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Calculation of External and Internal Surface Areas by Gas

Adsorption With Programmable Calculator Application

by :
F. M. Farhan

INTRODUCTION

One of the most important applications of physical adsorption is the use
ef adsorption isotherms to determine the surface areas of finely divided and
porous solids. Surface area is a highly significant paremeter in nearly all physical
and chemical processes involving powdered solids.

The specific surface area, £, of a solid is defined as the surface area per
unit mass, usually in square meters per gram. The monolayer capacity, u,, is
defined as the quantity of adsorbate which would be required to cover the
adsorbent with a monolayer only. v, is commonly expressed as cubic centimeters

at S.T.P. per gram of adsorbent. £ and v, are related by:

£=0.269 o, v, (1)




where o, is the area in square angstréms which ‘one adsorbed molecule would
occupy in the completed monolayer.
The famous BET equation, derived by Brunauer, Emmet and Teller (1)

reads:

v Cx
v,  (1—x)(1—x+Cx)

(2)

where v is the volume of gas adsorbed at relative pressure p/p°=x, and C is a
constant characteristic of the solid-gas system. According to the BET theory, this
equation is applicable only to adsorbents capable of receiving an unlimited num-
ber of adsorbate layers on their surface. Therefore, it is sometimes called o —

layer BET equation. Written in the linearized form:

X 1 C-1

o(1 —x) - U C T v, C g (3)

it is universally used for the calculation of v, and C. being a linear

_*
v(1 —x)
function of x, the two parameters may be easily obtained by using the least
squares method, (L. Sq. M. ), preferably with a computer or a programmable
calculator:

slope+intercept = »vlﬁ

m

(4)
slope /intercept = C—1

Strictly speaking, Equation 2 is capable of describing type II or type III
isotherms (2, 3). However its use is permissable even for limited adsorption in

micropores at low coverages (0.03 to 0.3).

For the case where the solid adsorbent can only receive a restricted num-
ber of adsordate layers, n, the authors of BET theory have proposed the fol-

lowing equation:

v  Cx 1—(n+1) 5"+ nxt!
om o T—x S 1H(C—1)x—Crtl )

known as the n—layer BET Equation (4)



In both cases the ratio ’ is the mean value of the number of adsor-
vm

bate layers. At saturation, that means for p=p° or x=1, the number of layers

should become infinity in equation 2 (co—form), whereas in Equation 5 (n—

layer form) it should tend to n. Unfortunately, the limit of the quantity 2

vm
in Equation 5 is different from n at saturation. For x=1, this limit is
22(”6('11%))“ , which may be proved by derivating twice. This limit is a function

n

of C, its value cannot exceed g + 7} . This discrepancy is a major drawback

of the n—layer BET equation. The theoretical curve agrees with experimental
isotherm only within the range 0<x<0.4, in a few favorable cases up to
x=0.8 (5). '

Pickett (6) has modified the n—layer BET treatment by taking into ac-
count the decrease in probability of escape of the n th layer molecules, as the
capillaries become completely full of adsorbate.,

Pickett’s equation :

v Cx (1—x")

O, (1—x) (I—x+Cx) (6)

gives a better agreement with experimental results, and its simplicity is remar-
kable.

Dellyes (7) derived the same equation with a more logical assumption ,
Moreover, by dividing the adsorption surface into external and internal areas ,
and introducing a fourth parameter, v,;, (monolayer capacity for internel sur-
face) he attained a satisfactory fit up to the saturation point (x=1).

On the external surface of an adsorbent, the number of adsorbed layers,
is by definition unlimited . The o —form BET equation is applicable to - this
surface. On the contrary, in internal areas only a restricted number. of layers

can be inserted . The n—layer Pickett’s equation should be valid for internal
sites.

The relative value of internal and external surfaces is in relation with
the granulation and porosity of solid adsorbent. For example a pile of micro-

spheres exhibits a large external surface, the internal area consisting only of
contact points between particles. Conversely, in a microporous and compact
adsorbent, the adsorption surface is mostly internal. Obviously, internal and

10




external areas measured by gas adsorption should be consistent with the geome-

trical structure of the adsorbent.

The external monolayer capacity, vn., may be calculated independently.
We assume that the adsorption of gases at saturation is exclusively o —layer,
and hence external. Using Equation 2, vn should be the limit of

v(l-—x)(é-—x+0x) for x=1. The numerical values of this expression may be
X

fitted into a cubic function of the form 7V=a+bX+CX?2+dX3 and the para-
meters a, b, ¢, and d determined by L, Sq. method. vme is equal to a+b+c+d.

This result is rather insensitive to the value of ¢ constant. For each x,
volume of the gas adsorbed externally, z , is obtained from Equation 2. Using

v; values from »;=v—v2,, a better agreement of equation 6 with experimental
points may be expected.
In this paper, we are describing a simple procedure for the calculation

of %,, % and n, by succcssive approximations, It is sufficient to use the pun-

ched program cards of linear function ¥=a+ 54, cubic function
Y=a-+bX+CX?2 dX3

and power curve ¥=aX’, applying the L. Sq. method in each case.

CALCULATION OF vy, v,; and n

This computation is performed according to the following steps.

X

1) v, and C for both surfaces (First approximation) — L= =5 and
—X

= L_ = are calulated for each value of x. According to Equation
e v o(l —x &

3, Q is a linear function of x, specifically up to x=0.3 (BET Method). Using
L. Sq. method for Q=a+bX we find :

pram b

vm
b/a=C—-1

11



2) ome and o, — e is the Limit of X1 =H(1=24+Cx) o o

Cx
l —x+Cx . . . .
R= — calculated, using the value of C obtained in step 1). Then,

the function ¥— X for seven largest values of x, up to x¥=0.95, is fitted

into ¥=a+bx+cx?+dx3. After obtaining a, b, ¢ and 4 by L.Sq.M., o, is
equal to a+b+4c+d. The quantities o, = E-%i , and vy;=v—y, are tabulated
next for each value of x.

3) n, number of layers adsorbed internally — volume of gas adsorbed exter-

nally, o,,

. Ume Cx
= =% (1 —*F+Cx)

Ve

volume of gas adsorbed internally, o;,

_ Ui Cx(1 —2%)
T AR (1 —x G

total adsorption v=uy, + o,

Cx "
(1 -x) (1 —x+Cx) (on = 2ai ")

V=
This equation is converted to a power function of the form ¥’=axb

Um Uy Cx

Uni n__ o(1 —x) (1—x+4Cx)

¥' is calculated for seven largest values of x, and n=5 is computed from the
power curve by L. Sq. M. As for v,;, it is obtained in step (4) with a better
precision.

4) vn and C;—For internal adsorption Pickett’s equation is applied using

a better value of C,

V% C,-x(l—x”)
Ui (1—2)(1—x+C;x)
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Put in the linear form, it reads

S — x(l—x") . l—x-l—C,-x - 1 C,—]. X
T (@—x)  tmC tmiG Umi Gi

L(1—x")

i

After calculation of (1—x"), we obtain S= for every x. S is a linear

function of x in a wider range than Q. For the linear portion we have

1
slope 4-intercept = ——-
Umi

slope “intercept = C;—1

The calculated value of v,; should be smaller than v,, because v,="0vn+vmi. If
the difference is less than 39, (the usual precision of experimental points in
drawing adsorption isotherm) any distinction between »; and vz, is impossible .

Similarly, C; should be larger than C.
Ei—-FErL

It is well known that the constant C is proportional to e RT , Ey—EL

being the difference between the heat of adsorption in the first layer and the
heat of liquefaction, it is known as the net heat of adsorption. R and T are gas
constant and Kelvin temperature. In the inner adsorption sites E; is larger be-

cause of the potential overlap between walls, and hence C;>C.

5) New n—If vmi<vm and C;>C, the calculation may be continued to

obtain a bettwer value for n.

v Cix(1—a")
omi  (1—x)(1 —=x+Cx)

2;(1 —x)(1 —x4-Cjx) gy

A=1- 2
Umi Cix

The largest values of 1" are fitted into 1"'=aX?, similarly to step 3).
The new value of n should be different from the previous one.

x(1 — %)
2,(1 —x)

x. The plot against x should have a wider linear range, Using this portion we

6) Using the new =7, the function is recalculated for every

obtain new values for v, and C;.
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The computation steps may be continued in the same manner. Howe-
ver , as soon as the new results become indistinguishable form previous ones,

further continuation would have no significance.

NUMERICAL ILLUSTRATION

As an example, application of this calculation method to an adsorbent
of low surface area is outlined briefly. The adsorption isotherm of oxygen on
chrysotile asbestos (in pellet form) at 88.8°K, described in a previous paper (8),
is chosen for this purpose. The surface area of asbestos was 9.67 m%/g. This
isotherm is illustratively type II, and scattering of experimental points is less
than 3%. The values of v, volume of oxygen adsorbed per gram of adsorbent,
at S. T. P., are obtained from plotted isotherm in 0.05 intervals of x. The
sequence of calculation steps is shown in the following Table. Consecutive res-
ults are compiled in columns from left to right.

The calculator system employed was the Seiko Desk Top Computor S —
301, with a Card Puncher. Unfortunately, little attention has been given to the
potential uses of such programmable calculators in Chemical Engineering. Their
low costs, simplicity and large problem solving capabilities make them attracti-
ve (9).

RESULTS AND DISCUSSION

After obtaining v, and C in the usual way (step 1), we find op —

0.10 cc/g in step 2. Thus, 2™ — f-i =4.23% . That means, 95.77% of the

Um
total surface is internal. This result is in compliance with the tubular structure

of the adsorbent. Asbestos crystallite aggregates form hollow fibers having ;an
inner diameter of several hundred angstéms (10).

In step 3, we find n=8.52. The mean value of the number of layers
formed on each wall is 8.52. This is consistent with the diameter of capil-

laries.

o x(l—a852) .
In step 4, the function = a —)~_ is linear up to x=0.65. From this
o\l —Xx ®

linear portion we calculate ,;=2.359 >0, and ¢;=23.7<c¢. The conditions

14
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mentioned previously in step 4 are not satisfied. Therefore, calculation can not
be continued any further. Such a result is predictable with an adsorbent of

low surface area.

NOTATION

x=relative pressure, p/p°

v=volume of gas adsorbed, in cc/g, at S.T.P.
2. =volume of gas adsorbed externally

v; =volume of gas adsorbed internally, v=0,+v;
T =specific surface area in m?/g

¥, and Z; = as before, £, + %, =%
vm=monolayer capacity in cc/g

Ome and v = as before, vu=vme+vni

L. Sq. M. = least squares method

Greek Letters
o, = area occupied by a molecule, in square augstroms

Subscripts
¢ = external

{ = internal
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