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ABSTRACT

By the application of classical statistical mechanics, a new 

equation deecribing the adsorption iaotheraul for goose in porous 

solids is described as the phase equilibrium between a free gas phase, 

a compressed gas phase and an adsorbed gas phase in a closed system. 

Here the properties of adsorbed gas molecules above the first layer on 

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 adsorption1, is caused by 

molecular interaction forces,‘while chemical adsorption, usually 

abbreviated to 'chemisorption1, 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 Polanyi 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 adsorption. 

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.
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A fundamental advance in the theory of adsorption was made 
(2) (3 1 U) 

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 could be 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 molecules can take place, 

and that, when these sites are all occupied, the force acting on 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 =  (i)
i + bp 

where © is 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 
(5) 

theories such as capillary condensation, polarization, and the BET 
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theory.^6^ 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 is independent of 

whether or not any neighboring site is occupied - in other words we 

neglect interaction between adsorbed particles.

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 and independent of the layer depth.

These assumptions lead to the BET isotherm equation

M = (2)
fctCi-trrt)

where x = the number of sites on the surface of an adsorbent,

N = the number of adsorbed molecules,
t.eW)/eT , and

where is the energy of adsorption of the first layer molecule and

, 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 second and higher layer? are similar 

to those of the liquid state.
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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
(7) 

forces are electromagnetic in origin. As was first shown by London, 

they arise from second-order perturbation theory applied to the 

electrostatic interaction between two dipoles; the energy of the 
interaction being proportional to R~^. 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

<t>(R)= 1 .............. <3)
(q) (3.0)

The potential has been used recently by Halsey and Barker in treating 

the physical adsorption.

In developing the theory of physical adsorption, it has been 

generally assumed that all 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 molecules are allowed 

to come into the pores, some of the gas molecules will remain com

pressed in an intermediate space 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
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1. There exist three 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 compreaaed gaa 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.

FIQ.l New Model FIG.S Old Model
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."Macroporous11 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 
(It) materials. In 1927 Scott Russel distinguishing between macropores 

and micropores, fixed the borderline at a pore diameter of 5JU(, (.0005 mm) 

Porous materials for which adsorption phenomena are important have pore 
diameters ranging in size down to less than 3 x 10"^ 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, etc. 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 gas. 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 region being a thin cylindrical shell of 

volume at distance r^ from the axis and containing molecules.
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FIS.3 CYl*ndrfcal Pore
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The motion of the number of gas molecules in a region k 

with a volume in a pore may be considered classically so that the 

Hamiltonian of the system can be written in the form

S tU.eWc-, <*>

The first term is the total kinetic energy of the gas molecules in 
the k^ region of the pore. Uc_c» the second term is the total 

interaction energy among the compressed gas molecules, and finally

TH is the interaction energy between a compressed gas molecule and Cr>
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

c ) (r+r3,-zrto5e^)5 (5)

where c is dispersion constant, and J* is the number of molecules per 

unit volume of the adsorbent. This is a superposition of pair inter

actions of solid molecules with a gas molecule, the potential being 

the Lennard Jones type, neglecting the repulsive part. The triple 

integral in Eq. (5) is integrated with respect to z first and then 

with respect to R. The result is

14 (y) -
c 5 4-Y 'o (r^-arRotose)^ (6)

__L *9
k S»n*Q(rat^rRo(j6S&)'/’-
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Let X “.r/Ro> then the integrands in Eq. (5) are converted to dimensionless

form as

■■CjK
4^6

—0x
^XSi e (t

CQS9(1. -XCose)cW 
s t n^e (1 -tX^-Zz x (059)^-

(7)

or
ut.so<) = -c£i ^(x)

44g (8)

92)The integral above has been evaluated and plotted by Yu , using a 

numerical method. The dimensionless potential f(x) is plotted against 

X in Fig. 4. Note that near the wall we have cut off the computed 

curve and inserted a deep potential well, this is an approximate way of 
taking into account the repulsive part of the potential near the wall. This 

potential well is the 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 themselves also vary with N (this is indicated by 
adding subscript N). Then the thermodynamic potential-Q- is derived 

as
n r-^ -EAM/k-V-]_e = -<Tfn[^e z. e j (g

Substituting Eq. (4) into Eq. (9) and setting N ■ Nk we obtain
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p/lj- If. p;mensionless Potential 
fi/vergr
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k='KTIn[^ 2^-l2m Joo

where _£2,^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 k region.

We may consider a gas consisting of 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

molecules, i.e., by The thermodynamic potential is repre

sented then as

[- J- £ k^c-Uc-sVkT (■ -( 2; ~ -‘•U.-J/kT
^-KTlnC^NK^ J (11)

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

of molecules including interactions of pairs of molecules.
(T5)We obtain, following Landau and Lifschitz,
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k = - pvk = - K T In 11 ft, [ e" U‘

((e u'23/tTdvIdvit 1 <i2>
) I ° w#

where
^c-^t-sVkT ( ""^XyyvKT 

e I € cl

/YnKTf4
r c

(13)

U-^2 is the interaction energy of two atoms and the interaction 

of three atoms.

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

series

S J'lP= kT ni V <w>

where
t -U.aLTT.-i ,Tx= I (e ' -DdV,,

j = [(( e'u'z/|:T- e'^-^'^Ddu.dv, i (15)

etc.

Differentiating Eq. (14) with respect to , we obtain the 

equilibrium number of molecules in the gas as

~ ^K. (16)

'X Bearing in mind that from the definition, z —2- , we obtain d/Ac kt
/
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(17)

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

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

form

Mk W t lV) = vK(^- z,Efr)V) <18>

where B is the second virial coefficient;

= = (19)

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 no longer have much validity; 

rather, the adsorption should be viewed as an increase of gas density 

in the vicinity of the surface due to the attractive forces between solid 

and gas molecules. Our Equation (18) leads to the gas density as a 

function of position,
P(v\ Wx-Uc-strtJ/tT
>U) €

However at sufficiently low densities we obtain

o X - WKT --^^T -vc-sCrt . .
far) -e e =e p <2l) 
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since B(t)£> 0. In fact our Eq. (21) is in agreement with the density 

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 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 is closer to the pro

perties of the adsorbed phase than at high 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 temperatures, monolayer adsorption may 

take place on the surface 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 an 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 translational 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 site. Let there be molecules 

adsorbed on the solid. The number of ways that molecules can be
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assigned to sites is

X Na. "* (X-Ma) ! Na! (22)

Let the canonical partition function of a single molecule be qa.

The partition function Zg for Ng molecules in a pore of X sites will

be

(X-N(O I (23)

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

using Stirlings approximation as

p =-|LT[* InX—Cx-N*-)
■b Na 3

The chemical potential of this phase will be

(k = kT k N Os

(24)

(25)

Similarly we can formulate the partition function and free energy 

of a real gas to obtain,

F* — P ।r-f " Ff + '

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.

where is the chemical potential- of a perfect gas;

(27)
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From the equation above we obtain
IkT __ / Jiir

K.T rm<T /

As mentioned earlier, the three phases, free gas (real gas 

outside of the pore) phase, compressed gas phase, and adsorbed gas 

phase must have the same chemical potential when the system is in 

equilibrium, or

where is the chemical potential of adsorbed gas phase.

From Eq. (25), (27) and (30), we obtain for the total number 

adsorbed molecules in the monolayer of one pore,

t V Arr-I pif>t B(T)? D
N. = */X(T) e.———

KT + A(T)e:ufFbCr)11p

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 is -W, Then the 

partition function for a single molecule of the monolayer is 

= e 03)

(30)

of

(31)

(32)
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Then Eq.- (28) can be rewritten as

XAine66? e'"/<T 
fclr

(34)

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

Waal's forces; for sufficiently low density of free gas molecules, we 
obtain the Langmuir isotherm^

N - X A(T) P (35)
IX kT-rA(nPew|l<T

since 5^0

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, qualitatively describing the transition from gas 

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

. P=KTHiVJ^) (36)
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and
Ml Z V^( l-r J^) (37)

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

accuracy

p
NtVT _ Nt KT _

Vic*' 2. (38>

where _ - -2, MT)

- - Z ( b - ) (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 equation,

[p -t (V.- mk£) = u kJ (40)

The isotherms given by this equation are shown in Figure 5 below.

FI9. 5

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

(p-Kxr')(f-b)‘ ki (41)

where the number density.

From Eq. 40, we obtain the critical values of temperature, pressure.

/
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and volume as
M V.-3Nttb (42)

At a temperature T <_ Tc Eq. (41) yields over certain ranges

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 as the approximate

number density at which the phase transition occurs for T4 Tc as well.

Then we obtain

(43)

at the distance Yo where the gas-liquid transition occurs, or

c: f(ra =

where ft ( 222*2 y/zp^-VicT
(44)

is the density of free gas.

Realizing at equilibrium. Eq. (43) can be further

converted into the form.
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i’^o) -iff
(XftBkT (To)) /tT , xEftBkT-Ut^/cT

e t 3"^)e (45)

-Uc-stTo)/^
Solving Eq. (45) for € , we obtain.

=JCT ( (46)

From the equation above,.the interaction energy Wc-^(fc>) between a

solid and a molecule in the adsorbed gas layer at the distance Yq at 
which the liquid-gas interface exists, is

(47)Uc,s(ta= x£>CTf+-nln^ )
-3 -*3Plotting a curve of (y) ver8US » the

thickness of a thin liquid-like gas film, we obtain a straight line.

if D « RQ, determining a constant of proportionality o(. • Thus we 

find the following approximate relation,
- x

Uc-S^0) - ok Zo (48)

where the negative sign is introduced because the potential energy of

a molecule in a pore is due to attractive forces. The in equation 

above is obtained as
<A zr .AUGcSlC* (49) 

by using the numerical values of ut-5(f) obtained by Yu, shown in

Figure 4. In Eq. (49), C is the dispersion constant and 5 th® 

number of molecules per unit volume of the adsorbent.

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

we obtain the thickness 2 the adsorbed gas film beyond the first o
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layer of adsorbed gas,

r ' ot 
kT KT XW -xtfB <so>L M l1> 4.BP e

where _
A(M = । 2 j i -SBrir.) (51)

The average number density of the liquid-like adsorbed gas file in 

a pore is

(52)

of molecules in the liquid-like adsorbed gas film is

(53)L

Substituting Eq. (50) into (53), we obtain

(54)

v ty In y2^»V2^E> J J w
From Eq. (54) it is noticed that as pressure increases the number of 

p _ bJL Nu

where L is the length of- a cylindrical pore. Then the total number 

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



form.

Nc -
' f^'Z'P[2ir f

e )o L u ■ycArdGdZ.

/1. *2Mc-s /icy
)_te. 'fdiYdodz

(55)

where RQ 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 position where 

dimensionless potential f(x) is cut off.

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

from Eq. (55) the total number Nc of molecules in the compressed gas 

phase

Nt= E1 PzT)-iE^)e6p.i)] (56)

where fr is the number density of free gas,

a -^c-$Cr)/Ly
I J,Le YdXd9d2.

(57)

(58)

and

I (Ko'z’, p, "k V
^-Z-^Dfi-Trf i -Mc-sW/^r)
0 L Lu6 YdrdledZ (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 and a given 

number of gas molecules. A porous material with bulk volume V with 
porosity <)) 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^, N^, 

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

N - Nj "t Nl -f Nc (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

= M ( -t NL 1- ) (61)

Noticing that Ng, the number of adsorbed gas molecules derived as 

monolayer adsorption in Chapter 2 is identified as N^, the complete 

adsorption isotherm will be described as

t IT t ACT)

Where S = M X .
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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 
(12) equation obtained by Yu since she derived the adsorption isotherm 

under the assumption that the gas in pores is an ideal gas, thus ne

glecting Van der Waal's interaction between gas molecules. Clearly 

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

action among gas molecules is very weak, that is.
a 5 e^p

(63)

The important point here is that without the Van der Waal'a interaction 

between gas molecules the compressed liquid film cannot occur.
(IMThe integration I^IXT) in Eq. (6%) as obtained by Yu can be expressed 

by curve fitting techniques as

X- TiRo L (%■ ) where >1 =- (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 gaa 

molecules in the closed system by the ideal gas law
Pa V = Nt (65)

where Pg ia standard pressure and Ts standard temperature.

It is easily understood to obtain the relation
N-t  V , (66)
5 ~
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where Vm 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

v=

KT -t-A(T)Pe'Jln

y^.VpCr ezr^ - _ 2vmvPB6 (e^B)‘ ,

where = M( "fl Rq L), the total pore volume of a porous body, and 

i<5 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 adsorption 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 theories 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 Eq. (67) of previous
< Chapter 4. Realizing that 6 I for the free gas, it may be easily 

seen that this equation is approximated as, since D ~ -y—nrrs
I Vt It.kt7V 

,a.n<i t
KTV Or ACT) e 4:1 p  Vm Vp& 

tT ■vAcv)e*i’ skt ' <68>

+ t

where the total surface area of a porous body. With

the third term absent, we have Yu's adsorption isotherm equation#
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Vm ACT) eWfcT ? 

KT t ACr)t"kTp
Vm Vp.^, p (69) 
5 Ky r

To obtain volume adsorbed per gram of adsorbent, we substitute
Vp by(|>M/d, with <|) , the porosity, M, the total mass of the adsorbents 

and d, the density of the adsorbent. We further need to replace , 
the total surface area by the specific surface area. Then Eq. (68) cam 

be rewritten as

v_ VmACT) , <p M/<» 6r
kJ t Ad)e^Tp KT

, ol V, <70)

w

The second term in the equation above is not only dependent on the 

specific surface area but also on the structure of the solid. This 

equation can be further converted into the form,

v„ Yct)7A d>M/d. <5 V'Ct) . / _ ----------- —----- -y _I----- -------------- p y
v It-KCOX KT 0 (71)

t (%) °~ ( Kt

where x = _E , PQ being the saturation vapor pressure of the adsorbate 

at the temperature of the experiment, and Y (T) is defined

Y(t). P.An>.<j2

7 i<T
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The thi,rd term in Eq, (71) may be expressed explicitly in terms of 

critical point values of T, V and P, the disperaion constant, and 

number density as

/' 0A6 c <T K1-

6 1-^(1-^) v

The experimental results obtained by Joyner, Weinberger, and
(15)Montgomery for 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 
(35) >

al used. For
carbon 4, Vm - 428.6 cc, ■ 20.4 m^/gr

carbon 2, Vm ■ 318.3 cc, ■ 36.6

carbon 5, Vm ■ 179.1 cc, - 22.4 m /gr,
and . if (T) = 79.6.

The rest of the needed values of physical quantities are: ,n (11) A 
Tc - 128°K, Pc - 33.54 atms, T - 78.15°K, c - 125.6 x 10*eu erg-cm6, 
f . 2^.12 x ,1023 and = 164 x 1022/cc a(; 78il5oKe

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 
u&)

deduced by Yu, which consist of the first two terms of this equation.

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 pressures.

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, 
V 

even without complete numerical values for all the parameters in the 

equation.
The difference between the experimental curves and Yu's adsorp

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

-'=({-)'■ ( tTl'sXB f

Further, we obtain by rearrangement 

or 1
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an Iron, Ca.-t,a,lyst-
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where P is the atmospheric

yield a linear plot of

pressure. Thus experimental data should
against In or 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.
(16) On) Thus encouraged we have taken the data of Brunear et al

for adsorption isotherms on silica gel and on an iron catalyst respec

tively, and as shown in Figures(8)and(11)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 1/versus

and Figures 9, 10, 12 and 13. Indeed we find

in every case that the resulting plot is linear as 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.

Ulis 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.

Tie main features which recommend the new equation over those 

given by other theories are as follows:

a) The theory explains different 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 
a8) 

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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