherm is usually
observed with microporous adsorbents, due to the high adsorption potential,
a separation between monolayer adsorption and pore filling is not possible
for many such adsorbents. A convenient form of the Langmuir equation is

P 1 P
—_—=—t— (cf. 4.12)
W K n m
where P is the adsorbate equilibrium pressure, and W and W, are the
adsorbed weight and monolayer weights, respectively. The term K is a
constant discussed in §4.1.
For type 1 isotherms, a plot of P/W versus P should give a straight
line with 1/W,, as the slope. The sample surface area, S,, is calculated from
equation (4.13):

S =N,A = W NA, (cf. 4.13)
| M

where, A4, is the cross-sectional adsorbate area, M is the adsorbate

molecular weight, and N is Avogadro’s number. The fact that a Langmuir
plot gives a straight line if applied to a type I isotherm is not at all indicative
of its success. Without an understanding of the processes occurring within
the micropores in terms of adsorption or pore filling, the Langmuir equation
may be a correct mathematical description of the isotherm, but the
determined monolayer capacity W, and the corresponding specific surface
does not reflect a true surface areas, but rather an equivalent or characteristic
surface area.



5 Surface Area Analysis from the Langmuir and BET Theories 59

5.2 SPECIFIC SURFACE AREA FROM THE BET
EQUATION

5.2.1 BET-Plot and Calculation of the Specific Surface Area

Although derived over sixty-five years ago, the application of the BET
equation is still the most popular approach for the calculation of the specific
surface area. The determination of surface areas from the BET theory [2] is
a straightforward application of the BET equation, which was derived in
chapter 4.

L _ t ¢c-ifp (cf. 4.38)
wip/R-1] w.C WC\R

m ni

A plot of I/W[Py/P) — 1] versus P/P,, as shown in Fig. 5.1, will yield a
straight line usually in the range 0.05<P/Py<0.35.

w[(Po/P)-1]

o1 02 03
P/Py
Figure 5.1 Typical BET plot.

The slope s and the intercept i of a BET plot are, respectively,

s=—— 5.1

=1 (5.2)
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Solving the preceding equations for ,, the weight adsorbed in a monolayer
gives

1
=T (5.3)
s+i
and the solution for C, the BET constant, gives
C=2+1 (5.4)
i
The total surface area can be calculated from equation (4.13), viz.,
W, NA,
S, =—t=" (cf4.13)
M

where, as before, A, is the cross-sectional adsorbate area, M is the

adsorbate molecular weight, and N is Avogadro’s number. The specific
surface area can be determined by dividing S, by the sample weight.

5.2.2. The Meaning of Monolayer Coverage
Hill [3] has shown that when sufficient adsorption has occurred to cover the

surface with exactly one layer of molecules, the fraction of surface, (00)," ,

not covered by any molecule is dependent on the BET C value and is given
by

JC-1
(60), =7 (5.5)

It is evident from equation (5.5) that when sufficient adsorption has
occurred to form a monolayer there is still always some fraction of surface
unoccupied. Indeed, only for C values approaching infinity will 8, approach
zero and in such cases the high adsorbate-surface interaction can only result
from chemisorption. For nominal C values, say near 100, the fraction of
surface unoccupied, when exactly sufficient adsorption has occurred to form
a monolayer, is 0.091. Therefore, on the average each occupied site contains
about 1.1 molecules. The implication here is that the BET equation indicates
the weight of adsorbate required to form a single molecular layer on the
surface, although no such phenomenon as a uniform monolayer exists in the
case of physical adsorption.
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5.2.3 The BET Constant and Site Occupancy

Equation (5.5) is used to calculate the fraction of surface unoccupied when
W = W,, that is, when just a sufficient number of molecules have been
adsorbed to give monolayer coverage. Lowell [4] has derived an equation
that can be used to calculate the fraction of surface covered by adsorbed
molecules of one or more layers in depth. Lowell’s equation is

_\/Z‘__l 1+1
).~

(5.6)

where 6, represents the fraction of surface covered by layers i molecules
deep. The subscript m denotes that equation is valid only when sufficient
adsorption has occurred to make W = W,,. Table 5.1 shows the fraction of
surface covered by layers of various depths, as calculated from equation for
i=0and for i # 0, as a function of the BET C value.

Equations (5.5) and (5.6) should not be taken to mean that the
adsorbate is necessarily arranged in neat stacks of various heights. Rather, it
should be understood as an indication of the fraction of surface covered with
the equivalent of / molecules regardless of their specific arrangement, lateral
mobility, and equilibrium with the vapor phase.

Of further interest is the fact that when the BET equation is solved
for the relative pressure corresponding to monomolecular coverage, (W =
W.,,), one obtains

(P] JC-1

5

= 5.7

The subscript m above refers to monolayer coverage. Equating (5.6) and
(5.7) produces the interesting fact that

P
6. =|— .
’ ( R) ]IH (5 8)

That is, the numerical value of the relative pressure required to make W
equal to W, is also the fraction of surface unoccupied by adsorbate.

T~ 3 =%
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Table 5.1 Values for (8),, from equations (5.5) and (5.6).

C=1000 C=100 C=10 C=1

0 0.0307 0.0909 0.2403 0.5000
1 0.9396 0.8264 0.5772 0.2500
2 0.0288 0.0751 0.1387 0.1250
3 0.0009 0.0068 0.0333 0.0625
4 0.0006 0.0080 0.0313
5 0.0001 0.0019 0.0156
6 0.0005 0.0078
7 0.0001 0.0039
8 0.0019
9 0.0009
10 0.0005
11 0.0002
0.0001

5.2.4 The Single Point BET Method

The BET theory requires that a plot of 1/W[(Py/P)-1] versus P/P, be linear
with a finite intercept (see equation (4.38) and Fig. 5.1). By reducing the
experimental requirement to only one data point, the single point method
offers the advantages of simplicity and speed often with little loss in
accuracy. The slope s and the intercept i of a BET plot are

s = g:—l (cf.5.1)
w.C
i= L (cf. 5.2)
I"C ’ .
Then
S_c-1 (5.9)

l

For reasonably high values of C the intercept is small compared to the slope
and in many instances may be taken as zero. With this approximation,
equation (4.38), the BET equation, becomes
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1 C-1( P
A e o

Since 1/W,,C, the intercept, is assumed to vanish, equation (5.11) reduces to
m

w,=Ww(l1-P/R) (5.11)

The total surface area as measured by the single point method, is then
calculated as:

S, =W(1—£)-]LA‘_ (5.12)
R)M -

5.2.5 Comparison of the Single Point and Multipoint Methods

The error introduced by the single point method can be evaluated by
examining the difference between W,, as determined by equations (5.11) and
(4.38), the BET equation. Solving equation (4.38) for W, gives

=W(&— )l+c_‘1 P (5.13)
P C C \P '

Subtracting equation (5.11) from (5.13) and dividing by equation gives the
relative error associated with the single point method, that is,

(VI/Ill)mp —(Vlllll )“'I’ _ 1_ P P()
(VV’")mp 1+(C_1) PPO

(5.14)

The subscripts mp and sp refer to the multi- and single point methods,
respectively. Table 5.2 shows the relative error of the single point method
compared to the multipoint method as a function of P/P, as calculated from
equation (5.14). The last column of Table 5.2 is established by substituting
equation (4.46) into equation (5.12) for the special case when P/P, =
(P/P()),,,, thus

(Wlll),",, _( m).\-., '\/E—l ( PJ
= = =0,

(W"')mp - C_l B

(5.15)

FYE T AT 3F » -
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Table 5.2 Relative errors using the single point method at various relative pressures.

C P/P() =0.1 P/P() =0.2 P/P() =0.3 (P/P())m*

1 0.90 0.80 0.70 0.50

10 0.47 0.29 0.17 0.24

50 0.17 0.07 0.04 0.12

100 0.08 0.04 0.02 0.09
1000 0.009 0.004 0.002 0.003

*(P/Py),, is the relative pressure that gives monolayer coverage according to a
multipoint determination.

The surprising relationship above shows that when a single point analysis is
made using the relative pressure that would give monolayer coverage
according to the multipoint theory, the relative error will be equal to the
relative pressure employed. The error will also, according to equation
(4.44), be equal to the fraction of surface unoccupied. A more explicit
insight into the mathematical differences of the multi- and single point
methods is obtained by considering a single point analysis using a relative
pressure of 0.3 with a corresponding multipoint C value of 100. From
equation (5.11), the single point BET equation, one obtains

(#,),, =07, (5.16)

The term (W )_V, refers to the monolayer weight as determined by the single

n

point method, and W, is the experimental weight adsorbed at a relative

pressure of 0.3. From equation (4.46) the relative pressure required for
monolayer coverage is

P _N100-=T_ 0009 (5.17)
R ) " 100-1

Using equation (5.13), the multipoint equation, to find W, gives

(0.3)] =0.715W,, (5.18)

Comparison of equations (5.18) and (5.16) shows that the difference
between the single and multipoint methods is identical to that shown in
Table 5.2 for P/Py= 0.3 and C = 100; viz.,
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0.715-0.700

=0.02 (5.19)
0.715

The above analysis discloses that, when the BET C value is 100, the
single point method using a relative pressure more than three times that
required for monolayer coverage causes an error of only 2%. To further
understand the BET equation and the relationship between the C value and
the single point error it is useful to rewrite the equation (4.38), the BET
equation, as

W _ C(P'FR)
Wm—[l"'(c—])P;Po](l_PPo)

(5.20)

Using the method of partial fractions, the right side of equation (5.20) can be
written as

C(PIE)) X A
= D — (5.21)
[1+(c-1)P Po](l—P'E,) 1-P/B 1+(C-1)P/P,
Recognizing that X = Z = 1 is a solution, gives
=T : (5.22)

w, 1-P/R, 1+(C-1)P/P,

Equation (5.22) is the BET equation expressed as the difference between
two rectangular hyperbolas. If the value of C is taken as infinity, equation
(5.22) immediately reduces to equation (5.11), the single point BET
equation. The hyperbolae referred to above are shown below in Fig. 5.2.

As indicated in Fig. 5.2, curve Y, the BET curve for an arbitrary C
value, approaches curve X, the single point curve, as the value of C
increases. In the limiting case of C — oo, the BET curve is coincident with
the single point curve. For all other C values, the single point curve lies
above the BET curve and their difference vanishes as the relative pressure
approaches unity. Thus, as the value of C increases, the knee of the isotherm
becomes sharper and moves toward lower relative pressures (see also Fig.
5.3). For lower C values, curves X and Y diverge and higher relative
pressures must be used to make single point surface areas conform to those
obtained by the multipoint method.

it
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W/ Wy,

“*
L
0 05 1
P/Pg

Figure 5.2 Plot of the hyperbola from equation (5.14) using an arbitrary C-value, Curve X
1/(1 — P/Py); curve Z=1/(1 + (C- 1)P/Py); curve Y = X — Z.

The extent of divergence of curves X and Y is controlled, in a mathematical
sense, by the second term in equation (5.21). This term contains the C value.

Table 5.2 indicates that, regardless of the C value, using higher
relative pressures within the linear range reduces the relative error.
Similarly, Fig. 5.2 shows that at sufficiently high relative pressure the BET
curve and the single point curve merge regardless of the C value. It would
appear that all single point analyses should be performed at the highest
possible relative pressures. Although theoretically sound, the use of relative
pressures above (.3 can lead to serious errors on the large number of
samples that contain pores. In a later chapter, the influence of pores is
discussed, but here it is sufficient to note that once condensation in pores
commences, the BET equation, which deals only with adsorption, fails
adequately to describe the state of the system. Ample evidence is available
to indicate that many adsorbents possess pores which causes condensation at
relative pressures as small as 0.3 and in some cases at even lower values.
Therefore, relative pressures of 0.3 may be considered sufficiently high to
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give good agreement with multipoint measurements on most surfaces while
avoiding condensation in all but microporous samples.

When used for quality control, the error associated with the single
point method can be eliminated or greatly reduced if an initial multipoint
analysis is performed to obtain the correct C value. Then equation (5.14) can
be used to correct the results. Even an approximate value of C can be used
to estimate the single point error. However, on the great majority of
surfaces, the C value is sufficiently high to reduce the single point error to
less than 5%.

5.2.6 Applicability of the BET Theory

As already stated before, the BET theory continues to be almost universally
used because of its simplicity, its definitiveness, and its ability to
accommodate each of the five isotherm types. The mathematical nature of
the BET equation in its most general form, equation (4.39) gives the
Langmuir or type I isotherm when n = 1. Plots of W/W,, versus P/P, using
equation (4.38) conforms to type II or type III isotherms for C values greater
than and less than 2, respectively. Fig. 5.3 shows the shape of several
isotherms for various values of C. The data for Fig. 5.3 are shown in Table
5.3 with values of W/W,, calculated from equation after rearrangement to

K: 1_£ +i £+5—2 (5.23)
w F) C\F P

m

The remaining two isotherms, types IV and V, are modifications of the type
IT and type III isotherms due to the presence of pores.

Rarely, if ever, does the BET theory exactly match an experimental
isotherm over its entire range of relative pressures. In a qualitative sense,
however, it does provide theoretical foundation for the various isotherm
shapes.

Of equal significance is the fact that in the region of relative
pressures near completed monolayers (0.05 < P/P, < 0.3) the BET theory
and experimental isotherms do agree very well, leading to a powerful and
extremely useful method of surface area determination. The fact that most
monolayers are completed in the range 0.05 < P/P,< 0.3 reflects the value of
most C constants. As shown in Table 5.3, the value of W/W,, equals unity in
the previous range of relative pressures for C values between 3 and 1000,
which covers the great majority of all isotherms.

The sparsity of data regarding type III isotherms, with C values of 2
or less, leaves open the question of the usefulness of the BET method for
determining surface areas when type III isotherms are encountered. Often

Il

I3 =

T AT

T s aE



68 CHARACTERIZATION OF POROUS SOLIDS AND POWDERS

Table 5.3 Values of W/W,, and relative pressures for various values of C.

PP, C€C=005 C-=05 C=1I C=2 C=3 C=10 C~-100 C=1000

0.02 0.00t 0.010 0.020 0.040 0.059 0.173 0.685 0.973
0.05 0.003 0.027 0.052 0.100 0.143 0.362 0.884 1.030
0.10 0.006 0.058 0.111 0.202 0.278 0.585 1.020 1.100
0.20 0.015 0.139 0.250 0.417 0.536 0.893 1.200 1.250
0.30 0.030 0253 0429 0.660 0.804 1.160 1.400 1.430
0.40 0.054 0417 0667 0952 1.110 1450 1.640 1.660
0.50 0.095 0.667 1.000 1330 1.500 1.820 1.980 2.000
0.60 0.172 1.060 1.490 1.870 2.040 2.340 2.480 2.500
0.70 0345 1.790 2330 2740 2910 3.190 3.320 3.330
0.80 0.833 3.330 4.000 4.440 4.620 4.880 4.990 5.000
090 3330 8330 9.090 9.520 9.680 9.900 9.990 10.000
0.94 7.350 14.700 15.700 16.200 16.300 16.600 16.700 16.700

in this case it is possible to change the adsorbate to one with a higher C
value, thereby changing the isotherm shape. Brunauer e al [5], however,
point to considerable success in calculating the surface area from type III
isotherms as well as predicting the temperature coefficient of the same
isotherms,

Despite of the success of the BET theory, some of the assumptions
upon which it is founded are not above criticism. One questionable
assumption is that of an energetically homogeneous surface, that is, all the
adsorption sites are energetically identical. Further, the BET model ignores
the influence of lateral adsorbate interactions.

Brunauer [6] answers these criticisms by pointing out that lateral
interaction between adsorbate molecules necessarily increases as the surface
becomes more completely covered. The interaction with the surface,
however, decreases with increasing adsorption up to monolayer coverage
since on an energetically heterogeneous surface the high energy sites will be
occupied at lower relative pressures. In this situation, occupancy of the
lower energy sites occurs nearer to completion of the monolayer.

Fig.5.4 illustrates how the lateral interactions and the surface
interactions can sum to a nearly constant overall adsorption energy up to
completion of the monolayer, an implicit assumption of the BET theory.
This results in a constant C value from equation (4.22)
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S = W"A];A x10m’ (cf. 4.13)

!
with W, in grams, M is the adsorbate molecular weight, N is Avogadro’s
number (6.022 x 10** molecules per mole) and 4, in square Angstréms per
molecule. Division by the sample weight converts S, to S, the specific
surface area.

A reasonable approximation of the cross-sectional area of adsorbate
molecules was proposed by Emmett and Brunauer [9]. They assumed the
adsorbate molecules to be spherical and using the bulk liquid properties (at
the temperature of the adsorption experiment) they calculated the cross-
sectional area from

-

A = (-%J} x10"A? (5.24)

X

where V' is the liquid molar volume. Equation (5.24) must be amended to
reflect the molecular packing on the surface. Assuming that the liquid is
structured as spheres with 12 nearest neighbors, 6 in a plane, in the usual
close packed hexagonal arrangement shown in Fig. 6.1, and that the
adsorbate has the same structure on the adsorbent surface, equation (5.24)
becomes

-

7 \3
4, = 1.091(%) x10" A’ (5.25)

The factor 1.091 in equation (5.25) arises from the characteristics of
close packed hexagonal structures. If D is the distance between centers of
adjacent spheres, the spacing between the centers of adjacent rows in a plane

is 3 3 D/2. The spacing between centers of adjacent planes is 1/ 3D [10].

Allowing N, and N, to represent the number of spheres along the X and Y
axes of a plane of spheres, the planar area, 4,, is given by

A, = {EDZN\.NY (5.26)

I
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If N. is the number of planes or layers, then the volume, V,
containing N,N,N. spheres is given by

_3

ED’N\_N‘,N. (5.27)
2 V3 T

Since N,N,N. represents the total number of spheres, N, in the volume, V,
equation (5.27) can be expressed as

V= g %D"N (5.28)

Then

1
(K) o3 (E)’DZ (5.29)
N ;A3

Substituting for D’ into equation (5.26) gives

-

V \3
4,= 1.091N‘_N‘,(—-) (5.30)
Y

The molecular cross-sectional area A, then can be obtained by dividing the
planar area, 4,, by NN,, the number of molecules in a plane. Thus, dividing
both numerator and denominator of the fraction, V/N, by the number of
moles yields

-

vV \3
A.‘_=1.091(KN-) x10' (cf.5.25)

That the adsorbate resides on the adsorbent surface with a structure
similar to a plane of molecules within the bulk liquid, as depicted in Fig. 5.5
is a simplified view of the real situation on surfaces. Factors that make this
model and therefore equation (5.25) of limited value include the following:

o ¥ T ¥
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Figure 5.5 Sectional view of a close-packed hexagonal arrangement of spheres.

Weak interactions with the surface lead to lateral mobility of the
adsorbate on the surface, which will tend to disrupt any tendency for the
development of an organized structure, i.e., will prevent a definite
arrangement of adsorbate on the surface.

Complex molecules, which rotate about several bond axes, can undergo
conformational changes on various surfaces and thereby exhibit
different cross-sectional areas.

Orientation of polar molecules produces different surface arrangements
depending on the polarity of the adsorbent.

Strong interactions with the surface lead to localized adsorption, which
constrains the adsorbate to a specific site. This type of ‘epitaxial’
adsorption will lead to decreasing measured surface areas relative to the
true BET value as the surface sites become more widely spaced The
effective adsorbate cross-sectional area will then reflect the spacing
between sites rather than the actual adsorbate dimensions.

Fine pores may not be accessible to the adsorbate, sot that a substantial
portion of the surface is inaccessible to measurement. This would be
particularly true for large adsorbate molecules.

Based on the points discussed before it is obvious to assume a

relationship between the BET C constant and the cross-sectional area.
Indeed, Kiselev and Eltekov [11] established that the BET C value
influences the adsorbate cross-sectional area. They measured the surface
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area of a number of adsorbents using nitrogen. When the surface areas of the
same adsorbents were measured using n-pentane as the adsorbate the cross-
sectional areas of n-pentane had to be revised in order to match the surface
areas measured using nitrogen. It was found that the revised areas increased
hyperbolically as the n-pentane C value decreased, as show in Fig. 5.6.

70 030
029
028
027
026
65 025
:: \ 0-24
023
022 |-
021G
60 020
019
o8
o7
B ol6
55 AN 015
< 014
013
o2
ol
0 0o 20 30 4oC 50 60 0 80 ol

Figure 5.6 Variation of n-pentane cross-sectional area with the BET C constant (points) and
(6’0)’" (solid line).
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A similar relationship between n-butane cross-sectional areas and the BET
C constant has been reported [12]. A plot of the revised cross-sectional areas
of n-butane versus the BET constant is shown in Fig. 5.7. Figs. 5.6 and 5.7

show that plots of (\/E - 1) / (C- 1) versus C give hyperbolae which also

match the cross-sectional area data. A plausible explanation for the
observation that the fraction of surface not covered by adsorbate, (6)),
increases at low C values, leading to high apparent cross-sectional area, is
that the two hydrocarbons used as adsorbates interact weakly with the
adsorbent. Thus, they behave as two-dimensional gases on the surface.
Therefore, their cross-sectional areas may reflect the area swept out by the
adsorbate molecules during their residence time on the surface rather than
their actual cross-sectional areas.

In those instances of very high C values, the fraction of surface
uncovered by adsorbate again increases, as a result of epitaxial deposition
on specific surface sites, which when widely spaced, would lead to high
apparent cross-sectional areas. A complete plot of cross-sectional area
versus the BET C value would then be parabolic in shape, with the most
suitable values of cross- sectional areas lying near the minimum of the
parabola. For the great majority of adsorbents, the C constant for nitrogen
lies in the rage from about 50 to 300. Interactions leading to C values as low
as 10 or 20 are not found with nitrogen nor is nitrogen chemisorbed, which
would lead to adsorption on specific sites. Thus, nitrogen is uniquely suited
as a desirable adsorbate, since its C value is not found at the extremes at
each end of the parabola.

Since («/E—l)/(C—l)=(0(,)m can be calculated from a BET

plot, there exists a potential means of predicting the cross-sectional area
variation relative to nitrogen. On surfaces that contain extensive porosity,
which exclude large adsorbate molecules from some pores while admitting
smaller ones, it becomes even more difficult to predict any variation in the
adsorbate cross-sectional area by comparison to a standard [13,14].

Summarizing, it can be said that the effective cross-sectional area
depends on the temperature, the nature of the adsorbate-adsorbate and
adsorbent-adsorbate interaction and the texture of the adsorbent surface. The
surface areas calculated from equation (4.13) usually give different results
depending upon the adsorbate used. If the cross-sectional areas are
arbitrarily revised to give surface area conformity on one sample, the
revised values generally will not give surface area agreement when the
adsorbent is changed. With regard to cross-sectional areas, it must be kept in
mind that the area occupied by a molecule or atom can often be many times
its true area and the terms effective area or occupied area are more
appropriate and less misleading.
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Figure 5.7 Variation of n-butane-cross- sectional area with the BET C constant (points) and
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Table 5.4 lists cross-sectional areas for some frequently used
adsorptives. The data in the first column are taken from the work of
McCellan and Harnsberger [15] who compared and discussed the cross-
sectional areas reported for a wide range of adsorption systems. Very often
the cross-sectional area was obtained by assigning a value to each
adsorptive, as required, in order to make measured surface areas agree with
the nitrogen value [16].
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Table 5.4 Cross-sectional areas of some frequently used adsorptives.

Adsorptive Cross-sectional area Customary Value
Temperature (AH[15] (AY)
Nitrogen 77.35K 13.0-20.0 16.2
Argon 7735K 10.0 - 19.0 13.8
Argon 87.27K 9.7-18.5 14.2
Krypton 77.35K 17.6 -22.8 20.2
Xenon 7735K 6.5-29.9 16.8
Carbon Dioxide 14-22.0
195K 19.5
273K 21.0
Oxygen 77.35K 13-20 14.1
Water  298.15K 6-19 12.5
n-Butane 273.15K 36-54 44.4
Benzene 293.15 K 73 - 49 43.0

5.2.8 Nitrogen as the Standard Adsorptive for Surface Area
Measurements

Due to the uncertainty in calculating absolute cross-sectional areas, the
variation in cross-sectional areas with the BET C value, and the fact that on
porous surfaces less area is available for larger adsorbate molecules, there is
a need for a universal, although possibly arbitrary, standard adsorptive. The
unique properties of nitrogen have led to its acceptance in this role with an
assigned cross-sectional area of 16.2 A” at its boiling point of 77.35 K. In
addition the availability of liquid nitrogen, has also led to the situation that
nitrogen is now internationally accepted as the standard BET adsorptive.
This is demonstrated in the IUPAC recommendations [17], but also in
numerous standards from international, and national standardization
institutions (e.g., ISO, ASTM International).

The cross-sectional area of 16.2 A’ is based on the assumption that
at 77 K the nitrogen monolayer is in a close-packed “liquid state”, which
appears to be quite accurate in the case for hydrocarbon surfaces. The fact,
that nitrogen has a permanent quadrupole moment is important because it is
responsible for the formation of a well-defined monolayer on most surfaces.
However, in the case of surfaces of high polarity the nitrogen adsorption and
the orientation of the adsorbate molecules on the surface is affected by
specific interactions between the polar groups on the adsorbent surface and
the quadrupole moment of the nitrogen molecule. The possibility of such a
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problem was already mentioned in the paper by McClellan and Harnsberger
[15]. Indeed, recent experimental sorption studies on highly ordered
mesoporous  silica materials such as MCM-41 (which consists of
independent cylindrical-like pores), suggest strongly that the cross-sectional
area of nitrogen on a hydroxylated surface might differ from the commonly
adopted value of 0.162 nm” [18]. Similar observations were already made in
the past and it was assumed that the quadrupole moment of the nitrogen
molecule leads to specific interactions with the hydroxyl groups on the
surface causing an orientating effect on the adsorbed nitrogen molecule [19].
But it was only in the last ten years that an accurate cross-sectional area,
(ie., 0.135 nm?), valid for nitrogen adsorption on a hydroxylated silica
surface, could be proposed [20]. This value was obtained by measuring the
volume of N adsorbed on silica spheres of known diameter. If one uses the
standard cross-sectional area (0.162 nm’) the BET surface area of
hydroxylated silica surfaces can be overestimated by ca. 20 % [18].

In contrast to nitrogen, argon has no quadrupole moment and the
above-mentioned problems do not occur when argon is used as the
adsorptive. In contrast to argon adsorption at liquid argon temperature (i.e.,
87.27 K), the use of argon adsorption at the liquid nitrogen temperature is
more problematic. Firstly, argon is here ca. 6.5 K below the bulk triple point
temperature (T, = 83.81 K), hence the bulk reference state is in doubt.
However, for surface area analysis the saturation pressure of supercooled
liquid argon (Py = 230 torr) is used. In addition, argon sorption at 77 K is
much more sensitive to the details of the surface structure, and type VI
sorption isotherms (see chapter 3) have been observed on homogeneous
surfaces [21].

5.2.9 Low Surface Area Analysis

Using highly accurate volumetric adsorption equipment, it is possible to
measure absolute surface areas as low as approximately 0.5 — 1 m® with
nitrogen as the adsorptive. In order to measure even lower surface areas the
number of molecules trapped in the void volume of the sample cell needs to
be reduced (see Chapter 14 for details). This can be achieved by applying
krypton adsorption at liquid nitrogen temperature for the surface area
analysis. Krypton at ~77 K is ca. 38.5 K below its triple point temperature
(T. = 115.35 K), and it sublimates (i.e., Pgu4) at ca. 1.6 torr. However, it
has become customary to adopt the saturation pressure of supercooled liquid
krypton for the application of the BET equation, i.e., one assumes that
despite the fact that the sorption measurement is performed that far below
the bulk triple point temperature, the adsorbed krypton layer is liquid-like.
The saturation pressure of the supercooled liquid krypton is 2.63 torr, i.e.,
the number of molecules in the free space of the sample cell is significantly
reduced (to 1/300™) compared to the conditions of nitrogen adsorption at
liquid nitrogen temperature. Hence, krypton adsorption at ~77 K is much

L
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more sensitive, and can be applied to assess surface areas down to at least
0.05 m’.

Problems are of course associated with the fact that the nature and
the thermodynamic state (solid or liquid?) of the adsorbed layer(s) is not
well defined, and hence the reference state to calculate P/Py. Connected with
this is some uncertainty with regard to the wetting behavior of the adsorbed
krypton phase that far below the bulk triple point temperature (i.e., in the
BET approach a complete wetting of the adsorbate phase is assumed).
Whereas in the case of nitrogen adsorption (at its boiling temperature) for
almost all materials a complete wetting behavior can be assumed, this
situation may be different for of adsorption below the triple point
temperature [21, 22]. This might also contribute to the fact that the effective
cross-sectional area of krypton depends very much on the adsorbent surface
and is therefore not well established.

The cross-sectional area calculated from the density of the
supercooled liquid krypton is 0.152 nm® (15.2 A7), but the higher cross-
sectional area of 0.202 nm” (20.2 A*) is commonly used [15, 23]. -

However, despite these deficiencies, it must be clearly stated that
krypton adsorption at ~77 K is considered to be a very useful tool for routine
surface area measurements of materials with low-surface area.
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13 Physical Adsorption Measurement:
Preliminaries

13.1 EXPERIMENTAL TECHNIQUES FOR PHYSICAL
ADSORPTION MEASUREMENTS

The adsorbed amount as a function of pressure can be obtained by
volumetric (manometric) and gravimetric methods, carrier gas and
calorimetric techniques, nuclear resonance as well as by a combination of
calorimetric and impedance spectroscopic measurements (for an overview
see refs [1-3]). However, the most frequently used methods are the
volumetric (manometric) and the gravimetric methods. The gravimetric
method is based on a sensitive microbalance and a pressure gauge. The
adsorbed amount can be measured directly, but a pressure dependent
buoyancy correction is necessary. The gravimetric method is convenient to
use for the study of adsorption not too far from room temperature. The
adsorbent is not in direct contact with the thermostat and it is therefore more
difficult to control and measure the exact temperature of the adsorbent at
both high and cryogenic temperatures. Therefore, the volumetric method is
recommended to measure the adsorption of nitrogen, argon and krypton at
the temperatures of liquid nitrogen (77.35 K) and argon (87.27 K) [4].

The volumetric method is based on calibrated volumes and pressure
measurements by applying the general gas equation. The adsorbed amount is
calculated by determining the difference of the total amount of gas admitted
to the sample cell with the adsorbent and the amount of gas in the free
space. The void volume needs to be known very accurately. We discuss
details with regard to this important matter in chapter 14.

Both volumetric and gravimetric methods allow adsorption to be
measured under either static and quasi-equilibrium conditions. In quasi-
equilibrium methods the adsorptive is continuously admitted to the sample
at a certain, low rate. To obtain a scan of the desorption isotherm the
pressure is continuously decreased. The most difficult point associated with
the quasi-equilibrium procedure is that one needs to reach at any time of the
experiment satisfactory equilibrium conditions. To check that equilibrium
has been established the analysis should be repeated using slower gas rates
(gas bleed rate). The validity of the analysis is strengthened if identical data
are obtained at two different gas flows. If one can reach true equilibrium
conditions, the main advantage of this method is that it provides isotherms
of unsurpassed resolution. A detailed description of quasi-equilibrium
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methods is given in refs. [5-7].

In contrast to this quasi-equilibrium method, the continuous flow
method proposed by Nelson and Eggertson [8], gives rise to a discontinuous,
point-by-point adsorption, as is the case for the volumetric static method.
This flow method is based on a continuous flow of a mixture of a carrier gas
(helium) and adsorptive (e.g., nitrogen) through the powder bed. The change
in gas composition due to the adsorption of nitrogen is monitored by a
thermal conductivity detector. The method is still frequently used for single
point surface area measurements. Hence, we will discuss both the static
volumetric- and the dynamic flow method in more detail later in this book
(chapters 14 and 15), because these two methods are the most frequently
used for the surface area and pore size characterization of porous solids.

13.2 REFERENCE STANDARDS

Adsorbents are usually characterized using parameters such as specific
surface area, pore volume and the pore size distribution. These quantities
can be derived by analysis of gas sorption isotherms by applying an
appropriate theory used to treat the adsorption and/or desorption data.

However, the results obtained for the surface area, pore size etc. are
dependent on the applied theoretical method for data analysis and, to some
extent, on the chosen experimental method. In order to overcome these
problems, the use of certified reference materials and standardized
measurement procedures allow one to check and calibrate the performance
of sorption analyzers and to compare results from different laboratories.
More than twenty certified reference materials for surface area and pore size
analysis are now available from the four internationally recognized standard
authorities including BAM (Germany), IRRM (European Community), LGC
(UK), and NIST (USA) [9]. These reference materials generally consist of
powders of inert materials such as alumina, titania, silica/quartz, carbons
and silicon nitrides.

Much work was done recently in standardizing measuring methods
for the surface area and pore size characterization of porous solids. A
comprehensive survey of standards on surface structure characterization can
be found in the review of Robens ef al [10]. Such standards are available
from the national standardization organizations, but as a result of the
globalization of research and industries, standardization is shifted more to
the international organizations, e.g., 1SO (International Organization for
Standardization, ASTM International (American Society for Testing and
Materials).
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13.3 REPRESENTATIVE SAMPLES

Often, for the purposes of laboratory analysis, it is necessary to obtain a
small quantity of powder from a larger batch. For maximum accuracy and
reproducibility, it is necessary that the sample chosen be representative of
the larger initial quantity. Here, the term representative means that the
sample must possess the same particle and pore size distributions and
specific surface area as the larger quantity from which it was obtained.

To some extent, under even slight agitation, particles tend to
segregate with the finer ones settling toward the bottom of the container.
When poured from a container into a conical pile, the smaller particles will
collect towards the center. This behavior is caused by large particles rolling
over the smaller ones and the small particles settling through the voids
between the larger ones.

It is generally impossible to make a segregated sample completely
homogeneous by shaking, tumbling or any other technique. Often these
attempts only further enhance the segregation process. Devices such as the
spinning or rotary riffler can be used to obtain representative samples.
Rifflers operate on the principle that a sample need not be homogeneous in
order to be representative.

Such a riffler (shown in Fig. 13.1) operates by loading the powder
sample into a vibrating hopper, which delivers the sample down a chute into
eight rotating collectors. Both the delivery and rotational rates can be
controlled.

The sample, when loaded in the hopper, will be segregated.
Therefore, at any depth ¢ there will exist a particle diameter gradient

AD/A¢. The powder settles as it is delivered to the collectors at the rate
Ae/ At . Then,

AD At _AD (13.1)
AU A A

which is the rate of change of particle diameters leaving the hopper. If i is
defined as the change in particle diameter entering each collector per
revolution, then,
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Figure. 13.1 Schematic drawing of a spinning riffler.

V/=%%T (13.2)

where 7 is the time per revolution. Substituting equation (13.1) into (13.2)
gives

=l£.£7 (13.3)
8 Al At

Recognizing that A¢/At is proportional to the feed rate, F, yields

AD
=K—Fr 13.4
V==~— (13.4)

Equation (13.4) asserts that the change in particle diameter entering each
collector can be made as small as necessary by decreasing the feed rate or
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increasing the collector’s rotational rate. However, Hatton [11] argues that it
is preferable to slow the feed rate rather than increase the rotational rate to
provide better representation.

When the entire sample has been delivered, each collector will
contain powder exactly representative of the initial batch. Each collector
will also contain a size gradient from top to bottom. Therefore, if the
quantity required for analysis is less than the amount in any single collector,
the process must be repeated. This is achieved by placing the contents of
one collector back into the hopper and re-riffling. There are rifflers available
that can riffle samples of less than one gram to accommodate the need for
small final samples.

Rifflers can be equipped with an optional sieve that can be placed
on top of the hopper to exclude particles above a required size. The
advantage of this arrangement lies in the fact that a single particle of 100 ym
radius has the same weight as one million 1xm particles with only one-
hundredth the surface area. If only a few of the large particles are present,
they may not be properly represented in the final sample.

Often it is thought that the effectiveness of a riffler can be
demonstrated by the uniformity of weight accumulated in each collector.
This reasoning is incorrect if one considers that each collector will
necessarily acquire a slightly different amount of sample if the collector
diameters vary slightly. The only correct test for the effective performance
of a riffler is to compare the contents of each collector in terms of particle
size distribution or specific surface area.

Experiments with silica powder chosen from five depths in a two-
pound container gave surface areas from top to bottom of 9.8, 10.2, 10.4,
10.5, and 10.7 m*/g. When the same sample was poured into a conical pile,
five random samples produced surface areas of 10.3, 11.0, 10.4, 10.0, and
10.6 m*/g. However, when the sample was riffled in a spinning riffler with
three size reductions, the subsequent analysis of the contents of five
collectors gave 10.2, 10.1, 10.2, 10.2, and 10.1 m?/g as the specific surface
area.

13.4 SAMPLE CONDITIONING: OUTGASSING OF THE
ADSORBENT

In order to obtain correct data it is required to remove all physically
adsorbed material from the adsorbent surface to ensure a reproducible initial
state of the adsorbent surface, especially one in which pores are obstructed
by foreign species. This can be accomplished by vacuum pumping or
purging with an inert gas at elevated temperatures. Vacuum is attractive,
because it prepares the surface under the same conditions that are required
to start a static volumetric adsorption experiment (i.e., to start a such an
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adsorption experiment the sample cell with adsorbent has to be evacuated).
In addition, it also allows outgassing at lower temperatures than one would
need if flow outgassing (purging) under atmospheric conditions were
applied. A drawback of the vacuum method is certainly the problem of
powder elutriation (see §13.5), which does not occur as readily in the flow
method. An additional advantage of flow is that its setup is very easy (i.e.,
no expensive vacuum system is required).

The sample should be outgassed at the highest temperature that will
not cause a structural change to the sample. In general, too low an
outgassing temperature will cause lengthy preparation, and may result in
lower than expected surface areas and pore volumes. In general, outgassing
organics must be performed with care since most have quite low softening
or glass transition points (e.g., magnesium stearate). In contrast, most carbon
samples for instance can be outgassed quite safely at 573 K. Physisorbed
water in nonporous or mesoporous materials will be lost at relatively low
temperatures (< 473 K) under the influence of vacuum, but if adsorbed in
narrow micropores, as they are present in some zeolites, high temperatures
(up to 573 K) and long outgassing periods (often no less than 8 hours) are
required. A special heating program is often needed, one which allows for a
slow removal of most of the preadsorbed water at temperatures below 373 K
accompanied by a stepwise increase in temperature until the final outgassing
temperature is reached. This is done to avoid potential structural damage of
the sample due to surface tension effects and so-called “steaming”, i.e.,
hydrothermal alteration. In particular zeolites are sensitive to steaming,
where the possibility of vaporization and re-condensation inside the pores
can lead to structural changes.

In those instances where samples cannot be heated, the method of
repetitive cycling [12] investigated by Lopez-Gonzales et a/ [13] can be
utilized. They found that by repetitive adsorption and desorption the surface
can be adequately cleaned to allow reproducible measurements. Usually
three to six cycles are sufficient to produce a decontaminated surface.
Presumably the process of desorption, as the sample temperature is raised,
results in momentum exchange between the highly dense adsorbate leaving
the surface and the contaminants. As the impurities are removed from the
surface they will be carried out of the sample cell by the flowing gas. Thus
the technique of repetitive cycling is an efficient means for removal of
contaminants from the surface of a solid.

If the vacuum method is performed outgassing of the sample to a
residual pressure of about 1 Pa (7.5 x 107 torr) to 0.01 Pa is considered to be
satisfactory for most nonporous and mesoporous materials. This can be
readily achieved by a combination of a rotary and diffusion pump in
connection with a liquid nitrogen trap. The usual precautions, including a
cold trap, should be taken to insure no contamination by the pump oil.
However, as already mentioned, microporous materials such as zeolites
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require an outgassing at much lower pressures, i.e., below 0.01 Pa. Nitrogen
adsorption occurs here at relative pressures P/Po even below 107 for pores
of diameter below ca. 6 A. Hence, the sample should also be outgassed at
these very low pressures. This can be achieved by using a turbomolecular
pump which, if coupled with a diaphragm roughing pump, allows the
sample to be outgassed in a completely oil free system.

13.5 ELUTRIATION AND ITS PREVENTION

Elutriation, or loss of powder out of the sample cell, is caused by gas
flowing too rapidly out of the cell, and is in particular problematic for
vacuum outgassing of materials such as the ones prepared by the sol-gel
method.

Wider stems and sample cells with larger bulbs can be beneficial in
reducing elutriation. Wider stems reduce the velocity of the gas leaving the
cell when evacuation begins and thus it is less likely to entrain powder
particles and transport them upwards and out of the cell. The presence of a
filler rod significantly increases gas velocity because of the internal
dimensions. Hence, outgassing should always be performed without a filler
rod inserted into the sample cell. In problematic cases the analysis needs to
be performed without a filler rod, but some loss of resolution and/or
sensitivity may result (for more information about the proper choice of
sample cells and filler rods etc. see also chapter 14.6).

In certain cases it might be required to pump down the sample very
slowly by controlling (manually or in an automated way) the opening of the
valve, which connects the sample cell to the vacuum line. Elutriation
problems are also often encountered during degassing of damp, “light”
powders. This condition can be reduced or eliminated by pre-drying the
samples in a conventional drying oven and outgassing under vacuum at
room temperature for some time before heating to the final temperature,
where the outgassing of the sample should be ultimately performed.

In the most difficult cases, it might be necessary to insert a small
glass wool plug (or a glass frit) into the cell stem, however this has the
disadvantage that the quality of the vacuum surrounding the sample is no
longer known.
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15.1 NELSON AND EGGERTSEN CONTINUOUS
FLOW METHOD

In 1951, Loebenstein and Deitz [1] described an innovative gas adsorption
technique that did not require the use of a vacuum. They adsorbed nitrogen
out of a mixture of nitrogen and helium that was passed back and forth over
the sample between two burettes by raising and lowering attached mercury
columns. Equilibrium was established by noting no further change in
pressure with additional cycles. The quantity adsorbed was determined by
the pressure decrease at constant volume. Successive data points were
acquired by adding more nitrogen at the system. The results obtained by
Loebenstein and Deitz agreed with vacuum volumetric measurements on a
large variety of samples with a wide range of surface areas. They were also
able to establish that the quantities of nitrogen adsorbed were independent of
the presence of helium.

Nelson and Eggertsen [2], in 1958, extended the Loebenstein and
Dietz technique by continuously flowing a mixture of helium and nitrogen
through the powder bed. They used a hot wire thermal conductivity detector
to sense the change in effluent gas composition during adsorption and
desorption, when the sample cell was immersed into and removed from the
bath, respectively. Fig. 15.1 illustrates a simplified continuous flow
apparatus. Fig. 15.2 is a schematic of the flow path arrangement using a
four-filament thermal conductivity bridge.

In Fig. 15.1, a mixture of adsorptive and carrier gas of known
concentration is admitted into the apparatus at ‘a’. Valve V, is used to
control the flow rate. The analytical pressure is the partial pressure of the
adsorptive component of the mixture. When the system has been purged, the
detectors are zeroed by balancing the bridge (see Fig. 15.8). When the
sample cell ‘b’ is immersed in the coolant, adsorption commences and
detector Dy, senses the decreased nitrogen concentration. Upon completion
of adsorption, Dy, again detects the same concentration as D, and the signal
returns to zero. When the coolant is removed, desorption occurs as the
sample warms and detector Dy; senses the increased nitrogen concentration.
Upon completion of desorption, the detectors again sense the same
concentration and the signal returns to its initial zero value. Wide tubes ‘c’
act as ballasts to (i) decrease the linear flow velocity of the gas ensuring its
return to ambient temperature prior to entering Dy and (ii) to prevent air
being drawn over Dy; when the cell is cooled and the gas contracts.
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Figure 15.1 Simplified continuous flow apparatus
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Figure 15.2 Gas flow path (dashed line) using a four-filament detector. D is formed by

filaments 2 and 4, Dy = | and 3. This type of circuit is known as a Wheatstone bridge.
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Figure 15.3 Adsorption and desorption peaks in a continuous flow apparatus.
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Fig. 15.3 illustrates the detector signals due to adsorption and subsequent
desorption. Figs. 15.4 and 15.5 illustrate a parallel flow arrangement which
has the advantage of requiring shorter purge times when changing gas
composition but is somewhat more wasteful of the mixed gases. The
symbols shown in Fig. 15.4 have the same meaning as those used in Fig.
15.1.

&

a C b HC O
(¢ (¢
V, ;
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b
Figure 15.4 Parallel flow circuit.
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—_— o Y
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»———— —=

Figure 15.5 Parallel flow path using a four-filament bridge. D, is formed by filaments 2 and
4 are, | and 3 comprise Dy;. Dashed lines are gas flow paths.

15.2 CARRIER GAS (HELIUM) AND DETECTOR
SENSITIVITY

To be effective, the carrier gas must fulfill two requirements. First, it cannot
be adsorbed at the coolant temperature; second, it must possess a thermal
conductivity sufficiently different from that of the adsorptive that small
concentration changes can be detected. Usually helium is used as a carrier
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gas; hence, some discussion regarding the possible influence of helium is
necessary.

The forces leading to liquefaction and adsorption are the same in
origin and magnitude. Gases substantially above their critical temperature,
T., cannot be liquefied because their thermal energy is sufficient to
overcome their intermolecular potential. Although the adsorption potential
of a gas can be greater than the intermolecular potential, helium is,
nevertheless, not adsorbed at liquid nitrogen temperature (~77 K) because
this temperature is still more than 14 times the critical temperature of helium
(~5.3K).

Furthermore, in order to be considered adsorbed, a molecule must
reside on the surface for a time 7 at least as long as one vibrational cycle of
the adsorbate normal to the surface. The time for one vibration is usually of
the order of 10" seconds which, by equation (15.1), makes 7 about 2x10™"
seconds at 77 K.

=10 "exp(100/RT)=1.91x10 “sec (15.1)

The value of 100 cal/mol chosen for the adsorption energy of helium is
consistent with the fact that helium has no dipole or quadrupole and is only
slightly polarizable. Thus, it will minimally interact with any surface. Based
upon reflections of a helium beam from LiF and NaCl cleaved surfaces, de
Boer [3] estimated the adsorption energy to be less than 100 cal/mol. At 77K
the velocity of a helium atom is 638 m/sec, so that in 1.91 x10" sec it will
travel 1.91 x10"* x638x10'" = 1.2 A. Thus, the condition that the adsorbate
molecules reside near the surface for one vibrational cycle is fulfilled by the
normal velocity of helium and not by virtue of its being adsorbed. Stated in
alternate terms, the density of helium near a solid surface at 77 K is
independent of the surface and is the same as the density remote from the
surface. Molecular collisions with the adsorbed film by helium will certainly
be no more destructive than collisions made by the adsorbate. In fact, helium
collisions will be less disruptive of the adsorbed film structure since the
velocity of helium is, on the average, 2.6 times greater than that of nitrogen
at the same temperature, while a nitrogen molecule is 7 times heavier. Thus,
the momentum exchange due to nitrogen collisions will be the more
disruptive. The thermal energy of helium at 77 K is about 220 cal/mol. The
heat of vaporization of nitrogen at 77 K is 1.335 kcal/mol, which may be
taken as the minimum heat of adsorption. A complete exchange of thermal
energy during collisions between a helium atom and an adsorbed nitrogen
molecule would not be sufficient to cause desorption of the nitrogen.

To understand the effect of the carrier gas on the response of the
thermal conductivity detector, consider the steady state condition that
prevails when the resistive heat generated in the hot wire filament is exactly
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balanced by the heat conducted away by the gas. This condition is described
by equation (15.2)

iR =ck(t; -t,) (15.2)

where i is the filament current, R is the filament resistance, & is the thermal
conductivity of the gas mixture, and #; and ¢, are the filament and the wall
temperatures, respectively. The constant c is a cell constant that reflects the
cell geometry and the separation of the filament from the wall, which acts as
the heat sink.

When the gas composition is altered due to adsorption or
desorption, the value of & changes by 4k, which in turn alters the filament
temperature by Af. Under the new conditions, equation (15.2) can be
rewritten as

’R = ck(k + Ak )(t; + Aty —t.,) (15.3)
Equating the right hand sight of equations (15.2) and (15.3) gives
k(te =t )= (k + Ak)(t: + Aty —t,,) (15.4)

By neglecting the term AkAf, a second order effect, equation (15.4)
rearranges to

Aty =%(rw —t) (15.5)

The change in filament resistance, 4R, is directly proportional to the small
temperature change A4t and is given by

AR = aRAI, (15.6)

where « is the temperature coefficient of the filament, dependent on its
composition, and R is the filament resistance at temperature f;; thus

AR =o¢R3‘k£(t“ ~t) (15.7)

Equation (15.7) requires that Ak be as large as possible for maximum
response under a fixed set of operating conditions.
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A fortunate set of circumstances leads to a situation in which the
same molecular properties that impart minimal interactions or adsorption
potentials also lead to the highest thermal conductivities. Molecules of large
mass and many degrees of vibrational and rotational freedom tend to be
more polarizable and possess dipoles and quadrupoles which give them
higher boiling points and stronger interactions with surfaces. These same
properties tend to reduce their effectiveness as thermal conductors.

Helium possesses only three degrees of translational freedom and
hydrogen the same, plus two rotational and one vibrational degree.
However, because of hydrogen's low weight, it has the highest thermal
conductivity of all gases, followed by helium. Either of these two gases
fulfills the requirement for adequately high thermal conductivities so that Ak
in equation (15.7) will be sufficiently large to give good sensitivity with any
adsorbate. Helium, however, is usually used in continuous flow analysis
because of the hazards associated with hydrogen.

Fig.15.6 is a plot of the thermal conductivity of mixtures of helium
and nitrogen obtained on an apparatus similar to that described in the next
section. Characteristically, the thermal conductivity of most mixtures does
not vary linearly with concentration. The slope of the curve at any point
determines the value of Ak and, therefore, the detector response. Fig. 15.6
also illustrates that the greater the difference between thermal conductivities
of the adsorbate and carrier gas, the higher will be the slope and therefore
the detector response.
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Figure 15.6 Thermal conductivity bridge response.

The shape of the curve shown in Fig. 15.6 is fortuitous in as far as
the continuous flow method is concerned. For reasons to be discussed later,
the desorption signal (see Fig. 15.3) is generally used to calculate the
adsorbed volume. When, for example, 1.0 cm’ of nitrogen is desorbed into



266 CHARACTERIZATION OF POROUS SOLIDS AND POWDERS

9.0 cm’ of helium, the concentration change is 10%. However, when 1.0 cm’
of nitrogen is desorbed into 9.0 cm® of a 90% nitrogen-in-helium mixture,
the absolute change is only 1%. Therefore, the increase in slope at high
nitrogen concentrations enables smaller concentration changes to be
detected when data at high relative pressures are required.

Fig. 15.6 was prepared by flowing helium through one detector
while varying the helium to nitrogen concentration ratio through the second
detector.

153 DESIGN PARAMETERS FOR CONTINUOUS
FLOW APPARATUS

The thermal conductivity (T.C.) detector consists of four filaments
embedded in a stainless steel or brass block that acts as a heat sink. The T.C.
detector is extremely sensitive to temperature changes and should be
insulated to prevent temperature excursions during the time in which it takes
to complete an adsorption or desorption measurement. Long-term thermal
drift is not significant because of the calibration procedure discussed in the
next section and, therefore, thermostating is not required. Fig. 15.7 shows a
cross-sectional view of a T.C. block and the arrangement of the filaments
relative to the flow path. The filaments shown are electrically connected,
external to the block, and constitute one of the two detectors.

The filaments must be removed from the flow path, unlike the
conventional ‘flow over’ type used in gas chromatography, because of the
extreme flow variations encountered when the sample cell is cooled and
subsequently warmed. Flow variations alter the steady state transport from
the filaments, leaving them inadequate time to recover before the
concentration change from adsorption to desorption is swept into the
detector. When this occurs, the baseline from which the signal is measured
will be unstable. By removing the filaments from the flow path and allowing
diffusion to produce the signal, the problem of perturbing the filaments is
completely solved. However, the tradeoff is nonlinear response
characteristics. Since the thermal conductivity of the gas mixture is already
non-linear with concentration, this additional nonlinearity poses no further
problems, and is accommodated by calibration of signals (see §15.4).

A suitable electronic circuit provides power to the filaments and a
means of zeroing or balancing the T.C. bridge, adjusting the filament
current, attenuating the signal, and adjusting the polarity is shown in Fig.
15.8. Signals produced by adsorption or desorption can be fed to a data
acquisition recorder for a continuous trace of the process, and/or to a digital
integrator for summing the area under the adsorption and desorption curves.
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Figure 15.7 Thermal conductivity block with filaments located out of the flow path.
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Figure 15.8 Thermal conductivity bridge electronic circuit. 12V dc power supply, stable to
ImV (ripple is not significant due to thermal lag of filaments); P;, 100 ohms for filament
current control; M, milliammeter, 0-250 mA; P, 2 ohms for coarse zero. Filaments | and 4
are detector 1, 2 and 3 are detector 2. P;, | ohm for fine zero; R, R;>, padding resistors
~64ohms; R, —R,y, attenuation resistors 1, 2, 4, ...512 ohms; S, (D.P.D.T.) switch for
polarity. Attenuator resistors are % % ww, lowest temperature coefficient; all others are 1%.

Fig. 15.9 is the flow schematic for a commercial continuous flow
apparatus. Any one of up to four gas concentrations can be selected from
from premixed tanks. Alternatively, adsorptive and carrier can be blended
internally by controlling their flows with individual needle valves. A third
choice is to feed mixtures to the apparatus from two linear mass flow
controllers. Flow meters (operating under pressure to extend their range)
indicate input flow rates. A flow meter at the very end of the flow path is
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used to calibrate the flow meters. Pressure gauges indicate the input pressure
under which the flow meters operate. An optional cold trap removes
contaminants from the blended gas stream. After leaving the cold trap, but
before flowing into detector D,, the gas passes through a thermal
equilibration tube that reduces the linear flow velocity and thereby provides
time for warming back to ambient temperature.

After leaving D, the flow splits, the larger flow goes to the sample
cell at the analysis station, then to a second thermal equilibration tube and a
flow meter used to indicate the flow through the sample cell. The smaller
flow, controlled by its own needle valve merges with the sample cell
effluent before entering detector Dy. The equilibration tubing downstream of
Dy serves as a ballast to prevent air from entering D when the sample is
immersed in the coolant. For high surface areas, the large quantities of
desorbed gas can be diverted to a long path (far right). This prevents the gas
from reaching the detector before the flow has returned to its original rate.

Splitting the flow as described above serves as a means of diluting
the adsorption and desorption peaks in order provide infinitely variable
signal height adjustment, in addition to using the stepwise electronic
attenuator shown in Fig. 15.8.

A slow flow of adsorptive is directed to the 'out' septum and then to
a sample cell positioned at the degas station. The gas flowing through this
part of the circuit provides a both source of adsorptive for calibrating
detector signals and as a purge for the degas station. Known quantities of
adsorptive are injected into the analysis flow through the septum labeled 'in'
to simulate a desorption signal for calibration purposes.

To measure the saturated vapor pressure, pure adsorptive is admitted
to the P, station, when immersed in liquid nitrogen, until it liquefies. The
equilibrium pressure is measured on the adjacent transducer.

A diverter valve at the analysis station ensures continuity of flow
through the system even when the sample cell is removed.

In order to avoid contamination of the degassed sample when
transferring from the degas station to the analysis station, the cells are
mounted in spring-loaded self-sealing holders that close when disconnected
and open when placed in position.

Sample cells consist of a wide variety of designs for various
applications. Fig. 15.10 illustrates seven cells used for various types of
samples. Their specific applications and limitations are given in more detail
in Section 15.7. Each of the cells shown is made of Pyrex® glass. They are
easily filled and cleaned. The cells range from four to five inches in length
with stem inside and outside diameters of 0.15 and 0.24 inches, respectively.
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15.4 SIGNALS AND SIGNAL CALIBRATION

The signal intensity created by an adsorption or desorption peak passing
through the detector is dependent upon the attenuator setting, the filament
current, and the design of the T.C. detector. Also, as stated previously, the
detector response is nonlinear. These circumstances require that the
adsorption or desorption signals be calibrated by introducing a volume of
carrier or adsorbate gas into the flow stream. An expeditious and accurate
method of calibration is the withdrawal of a sample of adsorbate from the
'out’ septum (see Fig. 15.9) with a precision gas syringe and the injection of
a known volume into the flow stream through the ‘in’ septum.

Usually the desorption peak is calibrated because it is free of tailing,
By immersing the cell in a beaker of water immediately after removal from
the liquid nitrogen, the rate of desorption is hastened. Heat transfer from the
water is more rapid than from the air; therefore, a sharp desorption peak is
generated. The calibration signal should be within 20% of the desorption
signal height in order to reduce detector nonlinearity to a negligible effect.
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Figure 15.10 Sample cell designs (a) Conventional sample cell - for most powder samples
with surface areas greater than 0.2 m” in the cell. For samples less than 0.2 m?, this cell can
be used with krypton as the adsorptive. (b) Micro cell —used for very high surface area
samples or for low area samples that exhibit thermal diffusion signals. Because of the small
capacity of the micro cell, low area samples must be run on high sensitivity settings.
(c) Capillary cell — useful for minimizing thermal diffusion signals. Because of the small
capacity of the micro cell, low area samples must be run on high sensitivity settings
(d) Macro cell - used with krypton when a large quantity of low area sample is required. Also
used for chemisorption when total uptake is small. (e) Large U-tube cell — for larger particles
or bulk samples of high area with nitrogen or low area with krypton. (f) Pellet cell — used for
pellets or tablets. High surface area with nitrogen or low area samples with krypton.

(g) Monolith catalyst cell-for monolithic catalysts and other samples of wide diameter that
must be measured as one piece.
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The area under the desorption peak, A4, and the area under the
calibration peak, A, are used to calculate the volume, V;, desorbed from the
sample according to equation (15.8)

V, =%Vc (15.8)

(4
where V. is the volume of adsorptive injected. Equation (15.8) requires no
correction for gas nonideality since the volume desorbed is measured at
ambient temperature and pressure. Because desorption occurs at room
temperature, it is complete and represents exactly the quantity adsorbed. For

vapors adsorbed near room temperature, the sample can be heated to ensure
complete desorption.

Detector signal

0 ) . 15
Time (min)

Figure 15.11 Complete cycle for one datum point.

A detailed analysis of the signal record, shown in Fig. 15.11,
corresponding to a complete adsorption, desorption, calibration and
concentration change cycle discloses that at point a, the sample cell is
immersed in the coolant; this action produces the adsorption peak P,. Point b
represents the removal of the coolant bath which leads to the desorption
peak P,. The calibration peak P; results from the calibration injection made
at point c. At d, a new gas concentration is admitted into the apparatus,
which produces a steady base line at e where the detector is re-zeroed and
the cycle repeated. The total time for a cycle is usually 15 minutes. Some
timesavings can be achieved by combining the purge step (d-e) with the
adsorption step (a-b). Familiarity with the apparatus usually allows the
operator to choose the correct volume for calibration at particular attenuator
and filament current settings or, alternatively, a calibration table can be
prepared. If speed is essential, the flow rate can be increased to hasten the
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cycle. However, this is at the risk of warming the adsorbent if excessive
flow rates are used. Flow rates of 12-15 cm'/min allow ample time for the
gas to equilibrate thermally before reaching the sample powder with all of
the cells shown in Fig. 15.10. The presence of helium, with its high thermal
conductivity, ensures rapid thermal equilibrium. Therefore, immersion depth
of the cell is not critical provided that about 6-7cm (2% inches) is in the
coolant at the flow rates given previously.

Sample cells are not completely filled with powder; room is left
above the surface for the unimpeded flow of gas. Although the gas flows
over the powder bed and not through it, lower flow rates aid in ensuring
against elutriation.

The areas under the adsorption and desorption peaks are usually not
exactly the same. This observation is related to the changing slope of Fig.
15.6. Adsorption produces concentration changes to the right, in the
direction of decreased sensitivity, while desorption produces signals in the
direction of increased sensitivity.

If calibration of the adsorption signal is desired, it is necessary to
inject a known quantity of helium. The amount of helium used to calibrate
the adsorption signal will usually vary considerably from the amount of
nitrogen required for the desorption calibration. This situation arises
because, for example, if 1 cm’ of nitrogen is adsorbed out of a 10% flowing
mixture, it will produce the equivalent of 9.0 cm’ of helium. Therefore,
calibration of the adsorption signal will require nine times more helium than
the corresponding volume of nitrogen needed to calibrate the desorption
signal. If C,, and C;,, are the concentrations of nitrogen and helium in the

flow stream and if ¥},, is the volume of helium used for calibration, then the
volume of nitrogen adsorbed, V. is given by

C'N Aads
Vige = Viie| == | 8 15.
- " (Cllc )( Acul ) ( 9)

where 4,4 and 4., are the areas under the adsorption and calibration signals,
respectively.

When small signals are generated, it is difficult to make accurate
injections of the required small amounts of gas. Karp and Lowell [4] have
offered a solution to this problem that involves the injection of larger
volumes of adsorbate diluted with the carrier gas. When a volume
containing a mixture of nitrogen and helium, V,, is injected into the flow
stream, the equivalent volume of pure nitrogen, ¥V}, , is given by
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(15.10)

" = V(u]

Xllc

where X is the mole fraction of nitrogen in the calibration mixture and

Xy and X/, are the mole fractions of nitrogen and helium in the flow

stream.

The signals must propagate through the system at identical flow
rates. Calibration at a flow rate other than the flow rate associated with the
adsorption or desorption peaks can lead to serious errors because the width
of the peaks and therefore the peak areas are directly proportional to the
flow rate. A good two-stage pressure regulator and needle valve provide
adequately constant flow rates over the short time required for desorption
and calibration.

Precision gas calibrating syringes can be obtained in various size
ranges with no more than 1% volumetric error. Constant stroke adapters
provide a high degree of reproducibility. Often, in the BET range of relative
pressures, the calibration volumes remain nearly constant because the
increased volume adsorbed at higher relative pressures tends to be offset by
the decrease in the detector sensitivity. Thus, the same syringe may be used
for a wide range of calibrations, which results in the syringe error not
effecting the BET slope and only slightly altering the intercept, which
usually makes a small contribution to the surface area. A syringe error of 1%
will produce an error in surface area far less than 1% for those BET plots
with a slope greater than the intercept or for high C values.

15.5 ADSORPTION AND DESORPTION ISOTHERMS
BY CONTINUOUS FLOW

To construct the adsorption isotherm, the adsorption, desorption, and
calibration cycle shown in Fig. 15.11 is repeated for each datum point
required. Errors are not cumulative since each point is independently
determined. Relative pressures corresponding to each data point are
established by measuring the saturated vapor pressure using any of the
preceding methods or by adding 15 torr to ambient pressure. Thus, if X is the
mole fraction of adsorbent in the flow stream, the relative pressure is given
by

P __XE (15.11)
B B+I5
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where P, is ambient pressure in torr. At the recommended flow rates of 12-
15 cm’/min, the flow impedance of the tubing does not raise the pressure in
the sample cell.

The method used to construct the adsorption isotherm cannot be
used to build the desorption isotherm. This is true because each data point
on the adsorption curve reflects the amount adsorbed by a surface initially
free of adsorbate. The desorption isotherm, however, must consist of data
points indicating the amount desorbed from a surface that was previously
saturated with adsorbate and subsequently equilibrated with adsorbate of the
desired relative pressure. Karp et a/ [5] demonstrated that the desorption
isotherm and hysteresis loop scans can be made in the following manner.
First, the sample is exposed, while immersed in the coolant, to a flow of
pure adsorbate. The flow is then changed to the desired concentration,
leading to some desorption until the surface again equilibrates with the new
concentration. The coolant is then removed and the resulting desorption
signal is calibrated to give the volume adsorbed on the desorption isotherm.
The above procedure is repeated for each datum point required, always
starting with a surface first saturated with pure adsorbate.

To scan the hysteresis loop from the adsorption to the desorption
isotherm, the sample, immersed in the coolant, is equilibrated with a gas
mixture with a relative pressure corresponding to the start of the scan on the
desorption isotherm. The adsorbate concentration is then reduced to a value
corresponding to a relative pressure between the adsorption and desorption
isotherms. When equilibrium is reached, as indicated by a constant detector
signal, the coolant is removed and the resulting desorption signal is
calibrated. Repetition of this procedure, each time using a slightly different
relative pressure between the adsorption and desorption isotherms, yields a
hysteresis scan from the adsorption to the desorption isotherm.

To scan from the desorption to the adsorption branch, pure
adsorbate is first adsorbed, then the adsorbate concentration is reduced to a
value giving a relative pressure corresponding to the start of the scan on the
desorption isotherm. When equilibrium is established, as indicated by a
constant base line, the adsorbate concentration is increased to give a relative
pressure between the desorption and adsorption isotherms. After equilibrium
is again established, coolant is removed and the resulting signal is calibrated
to yield a data point between the desorption and adsorption isotherms. This
procedure repeated, each time using a different final relative pressure, will
yield a hysteresis loop scan from the desorption to the adsorption isotherm.

Figs. 15.12 and 15.13 illustrate the results obtained using the above
method on a porous amorphous alumina sample. A distinct advantage of the
flow system for these measurements is that data points can be obtained
where they are desired and not where they happen to occur after dosing, as
in the vacuum volumetric method. In addition, desorption isotherms and
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hysteresis scans are generated with no error accumulation, void volume
measurements, or nonideality corrections.

200 - +/°’°
/ 4
o
&
/ °/
150 ;I-

/+
& ¥ o
& /P
& 100 ¥/

/
o
+ét/
50 5 /0/0
o
/0/
o/°
] 1 1 /]
o) 02 0-4 0-6 o8 -0
P/Py

Figure 15.12 Adsorption and desorption isotherms of N, for 0.106 g sample of alumina
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Figure 15.13 Hysteresis loop scan for same sample as Fig. 15.12. Adsorption 0, Desorption +
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15.6 LOW SURFACE AREA MEASUREMENTS

The thermal conductivity bridge and flow circuits shown in Figs. 15.8 and
15.9 are capable of producing a full-scale signal (1.0 mV) when 0.01 cm” of
nitrogen are desorbed into a 30% nitrogen and helium mixture. To achieve
stable operating conditions at this sensitivity, the thermal conductivity block
requires some time to equilibrate thermally and the system must be purged
of any contaminants.

A desorbed volume of 0. 001 e’ usmg nitrogen as the adsorbate,
will correspond to about 0.0028 m’ (28 cm®) of surface area if a smgle
adsorbed layer were formed. An equivalent statement is that 0.0028 m’ is
the surface area, measured by the smgle point method, on a sample which
gives a high C value, if 0.001 cm’® were desorbed. Assuming that a signal
20% of full scale is sufficient to give reasonable accuracy for integration,
then the lower limit for surface area measurement using hot wire detection is
about 0.0006 m> or 6 cm®. With the use of thermistor detectors, the lower
limit would be still smaller.

Long before these extremely small areas can be measured with
nitrogen, the phenomenon of thermal diffusion obscures the signals and
imposes a higher lower limit [7]. Thermal diffusion results from the
tendency of a gas mixture to separate when exposed to a changing
temperature gradient. The sample cell is immersed partially into liquid
nitrogen. Hence, when the gas mixture enters and leaves the sample cell it
encounters a very sharp thermal gradient. This gradient exists along the arm
of the tube for ca. 2 cm above and below the liquid level, and consequently
gases will tend to separate. The extent of separation is proportional to the
temperature gradient, the difference in the molecular weights of the two
gases and their relative concentrations. The heavier gas tends to settle to the
bottom of the cell and as its concentration builds up, a steady state is soon
achieved and then the concentration of gas entering and leaving the cell is
the same as it was initially. The build up of the heavier gas is only a fraction
of a percent and even as low as a few parts per million. Therefore, it does
not affect the quantities adsorbed in any measurable way.

However, when the bath is removed and the cell warms up the
steady state is disturbed and the slight excess of heavier gas generates a
signal followed by a signal due to the excess of lighter gas held up in the
"in" arm of the cell. These signals are observed as a negative signal before
or after the desorption signal and can generate errors in the integration of the
desorption signal. This effect begms to manifest itself with nitrogen and
helium mixtures when the total area in the cell is approximately 0.1 - 0.3 m’

In a static mixture of gases, the amount of thermal diffusion is a
function of the time rate of change of the temperature gradient, the gas
concentration, and the difference in masses of the molecules. In a flowing



15 Dynamic Flow Method 277

gas mixture, in the presence of adsorption, it is difficult to assess the exact
amount of thermal diffusion. Lowell and Karp [8] measured the effect of
thermal diffusion on surface areas using the continuous flow method. Fig.
15.14 illustrates a fully developed anomalous desorption signal caused by
thermal diffusion. As a result of the positive and negative nature of the
signal, accurate integration of the true desorption peak is not possible.

N> desorbed

/)
y

Figure 15,14 Signal shape from desorption of a small volume of nitrogen.

Time

Table 15.1 shows the results of measuring the surface area of various
quantities of zinc oxide using a conventional sample cell, Fig. 15.10a. When
the same sample was analyzed using a micro cell, Fig. 15.10b, the results
obtained were considerably improved, as shown in Table 15.2.

The onset of thermal diffusion depends on the gas concentrations,
the sample surface area, the rate at which the sample cools to bath
temperature, and the packing efficiency of the powder. In many instances,
using a conventional sample cell, surface areas less than 0.1 m® can be
accurately measured on well-packed samples that exhibit small interparticle
void volume. The use of the micro cell (Fig. 15.10b) is predicated on the
latter of these observations. Presumably, by decreasing the available volume
into which the denser gas can settle, the effects of thermal diffusion can be
minimized. Although small sample quantities are used with the micro cell,
thermal conductivity detectors are sufficiently sensitive to give ample signal.

Another cell design that aids in minimizing the effects of thermal
diffusion is the capillary cell, Fig. 15.10c. By using capillary tubing on the
vent side of the cell, a sufficiently high linear flow velocity is maintained to
prevent that arm from contributing to the problem. The large sample
capacity of the capillary cell, compared to the micro cell, produces sufficient
desorption signal to often make the thermal diffusion effect negligibly small.
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Table 15.1 Data obtained using conventional cell (measured using the single-point BET
method with 20% N- in He).

Weight Actual area Measured area Deviation Signal shape
(m?) (m?) (%) at start of
desorption peak

1.305 5.07 5.07 0 _/
0.739 2.87 2.87 0 /

0.378 1.47 1.45 1.4 _/
0.177 0.678 0.686 -12 /
0.089 0.345 0.327 52 __/\/
0.049 0.190 0.166 12.6 /\/
0.0190 0.0730 0.0481 34.1 /\/
0.0101 0.0394 0.0192 513 /\/

Lowell [9] published a method to circumvent the problem of
thermal diffusion by using an adsorbate with a low vapor pressure, such as
krypton, at liquid nitrogen temperature. The coefficient of thermal diffusion
D(r) is given by [10]

N .INmI — N,;le
D(t) = — lnY}-"T,l (15.12)

where N, and N/ are the adsorbate concentrations at the absolute
temperatures 7, and T, , respectively with 7,>T7,. The term N, is the total

molecular concentration of adsorbate and carrier gas. Because of krypton's
low vapor pressure, its mole fraction in the BET range of relative pressures
is of the order of 10™. This small value causes the difference between
N,/N,,and N{/N,, nearly to vanish, with the consequence that no

1ot
obscuring thermal diffusion signals are generated.

o
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Attempts to increase the size of nitrogen adsorption or desorption
signals, by using larger sample cells, results in enhanced thermal diffusion
signals due to the increased void volume into which the helium can settle.
However, when krypton is used, no thermal diffusion effect is detectable in
any of the sample cells shown in Fig. 15.10.

Table 15.2 Data obtained using U-tube cell.

Weight ZnO (g) Actual Area (m?) Measured Area (m?)*
0.0590 0.2280 0.2300
0.0270 0.1050 0.1020
0.0045 0.0175 0.0161

*This value is corrected by 15 cm’ for the cell wall area, as estimated from the cell
dimensions. Desorption peaks from an empty U-tube cell gave areas of 12- 17 cm”.

The adsorption signals using krypton-helium mixtures are broad and
shallow because the adsorption rate is limited by the low vapor pressure of
krypton. The desorption signals are sharp and comparable to those obtained
with nitrogen, since the rate of desorption is governed by the rate of heat
transfer into the powder bed.

With krypton, the ability to use larger samples of low area powders
facilitates measuring low surface areas because larger signals are generated
in the absence of thermal diffusion. Also, as is true for nitrogen, krypton
measurements do not require void volume evaluations or nonideality
corrections, nor is thermal transpiration a factor as in the volumetric
measurements.

15.7 DATA REDUCTION—CONTINUOUS FLOW

Table 15.3 can be used as a work sheet for calculating specific surface areas
from continuous flow data. The data in the lower left corner are entered first
and are used to calculate the other entries. In the example shown, nitrogen is
the adsorbate.

Column 1 is the mole fraction of adsorbate in the flow stream.
Column 2 is obtained as the product of P, and column 1. Column 2, when
divided by column 3, gives the relative pressure, which is entered in column
4 and from which columns 5 and 6 are calculated. Column 7 is the volume
required to calibrate the desorption signal and column 8 is the corresponding
weight of the calibration injection, calculated from the equation in the lower
left side of the work sheet. The terms 4, and 4. are the areas under the signal
and calibration peaks, respectively. Columns 11-13 are calculated from the
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data in the previous columns. The data in column 13 are then plotted versus
the corresponding relative pressures in column 5. The slope s and intercept i
are calculated and the value of W, is found as the reciprocal of their sum.
Equation (4.13) is used to obtain the total sample surface area, S, and
dividing by the sample weight yields the specific surface area, S.

15.8 SINGLE POINT METHOD

The assumption of a zero intercept reduces the BET equation to equation
(5.3). This assumption is, of course, not realizable since it would require a
BET C constant of infinity. Nevertheless, many samples possess sufficiently
high C values to make the error associated with the single-point method
acceptably small (see Chapter 5 and Table 5.2).

Using the zero intercept assumption, the BET equation can be
written as

W, =W(1—£j (cf. 5.11)
R

0

from which the total surface area can be calculated by

S, = W(l—ﬁ)iAx (cf. 5.12)
M

0
From the ideal gas equation of state

_PVM

w 15.13
RT ( )
so that
s =[1- 2N 4 (15.14)
P, ) RT

where P, and T are the ambient pressure and absolute temperature,

respectively, N is Avogadro’s number, A4, is the adsorbate cross-sectional
area, and ¥ is the volume adsorbed.
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Using nitrogen as the adsorptive at a concentration of 0.3 mole
fraction and assuming P is 15 torr above ambient pressure, equation (15.14)
can be expressed as

Ay (15.15)

5 = W(l_ 0.3R )R,VN

P +15) RT

Assuming the ambient pressure P, is 760 Torr and ambient temperature T is
295 K, equation (15.15) reduces to

S, =284V (m*) (15.16)

Thus, the total surface area contained in the sample cell is given by the
simple linear relationship above when V is in cubic centimeters. By
calibrating the desorption signal, 44, with a known volume of nitrogen,
V.a, equation (15.16) can be rewritten as

S, =2.84—A—"‘1V_ (15.17)

cal
cal

where A4, and A.s are the integrated areas under the desorption and
calibration signals, respectively.

Modern commercial single point instruments contain a linearization
network that corrects for the hot wire nonlinearity. This procedure allows a
built-in digital integrator to integrate the signals linearly so that the surface
area is given directly on a digital display. An advantage is that the analysis
time for a BET surface area determination is extremely short, usually less
than ten minutes [10].
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