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ABSTRACT

By the application of classical statistical mechanics, a new
equation desétibing the adeorption iscotherms fOf.Biiii ia porous
solids is described as the phése equilibrium between a free gas phase,
a compressed gas phase and an adsorbed gas phase in a closed syatem.
Here the properties of adsorbed gas molecules above the first layer omn
the pore surface are approximated as those of a liquid, that is, the
chemical potential and density of adsorbed gas molecules above the first
layer are approximated as those of the liquid. This description of the
adsorbed molecules is shown not only to describe adsorption data very
well, but also to offer a means of explaining phenomena such as film

transport and anomalous viscosities of gases in small pores or capillaries.
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I, INTRODUCTION

The concentration of gas molecules is found to be greater
in the immediate vicinity of a surface than in the gas phase
when a gas is allowed to come to equilibrium with a solid or liquid
surface. The process by which this surface excess is formed is

"called adsorption. Adsorption of a gas on a solid is a spontaneous
process. Adsorption processes may be classified as physical or
chemical depending on the nature of the forces involved., Physical
adsorption, also termed 'Van der Waals adsorption', is caused by
molecular interaction forces, ‘while chemical adsorption, usually
abbreviated to 'chemisorption', involves transfer of electrons be-
tween the adsorbent and the adsorbate. The latter process involves
essentially the formation of chemical compounds between the adsor-
bate and the outermost layer of adsorbent atoms.

Although introduced as early as 1914, the potential theory
of Polanyli is still regarded as fundamentally sound. According to
this theory, the adsorbent exerts a strong attractive force upon
the gas in its vicinity. This attraction gives rise to adsorptiom.
The forces of attraction are so great that many adsorbed layers
can form on the surface. Since the forces anchoring a molecule to
the surface decay with distance, a multimolecular adsorbed film
must be regarded as lying in an intermolecular potential gradient _
The solid with its adsorbed film may be likened to the earth with

its atmosphere surrounding it.



A fundamental advance in the theory of adsorption was made
(2) (31 &)

when Langmuir (1912, 1915, 1926) introduced the idea that, owing
to the regular arrangement of the atoms in the surface of a solid,
the force acting on a gas molecule near the surface would depend
on the distance of the gas molecule from the surface, He proposed
that the effect of this couldibe taken into account by assuming
that there is a definite number of sites per unit area of solid sur-
face on which adsorption of gas atoms or moleculeé can take place,
and that, when these sites are all occupied, the force acting ;n a
molecule approaching the surface is so small that no further adsorp-
tion occurs., The.theory of Langmuir's isotherm is based on the
fact that only a monolayer is formed from a parent gas on the sur-
face of solid. According to this theory, there exists on the solid
a number of sites X at which a single particle can be adsorbed in
an energy state below that of a free particle at rest. It is
further assumed that there is only one quantum state of adsorption
at each site, and that there is no interaction between adsorbed
molecules. Under the assumptions above, Langmuir's isotherm equation

is obtained as,

0 = bbb e . D)

L+ bP

where B 1is the fraction of the sites filled by molecules, P is
the pressure of the free gas, and b, a function of temperature,
To explain the phenomena of multilayer adsorption, there are

theories such as capillary condensation, polarization, and the BET



theory.(s) According to the Langmuir isotherm, the monolayer fills
up only for extremely high pressure in the parent gas. The BET theory
due to Brunauer, Emmett, and Teller assumed:

1. the energy of adsorption on any site ig independent of
whether or not any neighboring site is occupied -~ in other words we
neglect interaction between adsorbed pafticles.

2., each adsorbed particle itself becomes a site for possible
further adsorption.

3. the energy of adsorption in any layer above the first is
equal to W; and independent of the layer depth,

These assumptions lead to the BET isotherm equation

— AYL | )
et(1-t1rk)

where x = the number of sites on the surface of an adsorbent,
N = the number of adsorbed molecules, M//

(MTW.) /, | RT Wik

=€ T am v=e /el

where W; is the energy of adsorption of the first layer molecule and
W, , the energy of adsorption for molecules in higher layers. It is,
also, noticed from the BET theory that the evaporation condensation
properties of the molecules in the secorid and higher layerg are gimilar

to those of the liquid state,



It is well known that there are attractive forces between
any two neutral atoms or molecules which are separated by a distance
large compared to their own dimensions. These are known as Van der
Waals forces and are of a long-range nature. These Van der Waals
forces are electromagnetic in origin., As was first shown by Londoé:7)
they arise from second-order perturbation theory applied to the
electrostatic interaction between two dipoles; the energy of the
interaction being proportional to '6. If a pair of atoms or mole-
cules come very close together, the overlapping of charges gives

rise to repulsive forces., Thus the interaction potential is modified

to yield the well known Lennard-Jones 6-12 potential

SR =4t (D)) o @

The potential has been used recently by Halggbwand Barkggpln treating
the physical adsorption.

In developing the theory of physical adsorption, it has been
generally assumed that aii gas molecules disappearing from the free
gas phase are adsorbed to the’pore surfaces of the adsorbent, re-
sulting in two phase equilibrium., When free gas mdlecules are allowed
to come into the pores, some of the gas molecules will remain com-
pressed in an intermediate sﬁace without losing their degrees of
freedom, while other gas molecules will be adsorbed promptly on the
surfaces of the pores.,

The new model introduced in this paper is used to develop

the physical adsorption isotherm equation under the assumptions that



1. There exist tﬂree phase equilibria; free gas, compressed
gas and adsorbed gas phase.

2. The properties of adsorbed gas molecules above the first
layer of gas molecules are similar to those of a liquid; i.e., the
density of adsorbed gas molecules above the first layer is approximated
by that of liquid.

3. The force of attraction between a gas molecule and a solid
is chosen to be the London dispersion force.

4, The free gas follows Van der Waal's gas law, thus account-
ing only for the interaction of pairs of gas molecules.

Under the assumptions described above an adsorption isotherm equation

is derived in this paper.



II, Three Phase Equilibrium
The gas molecules closer to the wall of a pore are in a
stronger field of force than those farther away from the wall., In
practice, it is found that a gradual though comparatively rapid in-
crease in thickness of the adsorbed film sets in well before the
pressure of the parent gas saturates, indicating a multilayer adsorp-
tion, The film becomes practically identical with a layer of the
liquid phase as the pressure approaches saturation, with no apparent
discontinuity in the process. However some of the gas molecules are
not adsorbed but are in the potential field of the solid, and hence
are in a compressed gas state, having different properties from the
adsorbed gas molecules. The new adsorption mechanism introduced here
involves the equilibrium of three phases, the free gas phase, the com-
pressed gas phase, and the. adsorbed gas phase,
This new model is compared with the models pictured by pre-
vious theories in Fig., 2-1 and Fig, 2-2,
o o ® o o
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."Macroporous' and "microporous" substances suggest that we
may divide porous substances into at least two subgroups. Porous
materials such as sponge or pumice can be classified as macroporous

an

materials. In 1927 Scott Russel distinguishing between macropores

and micropores, fixed the borderline at a pore diameter of S, (.0005 mm),
Porous materials for which adsorption phenomena are important have pore
diameters ranging in size down to less than 3 x 1076 cm. It is diffi-
cult to assign a definite shape to the tortuous pores. If the mean
dimensions of the irregularities of the pores are comparatively larger
than the range of the forces between gas molecules and the adsorbent,
the actual shape really does not matter very much. Thus in our model,
the pores of the adsorbents are assumed to be cylindrical capillaries
for mathematical convenience,

We shall neglect triple, quadruple, etec, collisions of gas
molecules and assume that they only interact by collisions of pairs
of molecules. Thus the real gas is a Van-der Waal's g#s. The in-
teraction energy between a gas molecule and a solid is assumed to
be purely due to London dispersion forces. ‘

We consider the gas in a pore divided into separate regions
as shown in Fig. 3, the kth region being a thin cylindrical shell of

. volume V, at distance ry from the axis and containing Ni molecules.



(

/S /'" / /
/ /// S s
(Solid ) g

Compressed
Gas Region

FIGB CYIt'ndn'cal. P&re



-The motion of the Nk number of gas molecules in a region k
with a volume Vk in a pore may be considered classically so that the

Hamiltonian of the system can be written in the form

!E - N '1%% AL 4
*K & am T U e rNtke_» “

The first term is the total kinetic energy of the gas molecules in

the kth region of the pore. U the second term is the total

c-c?
interaction energy among the compressed gas molecules, and finally
1&7§is the interaction energy between a compressed gas molecule and
the solid. This interaction energy is assumed to have the same value
for all molecules in the same region. The second term may be adopted

as the Lennard Jones 6-12 potential Eq., (3) in Chapter 1. The third

term in Eq. (4) can be represented

U_{0= JF W R4RAGAZ '
8¢ ) . g, gd RAr-21RC0s0+E ) ' 2

where ¢ is dispersion constant, and é~ is the number of molecules per
unit volume of the adsorbent, This is a gsuperpogition of pair inter-
actions of solid molecules with a gas molecule, the potential being
the Lennard Jones type, neglecting the repulgive part., The triple
integral in Eq. (5) is integrated with respect to z first and thén

with respect to R. The result is

U = -Jnﬁmn—-egweme
3 A | b 2Ale (YRE-2rR,056)% 6)

_L r“ (656 (Rs -YRB)d 6
)y sin% o (r* +REAIR (sS6)A



10

Let X -,r/Rb, then the integrands in Eq. (5) are converted to dimensionless

form as

" <x>=-—’°”‘d“ oy
-5 AR, o 2Asint (1 +a@-2X 0SoF
)

R

_ ._;.1 S ¢ose (1. —¥cose)db

XSin%e (1 1otz (050)%

or
U () =-S88 ooy
4L : (8)
The inteéral above has been evaluated and plotted by Yuaz), using a
numerical method. The dimensionless potential f(x) is plotted against
X in Fig. 4. Note that near thewall we have cut off the computed
curve and inserted a deep potential well, this is an approximate way of
taking into account the repulsive par£ of the potential near the wall. This
potential well is thé order of a molecular diameter in thickness.

The Gibbs distribution function depends not only on the energy
but also on the number N of particles, in the body, and clearly the
energy levels EnN themselves also vary with N (this is indicated by
adding subscript N). Then the thermodynamic potential—fz. is derived

as

MNT . -Ean/kT
2 =-kTh[ge Z¢ ) O

Substituting Eq. (4) into Eq. (9) and setting N = N, we obtain
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where _Slq(is the chemical potential of compressed gas in the pore and
Xc is relative distance between compressed gas molecules. The quantity
in the bracket above is the grand canonical partition function for the
gas in the kth region,
We may consider a gas consisting of Nk identical molecules.

Then in calculating the.partition function one can integrate with res-
pect to the coordinates of each molecule independently taking the inte-
gral over the whole gas volume occupied by the gas. .The result, how-
ever, will have to be divided by the number of possible permutations of
Nk molecules, i.e., by Nk!; The thermodynamic potential_fz-k is repre-

sented then as

{ NK(MC—UC"S\/KT —(c=l 2 +UC’C)/KT
Q. =-kTinlZ N | g
K~ Ny, ke

For the time being, we consider triple, quadruple, etc., interactions

of molecules including interactions of pairs of molecules.

(13

We obtain, following Landau and Lifschitz,

(o)
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' . 2 -/
2y == Ph =K T U113y, + 2w (6T

..f-%?_‘l( “e"”'”/“dvzdvg “wae J (12)

where

e

- U, A
e@*c ea)/kT [e meToP

\?' =

) (MK-‘-)}IQ ﬁ (Mc—uc_s)/kT (13)
T o\amk

P

U12 is the interaction energy of two atoms and U123, the interaction

of three atoms,

Lastly we divide Eq. (12) through by Vk and write the resulting

series

pP=kTZ 7% (14)

..),,Il
_)_'=\ "‘5;::‘(6 1,!T_\>dvl,

Uiz [yT -UalyT Uiy -Up (15)
:)"3:_ gg ( € —-e ¥ - e =€ -rZ;)dUth3 )
etc *»
Differentiating Eq. (14) with respect to M , we obtain the
equilibrium number of molecules in the gas as ’
-y (2R |
Ny = Ve ka,v\ )T, Vi (16)

Bearing in mind that from the definition, Si}- = :£~ ,» We obtain
oMe K
. /
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[« 2

Ny = VK \)l % (17)

Now we retain the first two terms im Eq. (17), thus not taking into

account the interaction of three, four, etc. molecules; we have the

form

¢ = Ve (54 T.57) = Ve (3-2BM%) (18)
where B is the second virial coefficient;

pmn=3{0-¢ v =17, @

Recently, a number of studies of properties of gases in con-
tact with'high area solids at relatively high temperatures have been
reported. At such high temperatures, physical pictures of monolayers
as two dimensional liquid-like films mno longer have much validity;
rather, the adsorption should be viewed as an increase of gas density
in the vicinity of the surface due to ghe attractive forces between solid
and gas molecules. Our Equation (18) leads to the gas density as a
function of position,

| 3 [Ma-Ueg(M]
ey =(CE e h

- ™MKT\3 2 [Ma-uos(r)] feT 20
2B ( o KL) e
However at sufficiently low densities we obtain
& “) HellT st '
f(y) ;_m,\aji 5,-’_ (21)
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since B(t)~- 0. 1In fact our Eq. (21) is in agreement with the density

LY

as a function of position, as discussed by Steele, obtained by in-
troducing a simple Boltzman probability factor, showing that at suf-
ficiently low temperatures, the maximum in 'f is very sharp, and that
at high temperatures this maximum is not only smaller, it is less sharp.
This means that at low temperatures this phase ig closer to the pro-
perties of the adsorbed phase than at ﬁigh temperatures., In fact for
a real gas at temperatures below the critical temperature the compressed
gas very near the surface must be so dense as to suffer a phase transi-
tion to a liquid-like phase, We will return to this point in the next
chapter,
At sufficiently low temperatufes, monclayer adsorption may
take place on the sufface of a solid from a parent gas as in the
adsorption of nitrogen molecules on charcoal, However, it may be
possible to have particles on top -of ;n adsorbed particle, thus re-
sulting in multilayer adsorption as the pressure of the gas increases.
As we can see in Figure (4) those molecules very near the solid
surface must be in a deep potential well. These molecules are assumed
to loose all tramslational freedom and hence to exist as an adsorbed
fixed monolayer. °
We suppose that there exists on the solid a number X of sites
at which a single particle can be adsorbed in an energy state below
that of a free particle at rest., We further suppose that there is only
one quantum state of adsorption at each gite. Let there be Na molecules

adsorbed on the solid, The number of ways that molecules can be
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assigned to sites is
‘ x|
* G = (%~Na) ! Na! . (22)

Let the canonical partition function of a single molecule be q,-
The partition function Za for N, molecules in a pore of X gites will

be
><! Na

ZQ = (X-NOQ‘.N?\.! %’A (23)

Then the free energy of the adsorbed gas in the pore is obtained by

using Stirlings approximation as

£ =kTTX InX=NalnNg —CX=Na ) bn (XN ) 26)
+ Na \'n%a ]
The chemical potential of this phase will be
. N o .
KT e —2
Mg = KT In BN (25)

Similarly we can formulate the partition function and free energy
of a real gas to obtain,

2. ¢ | )
F‘F' = FP + Ng _k\/‘]_;»_B T?. . (26)

where Fp.is the free energy of a perfect gas, Np is the total number

of free gas molecules. Then we obtain for the chemical potential of

the real gas,

N
%%{_:M_P':Mf.‘.z,(vf)kT B(T) 27)

where ’/~1P‘ igs the chemical potential. of a perfect gas;
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o= KT In Yo (DL

Np (28)

From the equation abo&e we obtain
MP,KT __E_ ( Z“VK‘ )3/7' (29)

€ mKT

As mentioned earlier, the threé phases, free gas (real gas
outside of the pore) fhase, compressed gas phase, and adsorbed gas
phase must have the same chemical potential when the system is in
equilibrium, or

J*\‘e =Ky =M (30)
where M, is the chemical potential of adsorbed gas phase, |
From Eq. (25), (27) and (30), we obtain for the tqtal number Na of

adgorbed molecules in the wmonolayer of one pore,

(
N AAm P o
o

T KT+ M efetig p Gu

where

5 2T AR\

We now discuss the adsorption of a gas on the surface of
a solid where the adsorbed molecules have an energy of adsorption
below the energy of a molecule at rest in compressed gas phase, *We
may take the energy of the molecule at rest as the zero of energy;
therefore the lowest energy of an adsorbed molecule ig ~W, Then the

partition function for a single molecule of the monolayer is

" .
%Q = e /FT ' (33)
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Then Eq. (28) can be rewritten as

B
Ja = XA e Bp e WhT

(34)
KT+ AT & BBpeWIkT

The equation above is the Langmuir adsorption isotherm derived sgtatis-
tically by Fowler(S) but here with a correction factor from the Van der

Waal's forces; for sufficiently low density of free gas molecules, we

(3)

obtain the Langmuir isotherm

‘ wi
N, = XAmPeH G5)

KT+ ATy P eWIKT
since B ~ 0

This isotherm equation is not adequate to show how gas molecules

disappear from the free gas phase, since molecules disappearing from the
free gas exterior to the pores may exist in the pores in states other
than the monolayer adsorption. In the next chapter we will show that
the non-adsorbed molecules in a pore may exist in a condensed liquid-
like thin film on the pore surface, and as a compressed gas phase in

the remaining pore space.



III. Liquid-Like Adsorbed Film and Compressed Gas

The adsorbed layers beyond the first layer may have a struc-
ture similar to a liquid. The density of adsorbed gas beyond the first
layer can be approximated by that of a liquid of the same substance,
The first layer adsorption is different from the higher layer adsorp-
tion, since the adsorbate molecules in the first layer are in direct
contact with the adsorbent and the effect of the adsorbent is quite
strong in the first layer due to a very short range of action in the
field of Van der Waals forces, i.e., the deep potential well as al-
ready described.

In gases, the molecular interaction is very weak, as this
interaction increases, the properties of the gas deviate further and
further from those of a perfect gas and eventually the gas becomes
a condensed body, that is, a liquid. In the latter the molecular
interaction is strong and the properties of this interaction (and
hence the properties of the liquid) depend to a large extent on the
precise nature of the liquid. One can, however, find an inter-
polation formula, qualitativelf describing the transition from gas
to liquid.

The second approximation for Eq. (8) in Chapter II gives

" F: K13 ( \.‘_._3%‘5) | | | (36)
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and

Ne = W3 (1 ).%) (37)

Eliminating ‘% from the two equations above we obtain, to the same

accuracy
b - Ne KT Ng kT o
= N TR (38)
where 3.1 - —LB(T)
:-Z(b"a/q) (39) .

The J, is the same in each region of a pore since the closed system
is in equilibrium.
Rearranging Eq. (38), one obtains the required interpolation equation

of state for a real gas, that is, Van der Waal's equatiom,

o4 a7 | = 40)
P+ alf) ] (ve-nd) = WkT
The isotherms given by this equation are ghown imn Figure 5 below.
P

Fla. 5

Then Eq. (40) can be éonverted into the following expression,

(P_faf")(f_{,):\(']' . (41)

N
where Y o —\7&, the number density.
B S

From Eq, 40, we obtain the critical values of temperature, pressure,
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and volume as

T_ 8.0 Ly o N
'c‘%‘g‘[ , fe=32975% | &nd Ve=3 N,b (42)

At a temperature T { T, Eq. (41) yields (%_%)T _(_ O over certain ranges

S

of density which is physically impossible. This number density varies
over the region of the inhomogeneous ,two-phase equilibrium state. Thus
we take the critical number density S‘L 5.b as the approximate

number density at which the phage transition occurs for T{ T, as well.

Then we obtain

mKT (Ma=Ue-s (F) 1 /kT
7, 2 f06) = (2= 4,\z)}/ .

- 3 2[Ma= Ue- (Yoﬂ
B(T) nk;\-) Cl -S /KT (43)

at the distance Y° where the gas-liquid transition occurs, or

~Ue_5 (1) /KT 2 e s0kT

Je=tw=fe 2Bf, e

(44)
where p. = N MKT\2% M4/, .
£ =9 = (gl e
£ | 211

is the density of free gas.
Realizing MA'EM_P. at equilibrium, Eq. (43) can be further

converted into the form,
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Bf BT = Ues (VT _ IR KT-uecln)
?(Yo)z e | * Ty " Vs

- -Ues (To) ey
Solving Eq. (45) for € , We obtain,

_1%6
o~ (‘@/ﬂ - g%} (11 -8BE(W))E (46)

From the equation above,\_ the interaction energy ug—$(ro) between a
solid and a molecule in the adsorbed gas layer at the distance '{o at

which the liquid-gas interface exists, is

U (1) = 2BKTf - kT

[‘*"" N (47).

Plotting a curve of UC'S (¥) versus (Eo —'-Y)—Bz Z, , the
thickness of a thin liquid-like gas film, we obtain a straight line,
if D { R,, determining a c';onstant of proportionality o{ . Thus we
" find the following approximate relationm,

Ues () =~ - A 2.7 48)

where the negative sign is introduced becausge ‘tht_a potential energy of
a molecule in a pore is due to attractive forces. The 0( in equation
above is obtained as

A = AbCdT” (49)
by using the numerical values of uc_s (Y) obtained by Yu, shown in -
Figure 4., In Eq. (49), C ié the dispersion constant and d 1is the
number of molecules per unit volume of the adsorbent.

Substituting Eq. (48) into (47) and rearranging the result,

we obtain the thickness ZA of the adsorbed gas film beyond the first
-4
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layer of adsorbed gas,

7= [ - ! ~
o KT A 25¢B (50)
| KT In Zep C
where
Al = 1 X {1-3Bf) 1
The average number density of the iiquid-like adsorbed gas film in
a pore is ) ‘
Y T 7_(2!?,'2) L
vhere L is the length of-a cylindrical pore. Then the total number
of molecules in the liquia-like adsorbed gas film is
N = fLT1Z(2R-Z) L | (53)
Substituting Eq. (50) into (53), we obtain
oA %
— w >
N, = fiTL {ZR (KTln KTALG) -zQE;)
4ep ©
' (54)

— ( o )1/5
ET 1y KIAD) 2008 }
T Sop ¢

From Eq. (54) it is noticed that as pressure increases the number of
molecules of a liquid-like adsorbed gas increases, and that for the
thin liquid-like\adsorbed gas film the number of gas molecules adsorbed
is linearly proportional to the surface area of a pore, as the second
term in Eq. (54) is negligibly small for the thin layer adsorption.
Substituting Eq. (13) into Eq. (18) in Chapter 2 and integrating

over all the space of the compressed gas phase, we obtain the following
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form, .

_(METYY M| 5 “Ueskt
Ne = (zr’f\ e "T J L YoydodZ
-2 B(r) (IR Y o He (™ 2041 (% B fiy o
(TM‘ So L Lﬁ ydvdedz

where R_ is the radius of a pore, Z’is the thickness of an adsorbed

gas film, and D is a distance from the wall to the pdsition where
dimensionless potential f(x) is cut off

Thus employing Eq. (27), (29) and (30) in Chapter 2 we obtain

from Eq. (55) the totdl number N, of molecules in the compressed gas
phase

2§56

o= 1R 0, T)- za(a) 02 0.5)) oo

where i# is the number density of free gas,

_ N
Fs __V_i (57)
and ¥ )
I—(R -2'. v T) Ro=2"0 2 ‘uc-'s(Y)/z,T
R ’50 f (e 7 varaeazr  ©®
o 73

and

R RimZoD(atm (3 _ueg () /(T
o' s Iy - s (/)
1 (s 2, P, 2) L S,, [...e Yorded2 (59
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. Thus with Eqs. (54) and (56) we have, in this chapter, completed
the expressions for the number of gas molecules both in the liquid-like

gas film and the compressed gas phase.



IV. A Complete Adsorption Isotherm

We consider a closed system with a given volume 2nd a given
number of gas molecules. A porous material with bulk volume V with
porosity q> is dropped into this system. Then the pore surface be-
comes promptly covered with a unimolecular adsorbed layer at a certain
temperature and a considerable increase in pressure will bring forth
the formation of the higher layers of adsorption, each absorbed
molecules being a site for another layer adsorbed molecule. If the
pore space still permits, gas molecules would be compressed in an in-
termediate space due to the attractive forces of the adsorbents. If
the number of gas molecules in the first layer,'the liquid-like
adsorbed film, and the compressed gas region are respectively N;, Np,

and Nc’ the total number of gas molecules in a pore is

N= Ny + N_+ N_ (60)
If there are M pores in a porous body of a bulk volume V, then the total
number of gas molecules in all the pores of the porous body is

Ny =M (Ng + Nyt Ne) 61)
Noticing that N,, the number of adsorbed gas molecules derived as
monolayer adsorption in Chaptér 2 is identified as Nl’ the complete

adsorption isotherm will be described as

Ny = —A) e*fB WeTp
kT A o2fBeVap

A ok
+ ML {RR SAPNINE - =
fiL Y Ba ( (7 In \f’-HBP )elﬁi) Qﬂ“\c;;\go)c &
2 §¢ 2 MI B t B !z .
_* 54:[ e ¥) _ , | e f71

KT 5 Q{_T)Z (62«)
where S =MXR . ,
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. In Eq. (62), the B(T), the second virial coefficient was in-
troduced by taking into account the interactions of pairs of mole-
cules. If there is no interaction among the gas molecules, the ad-
sorption isotherm equation (62) should lead to the adsorption isotherm

equation obtained by Yu(u)

since she derived the adsorption isotherm
under the assumption that the gas in pores.ia an ideal gas, thus ne-~
glecting Van der Waal's interaction between gas molecules. Clearly

£q. (62) leads to Yu's adsorption isotherm as expected if the inter-

action among gas molecules is very weak, that is,

N. o~ MIGD NS eVFTp
t - KT rT'KT'_‘./\ ew/KTP

(63)

The important point here is that without the Van der Waal's interaction
betyeen gas molecules the compressed liquid film cannot occur.
The integration I(ROPE) in Eq, (63) as obtained by Yéltgn be expressed
by curve fitting techniques as

2

I=TR LG (N, wneren=4%% (64)
The values of G are tabulated in the appendix of her thesis.

For practical applications, we will convert the quantity Nt
appearing in Eq. (62) into the volume V at STP occupied by all the gas
molecules in the closed system by the ideal gas law

PSV = N't KT§ (65)
where P, is standard pressure and Tg standard temperature,

It is easily understood to obtain the relation

Ne _ v . .(66)

—

S Ym
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where V is the total volume of gas at STP necessary to saturate all
the adsorbed monolayer. And S, the total number of sites for gas

molecules in all the pores of a porous body.

With the help of Eq. (64) and (66) Eq. (62) will be converted

into the following expression
wi B
Vmn (Tye” e
W .
KT +Amp e e

MO L 2R

—
—

: ‘:7\_1 )'é_( o* \25}
KTinge €™/ Wy Saett) Jon

iR -
} P _ 2Vn\\/? BG (EZJ&B>

S (kT)*

+ Vm VFG; el
SKT

Fl

2
where Vp = M( T R, L), the total pore volume of a porous body, and

?S 1S the number density at STP.



V. Comparison of the Theory to Experiment

As we have already noticed, the Langmuir adsorption isotherm
equation does not fit most of the experimental results. The BET
theory based on Langmuir's theory explains adéorption isotherms for
higher pressure regions comparatively better than many other theories
known so far. However in both the Langmuir and BET theory the
phase equilibrium between free gas and adsorbed gas phase was treated
in a non-realistic fashion. Thus the two theofies lead to the ques-
tion of why other gas molecules do not exist in the pore space if
volume is still available. Again this suspicion suggests the exis-
tence of another gas phase which we have been calling the compressed
gas phase.

For the practical comparison of our theoretical results to experi=-
ment, we need to further examine the isotherm fq. (67) of previous

2B
Chapter 4. Realizing that € {;ﬂs |  for the free gas, it may be easily

seen that this equation is approximated as, since D = ( O(KT/\ _253}3)‘{3
<R, ,and Q/E“ff «1 KT In Vaep©
T + A e SKT “

P o %
T %) 2 Tm%‘,)

where 3 = M 2TRL the total surface area of a porous body. With

the third term absent, we have Yu's adsorption isotherm eqnation,
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Ve Ay €T P

KT + Ar)yeVlrp

= ~+ ——m_Fi\./S K\/ P (69)
. T
To obtain volume adsorbed per gram of adsorbent, we subsgtitute

Vé byQ)M/d, yi;h q) » the porosity, M, the total mass of the adsorbents

and d, the density of the adsorbent, We further need to replace 3, ,

the total surface area by ¢, the specific surface area. Then Eq. (68) cam

be rewritten as '
VA VFTp O M &
KT+ Aame™p T 7 g T

P

" y (70)
P 3
T /Fs> o ( T\ TN
48P
The se;ond term in the equation above is not only dependent on the
gspecific surface area but also on the structure of the solid. This
equation can be further conve;'ted into the form,
y Vm ¥R ¢Mjy 6 X
)+ (DX fs kT ® .
. ol Ya
t (f%’s) = ( [59N o
KT In
FBPX .
where x = -E R Po being the saturation vapor pressure of the adsorbate
at the _temp:rature of the experiment, and '7_.('1') is defined
. W /KT .
Y= P. AN e 4 - (72)

KT
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The third term in Eﬁ. (71) may be expressed explicitiy in terms of
critical point values of T, V and P, the dispersion constant, and
number density as ' ,
(F/L) 0‘( . oheCcd it 5 |
1< & (-21Tc
TEF’( i AU 20

The experimental results obtained by Joyner, Weinberger, and
Hontgomergléor gas adsorption on three different types of carbon which®
they called carbon 1, carbon 2, and carbon 5 are shown in Fig. 6 where
nitrogen was used as the adsorbate. The validity of the isotherm
equation above is tested with these data. In Fig. 6, the adsorption
isotherms (68) are plotted by adopting the same values that Joyner et

GS) ? .

al used. For

carbon 4, V, = 428.6 cc, = 20.4 m?/gr
carbon 2, V, =318.3 cc, = 36.6 m’/gr
carbon 5, vV, = 179.1 cc, = 22,4 mzlgr,

and . 7(('1‘) = 79,6,
The rest of the needed values of physical quantities are: (12)
|
T, = 128°K, B, = 33.54 atms, T = 78.15°K, c = 125.6 x 10700 erg-cm®,

§ = 212x108 .4 P 2164 x 10°%/ce at 78.15°K.
ceC

With these values we have used equation (71) to plot the curves shown as
the dotted lines in Figure 6. Also plotted separately are the isotherms
deduced by Yu‘,‘%l)lich consi& of the first two terms of this equatiom,
and the isotherms of Langmuir, which is just the first term of this

equation.
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- It is to be noted that the first term, the Langmuir isotherm, is
not an adequate description of the data except over a very limited range
of pfessures.

On the other hand the Yu isotherm, the first two terms, is a

good' description of the data up to relative pressures of about 0.6.
Thus the third term of Eq. (68) is only of significance for relative
pressures above about 0.6. The fit of the complete equation to the
data is seen to be excellent all the way up to pressures of 0.9 for
all three isotherms.

The way in which the successive terms of the equation approxi-
mate to the data suggests the following simple test to evaluate the
correctness of this isotherm equation in the higher pressure ranges,
even without complete numerical values for all the parameters im the
equation,

The difference between the experimental curves and Yu's adsorp-

tion isotherm is just the third term in Eq. (71), that is,

fi o %é
A = (fs ) o ( KT lan' ~Yo) ) (74)
4 Po%
Further, we obtain by rearrangement

‘%’é KT) ?..>( )(ln-ﬁgﬂ :TB)?:) (75)

o -(_.l) (.ﬂ&)3 (#) (ln 1'*5(15)‘\’54) o be
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where ?; is the atmospheric pressure. Thus experimental data should
yield a linear plot of :té againstln,{g' or‘rl%%— according to our
theory. The values of A are chosen to be the difference between the
experimental curves of adsorption isotherms and linear curves, at
sufficiently high pressures, judged from the Yu adsorption isotherm
equation. Figure 7 shows this difference plotted in this fashion for
the carbon 5 isotherm of Figure 6., Indeed it is linear within the
accuracy of the data.
Thus encouraged we have taken the data of Brunear et al 8
for adsorption isotherms on silica gel and on an iron catalyst respec-
tively, and as shown in Figures(8)and(1ll)have made an estimate of where
the straight line portions of the Yu isotherm should occur for each
isotherm. Then the difference between these estimated straight lines
and the data curves have been read off and plotted as llcf versus
‘11Q?/%) and Ln(ﬂyg) in Figures 9, 10, 12 and 13. Indeed we find
in every case that the resulting plot is linear ag dictated by the

theory.
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Discussion and Conclusions

Applying the methods of classical statistical mechanics we
have derived a new equation describing the adsorption isotherms for
gases in porous solids. The gas is treated as a Van der Waals gas
and the London dispersion forces between solid and gas are incorporated.
The new adsorption isotherm equation gives the number of gas molecules
disappearing from the free gas phase into the pores of the solid as the
sum of three parts:

(1) those adsorbed on the solid surface to form a fixed mono-
layer,

(2) those existing in the free pore space to form a compressed
gas phase, and

(3) those condensed on the fixed monolayer to form a liquid-
like gas film,
This last part exists only for temperatures below the critical temperature.

This isotherm equation has been shown to describe well the experi=-
mental data of adsorption found in the literature. Furthermore the re-
lative importance of the three terms over different ranges of values of
the equilibrium pressure is entirely consistent with their physical basis.
Other existing adsorption theories yield isotherm equations which fit
data almost equally well, the BET theory in particular.

The main features which recommend the new equation over those
given by other theories are as follows:

a) The theory explains differeﬁt portions of the isotherms as

being dominated by different mechanisms.
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. b) The prediction of a liquid film of definite thickness on
the pore wall at a given temperature offers a means of explaining film
transport and anomalous viscosities of gases in micropores or capillaries.
c¢) The important role of the phase transition at the critical
temperature of the gas in distinguishing the mechanisms of adsorption at

temperatures above and below the critical temperature is exhibited.
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