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CHAPTER T
INTRODUCTION

: The-physicalkstructure of fineiy divided and porous materials is
of great importance in studies of.catalysis. Investigations dealing
with the size of‘the ﬁores in such materialsvhave been carried out ex-
ténsively in recent years. Brunauer, Emmett,vaﬁd,Teller1 (BET) and also
Harkins and jura2 have laid the foundations for sﬁch'studies ﬁith their
theories of physical adsorption,‘which have been proven very: successful
in determining the specific surface»areasbof adsorbents from gas adsorp-
tion data.

These theories, excellent as they are invobtaining surface afeas,
‘are inadequate in the treatment of some frequently occurring isotherm
phenomena. They have been supplemented, in this’reépect; by the intro-
dyction of the theory of»"capillary condéﬁsation”vwhichvtakes place in
the fine pores of solid adsorbents, mainly duevto Cohan® and Brunauer4.
The médern theory of adsorption, due to Wheeler5’6, combines both the
BET multimolecular adsorption and the capillary condensation viewpoints,

The study of capillary condensatién‘phenomena, which occur at low
relative pressures, is the primary source of information abéut,the-size
of the pores in solid adsorbents. Multilayer adsorpﬁion takesiplace
simultaneously,with condensation in thé‘cépillaries; In the calcula-

tions of pore-size distributions this type of adsorption is to be left

out as not arising-from‘the filling of the pores so that corrections for



it are necessary.

If a defiﬁite pore geometry is assumed and if the Kelvin equation
is considered applicable to capillaries of avnature-such as that of po-
roué solids then distributions of pore size can be easily evaluated.
Several methods have Been'developed to deal wiﬁh this type of computa-
tion. The mosﬁ importanﬁ of them will be reviewed in Chapter III.

It is the purpose of the present inveétigation to study the nature
of the pores in finely divided and porous substances and also to obtain
pore-size distributions from considerations of capillary condensation.
The material selected for this study is stannic oxide in the forms of
powder, ceramic, and gel., Nitrogen adsorption isotherms together with
their specific surface areas obtained from the BET method; at 789K
(liquid nitrogen), are used to fﬁrnish‘the data necessary for the cal-
culations.

The powder, ceramic, and gel are expected to differ considerably
in their poreqéize distributions. These differences will be brought. out
and discussed in terms of the speciai shape of the adsorption isotherm
for each, and conclusions will be drawn as to the correlation between
the type of the isotherm and the manner by which thé filling of the
pores is taking place. The cumulative surface areas which are obtained

'by this method are compared with the values from the BET method,



CHAPTER 11

THEORY OF ADSORPTION IN PORES AND CAPILLARIES

6
Modern theories™?

regard physical adsorption as arising from con-
tributions of both multilayer adsorption and capillary cendensation in
contrast to the older theories which éttributed adsorption either en-

tirely to capillary condensation or entirely to multilayer adsorption4a

Adsorbed films in multilayer adsorptioﬁ are considered to arise
from the interactions between the-éurface of the adsorbent and the mo-
lecules of the adsorbate due to van der Waals forces. Multilayer films
-are formed on the "flat" surface of the adsorbent and they increase in
number as the relative pressure approaches unity, while on the inner
walls of the capillaries the thickness of these layers would increase
until such capillaries are filled7.

Capillary condensation, on the other hand, is due to the action of
surface tension at a curved meniscus, This surface tension lowers the
-equilibrium vapor pressure p, at the meniscus, below that of the bulk
liquid Py» according to the Kelvin equation7,

Pierce and Smith8 have recognized two types of capillaries depen~
ding on the value of the relative pressure at which they fill. The
first type includes capillaries which fill at a low relative pressure
(below 0,5) while the second type includes those which fill at a rela-

' tive pressure between 0.5 and 1.0, These two types exhibit different

adsorption isotherms. On desorption the former show no hysteresis,



while the latter do. Figure 1 shows the general nature of the isothefms
for the two types of capillaries together with the S-shaped isotherm for
”ﬁonporous" solids. Thé isotherm for the first class of capillaries is
represented by curve A, and that for the second class by curve B, while
curve C gives the isotherm for nonpérdus éolids. These isotherms have
been designated by Brunauer as type i (Langmuir type) without hysteresis
for A and type II with and without hysteresis for B and C respectively.
Two ways have been recognized to be responsiblé for the filling of
capillaries. The first takes place through condensation of the.vapor
at the meniscus which bridges the walls of the pore. The second takes
place through the building up of a multilayef film until all the space
of the capillary is filled. A third way is the one that combines both.
‘A pore can start filling with a layer on its imner wall and after the
layers on opposite walls meet and merge it will end up with a meniscus.
Determination as to the effectiveness of these processes during adsorp-
tion comes from considerations of both size and shape of the capillaries.
For very narrow pores, of which each one can be bridged either by
-a single molecule or by a monomolecular film on each wall, condensation
starts at the very beginning of adsorption. This type of pores are
filled at a very low relative pressure and substances which have pores
such as these exhibit a Brunauer type I adsorption isotherm without
hysteresis (Figure 1, curve A), The reason for the absence of hystere-
sis comes from the fact that adsorption and desorption occur in the same
manner, from a meniscus. For these highly porous solids, after all
pores have been filled, the isotherm rises but insignificantly which
indicates that contributions from any '"flat" surface in the solid are

of minor importance.



VOLUME ADSORBED

' RELATIVE PRESSURE, p/p,
Figure 1, Typical Adsorption Isotherms: A, Bruﬁauer’s Type

1 or Langmuir Type; B, Type II with Hysteresis; C,
Type I1 Without Hysteresis or S=-shaped.,




For pores which are relatively wide a monomolécular film on each
wall will not be able to bridge one such pore. 1In this case adsorption
takes plaée as a monomolecular layer on the inner walls of the pore, an
effect which is the same.as that for a flat surface., The isotherms.of
- materials having this type of ﬁores ére exactly like those of nonporous
solids at very low relative pressure, When a value of this pressure is
reaghed at which the wall films start merging together, condensation
begins in the‘capillaries‘and the surface diminishes owing to the =
filling of pores, This process continues to take place as the relative
pressure incréases toward unity. As the molecular layers in a single
pore meet and merge together, the forées acting on the molecules of the
new combined layer become stronger. The explanationvof this effect -
comes from the fact that these molecules are now held on and between two
walls instead of only one as in the case before merging occurred. They
are therefore more strongly bound than previously because forces twice
as strong are acting upon them. Consequently, removal of these mole=
cules from the meniscus during desorption takes place at a lower rela-
tive pressure than the original adsorption which was building up in the
form of a single wall film. A result of the above is the hysteresis
which is observed during desorption as shown by curve B of Figure 1.
This represents a type II isotherm with hysteresis,

The absence of pores, as in '"nonporous" solids, gives:rise to an
S-shaped adsorption isotherm. This corresponds to Brunauer's type II
isotherm without hysteresis (Figure 1, curve C). The term "nonporous"
is not entirely correct because in such solids some capillaries may be
present along with a large "flat" or "free" surface. 1In this case the

-presence of capillaries causes condensation at very low relative .



pressure and at: the beginning of adsorption the isothérm is not very
mcuh different, although flatter, than the type I isotherm for highly
porous materials. For such solids as the size of the pores increases
the»isothefm becomes steeper at higher values of the relative pressure.
When adsorption on the "flat" surface takes~o§er the isotherm starts
getting steeper and becomes very steep at high pressure. On desorption
‘no hysteresis is observed because ‘molecules are removed from the "flat"
surface in the same manner and at the same pressure.of the original ad-
sorption.

An S-shaped isotherm therefore is not a conclusive indication that
a solid is completely nonporous. Capillaries will be present and they
can be detected if 'such an isotherm is compared with isotherms for true
nonporous solids. The effect of these capillaries is to lower the iso-
therm below the nonporous‘isotherm. Calculations of pore-size distri-
butions for materials of this nature and with an S-shaped isotherm will
show that capillaries are present in varying numbers.‘

Fine powders and ceramics, in general, exhibit this type of iso-
therm. When the adsorption isotherm of a powder is compared with the
adsorption isotherm of the corrésponding ceramic it is usually found
that the isotherm of the latter lies below that of the former because
of the lower porosity of the ceramic. Such an effect is expected from
the special considerations of the preparation of ceramics. During the
sinteringvprocess, which consists of pressing dand firing of the powder,
pores in the resulting ceramic become smaller and fewer with simultan=-

eous decrease in the "free" surface available for adsorption.



CHAPTER 111
METHODS OF PORE-SIZE DISTRIBUTION CALCULATIONS

Several methods dealing with the mathematical evaluation of the
size of pores in finely divided and porous materials have been advanced
in recent years., These methods, as mentioned previously, are based on
the theories of physical adsorptionsithe most important of which is that
of Brunauer, Emmett, and Tellerl° The theory of Wﬁeeler536, which com-
bines both multilayer adsorption and capillary condensation, gives a
better picture of physical adsorption, Application‘of this theory to
the experimental isotherms, with the necessary corrections for multi-
-molecular adsorption, constitutes the basis upon which pore-size distri-
butions are evaluated, The experimental isotherms are usually taken to
be the ones determined by the BET method from nitrogen gas adsorption
data,

The starting point for all calculations of this type is the Kelvin

equation for a cylindrical capillary model in the following form:
In(P/P,) = =-(2(’;’\.7mcc:os‘¥/R’l‘rk) (3=1)

where (P/PO) is the relative presure, ¢ is the surface tension of the
liquid adsorbate, V_ is the molar volume of the liquid adsorbate, ¥ is
the contact angle between the surface of the adsorbed liquid and the
wall of the capillary (usually taken as zero), R is the ideal gas con-

stant, T is the temperature of the liquid, and rj is the Kelvin radius,



Methods of calculation corresponding to either cylindrical or slit-
shaped pores have been developed by a number of investigators. A re-
view of the most important of these methods will be presented, first for
a cylindrical and then for a parallel plate model,

Barrett, Joyner, and Halenda9 using the model proposed by Wheeler
: developed a method for circular pores which is rather complicated and

time-consuming. Their theory is given by the equation

* 0 »

Vg - V=n§ (e-£)L(r)dr (3-2)
rpn

where V. is the volume of nitrogen gas adsorbed at the saturation pres-

sure P., V is the volume of gas adsorbed at the equilibrium pressure P,

o
L(r)dr is the total length of pores with radii between r and r + dr,

r is the radius of ‘the largest pore filled with liquid nitrogen at

Pn
an& pressure (critical radius), and t is the thickness of the multi-
layer.

The above equation is simplified by taking stepwise decrements of
the relative pressure (P/Po) on the desorption isotherm starting at
P/P, = l. The equation becomes

n-1 ,
V. = R V_ =R t ¥ c.A (3-3)

where Vp is the pore volume at any particular pressure, Vn is the
n

observed volume of gas desorbed, t  is the amount of reduction in the

thickness of the adsorbed layer, A_ is the area of each pore at any

Pj

particular pressureApj, and n is the number of relative pressure incre-



10
ments. Rn and cy are given by the equations

2 2
Rn = rpn/<rkn + tn)

and

where rp is the pore radius at pressure p, rkn is the Kelvin radius,

and t,. is the thickness of the adsorbed layer at the corresponding value
of P/Py.

The above equation for Vpn depends only~on the two following as-
sumptions: (1) the pores are cylindrical and (2) the amount of adsor-

bate in equilibrium with the gas phase is retained by the adsorbent

either by physical adsorption on the pore wdlls or by capillary conden-
sation in the inner capillary volume. This method is generally more
applicable but there are-a lot of approximations necessary and it is
also rather time-consuming,

C. G, Shull10 has applied the Wheeler theory to experimental iso-
therm data which he compares with standard isotherms represented either
by Maxwellian or by Gaussian distribution functions. The reason for
this is that the layer thicknesses of the BET theory become much' larger
than the experimental thicknesses . for flat surfaces in the region of
high pressure.

Shull in his method uses the simplified equation of the Wheeler
theory, ia.e,,

Vg = V =UT§3 (r~t)2L(r)dr (3-2)

p
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where rp is the correqted Kelvin radius obtained as a function of the

relative pressure from the Kelvin equation and from the equation

r, = t+r | (3=4)

which gives the radius-of,a cylindrical capillary at a particular value:
of the pressure. The -quantity (Vs ; V) gives the volume of gas which
is not yet adsorbed at a pressure p. This volume is simply equal to the
total Volume‘of pores which have not as yet been filled at that same
pressure p.

The'ppre-size distribution function L(r) can be represented by a

Maxwellian distrubution function, given by:
L(r) = Areexp(-r/ry) (3-5)

with A and To being constants. When L(r) is substituted into the Whee-

ler equation and the integration is performed the expression for (Van)

is obtained in the form:
V, -V = Ar4°M(r r.) (3-6)
- o p’ o

where

3y : ' 2 2
M(rp,to) = (/rglexp(-rp/ro) [rp(rp-t) + 6rg + 2rg(3r,-2t) +

ro(3rp-t>(rp-t)] (3-7)

The -above function is evaluated at various values of p and g and
- a family of curves, known as "standard inverted isotherms', is obtained

when plotting M(rp,ro) versue r ,

The function L(r) may also be represented by a Gaussian distribu-
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tion function as:
( £]2 .
L(r) = Ae- E/ro I=To (3«8)

with A, B, and r, being constants. Substitution of L(r) into the Whee-

ler expression for (VS—V) and integration gives;

Vg -V = 2A(r3/8)GR(rp,7,) (3-9)

where

T .2
GB(rp,ro) = _HE{.éE(rp - 2t + ro)e P4

4ro

(3-10)

716 [ - 0]+ w0

and p and‘H(x) are given by:
. - c
p = (ﬂ/;o)(rp-ro) and ~ H(x) = (2//Gf)v£e'y dy

The parameter B determines the width of the pore-size distribution
while To determines the average pore size. The function GB (rp,ro) is
is evaluated for various values of the parameters 8 , o and rj and a
family of Gaussian "standard inverted isotherms” is obtained when

GR (r

P,ro) is plotted versus roe In this case B has a comstant value

while rp and r, change; in other words GB(r ) is evaluated at certain

p*To

values of B with 2 and r_, changing for every different value of B .

o)
In order to interpret the experimental data the following procedure
is used: The experimental isotherm is plotted as V.-V (using a logarith-

mic scale) versue r , the corrected Kelvin radius. This is referred to
P

as an "inverted isotherm", which in turn is matched with either a

Maxwellian or a Gaussian "standard inverted isotherm." The pore-size
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distribution L(r) would be known immediately if an acceptable match is
obtained between the "inverted" and the "standard inverted" isotherms
because the parameters of the standard isotherm are known.

Oulton11

suggested a method for calculating the pore-size distri-
bution from a desorption isotherm which considers the thickness of the
adsorbed film that is attracted to the solid surface by forces greater
than the interaction forces of the liquid itself. He assumes that the
fhickness of the film is constant and equal to the number of molecular
layers at the relative pressure at which capillary candensation starts,.
He further assumes that the radiqs of the:smallest pore present is de-
terminéd at the closing of the hysteresis loop, i.e., at the pressure
P/P, where condensation sets in the capillaries. He defines the quan-
tity Nd as being the thickness of the adsorbed film, where N is the num-
ber of moleéular layers -in thé film and d is the diameter 6f a single
molecule or the thickness of the monolayer. The value of Nd.is the de-
termining factor concerning the size -of the pores and it is assumed that
there are very.few,.if any, pores present with radii less than Nd. The
calculatién of the pore-size distribution therefore starts at the value
of the lowest relative pressure at which hysteresis starts and pores
whose raaii are less thaﬁ Nd are neglected completely,

12

Anderson~“, with the assumptions of Wheeler and Barrett, and Joyner

and Halenda, has developed a method of numerical differentiation in ob-
taining differential pore distributions, The volume of pores emptied,

V, is a function of the volume adsorbed, V , and the thickness of the

ads.,
monolayer, t, i.e.,

VvV = f(V , t) ' (3-11)

ads.,



14

The differential volume of the pores emptied, dV, is then related

to a differential amount desorbed, dV,4q,> by applying partial differen-
tiation on the funétion of V, This method is deveioped fully in the
originai paper and it has bgen used very successfully to compute pore=
size distribution curves on the assumption that pores are cylindrical in
shape. Surface areas of adsorbents, such as silica gel, porous glass,
alumina, etc., obtained by this method are in good égreement with the
BET results with errors in the range of 3 to 10 per cent.

Methods of calculation of pore-size distributions for "silt-shaped"

13 14

pores (parallel-plate model) were proposed by Innes~~ and De Boer ' and

co-workers in a gevries of artic1e515’16’17q

Inne513

regards the capillary system as being equivalent to a sys-
tem of parallel plates with varying distances of wall separation., The
Kelvin equation is still assumed to be -applicable in this case, except

that now the pore radius is replaced by the-pore wall separation. It

will be shown later that this separation is given by:
d = ry o+ 2t (3-12)

In his . method Innes assumes that the total volume -adsorbed, in cm’

of liquid, denoted by X, is given by:
X = V+ At (3-13)

where V is the volume (in cmg) of the pores that are completely filled
with liquid nitrogen, and A is the surface area of the incompletely
filled pores (in cm? per gram of adsorbent),

When very small increments are considered the equation for X can

. be written in the form
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AX = AV + AAt + tAA ' (3-14)
and .
AV = :%?é ' (3-15)

where the bars denote average values over the particular increment under
consideration.,

Substitution of the.equation for AV into that for AX gives

AX = AV + Abt - %F(AV)’ o (3-16)
or
AV = 9 (AX - Afr) (3-47)
d-2t

The assumption is then made that at the highest relative pressure,
(P/Py) = 1, all the pores are filled, so that A= 0 and V= X, and the

pore size distribution can be evaluated by a stepwise procedure when

f
o

equal increments of P/P, are chosen on the desorption isotherm.

15,16,17 in their calculations of dis-

Lippens, Linsén, and De Boer
tribution curves for several aluminum oxide systems make use of the same
wall separation term d , proposed by Innes, assuming that the pores in
such oxides are "slit-shaped." The assumption that all the pores are
filled at a relative pressure of unity is still valid, and starting at
that pressure the desorption isotherm is divided into-parts correspond-
ing to equal steps of 2Ax, withvx used to denote P/P, (x = P/Po);

At the beginning of the ith

3

step the relative pressure is x; + A x,

the volume adsocrbed in cm” of liquid nitrogen_isvx(xg the surface
i

+ Ax)?

area of that part of pores which are not filled with liquid nitregen is
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S(Xi + Ax{)» and the layer thickness is t(xi +A%g) If the relative

pressure is lowered to x; = Ax then the pores with Kelvin radius between

Tk(xy + Ax) and rk(xi - ax) 2re emptied., The average Kelvin radius for

this group of pores at x; may be taken as (rk)x_ if the single increment
L

Ax 1is very small. The average wall separation or pore width at x; is:

dg, = (rk)xi + 2t | (3-18)

1 i

where txi is the thickness of the adsorbed layer at x;+ The surface

area of these pores is ASxi and their volume is given by:
= 1 S ' -

At a relative pressure of x; - Ax, which corresponds to the end of

th

the i~ step, X( is the velume of nitrogen adsorbed, S(

Xi = Ax) xi - Ax)
is the surface area of the pores not completely filled with liquid ni-

trogen, and t(xi - AX) is the layer thickness.

Therefore.

AXXi - X(xi + Ax) X(xi - A%) (3-20)

where AXy 1is the volume of nitrogen desorbed during the lth step.

1

There are two contributions to the volume AXX « The first is.the
i N

volume due to capillary evaporation from the group of pores at x; and

from the decrease of the adsorbed layer thickness of the group of pores

when the relative pressure is lowered xj to xXj -A X. This volume is
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given by:

1 - -
1 Ei 2 (x, - Aa C M8y (3-21)

The second contribution is the. volume that comes from the decrease
of the adsorbed layer thickness in the -pores which are emptied when the

‘pressure x; + Ax, is lowered to xj - Ax, and it is equal to:

Exi + AX) -t<Xi_ - Aa' S(x]'_ + AX) <3=22)

where S is obtained from the summation of all contributions

(x; + Ax)

AS, of the groups of pores that have a width greater than d<xi + Ax) ©°F

greaper than d(xi - Ax) Since:
d(xy + Ax) = d(x, L1 - A% (3-23)
Therefore
S = ZAS.,
(Xi + AX) i " <Xi - ]_) (3=24)

and the equation for AXXi becomes:

o>
e

o

N fi—

- 2F<Xi - Ax) Q,.ASX

[=N

* t(xi +AX)“t(xi'-£\x) Z A5y 1" (3-25)

i 1=

el

- Solving the above for AS_ and substituting in equation (3-19) for
: i



18

AV, s

—— ——

) - ' .=t PN
Axxi [E(xi + Ax) (xi - Axi] i Asxi_wl-
: ‘ - SO (3-26)

i ‘1‘9 . . o
_ 2 Ex]’_;- F(Xi - A;E—)_-l

which upon simplification becomes:

. dxi . Axxi . N dx-j_ -t(xi+Ax)-t\(Xi.--Ax) . E‘Asx.
‘ = - : : i Ti-l
i -2t Ton
Xj 7 (Xi-Ax:) : Xy (xi - A%)
Now letting. -
. dxi |
Y T 1T — (3-28)
TGy 7 (g - oax)
and
Ry t (3-29)
Xi ‘— in . t(xi + /\X)- (xl - AX) . -

the simplified-equation for AV, is obtainedbin the form;

1
, !
BVyy = | Ry Ax;_i_l - Ei. oS

When all the contributiens AVx; and ASx are  summed up, the cu-
: 1 i '

- (3-30)

mulative volume YAVy. and the cumulative surface area ZAS,  are re-
. 1
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‘spectively obtained.. The‘quan;ity ZIAin represenﬁs fhe total volume
:while‘E:AX*i represents the total surface area bf the.porés which have
a width greater than dy.

_it is now necessary to considef>the\methods’of célculétion of the
-basic parameters rp, d, 1, and t.

For pores ﬁhich-are,assumed to be cylindrical in shape, the value
of rp, the radius of the largest pore filled with 1iquid ﬁitrogen at

any pressure.(Figure 2), is given by:

T = r, +t ‘ , (3-4)

with fk'and t'being, as before,>the Kelvin radius.and'thé thickness of-
the mﬁlﬁilayer;'réspectively,x""

Invthe‘case of ”slit;shaped“ pores, for which the parallel-plate
‘model has been assumed, the value of d, the-maximum distaﬁce of wall
éeparatién at which-capillary condensation can occur at-any given rela-

tive pressure P/Po, ié represented by the following equation:

-with Figure 3 showing the cross section of the parallel-plate model.

The rk’s are evaluated from the Kelvin equation:

mZ - - 26V, » (3-1)
Q

RTrk

where the assumption has been made that the contact angle ¥ is 0°, and

so cos ¥ equals unity. iThig équation can be»simplifiéd further when
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nitrogen -gas is the adsorbate and adsorption isotherms are obtained at
the liquid nitrogen temperature, In this case the values of o (8,72

dynes/cm),’Vm (34,68 cm3/molé.of the liquid), T (789K), and R (8,316 x

7

10’ ergs/°K) when substituted into the Kelvin equation give:

P 414 4.14
log=— = -2~ and 1 = - 2527 __ (3-31)
& P, Ty ko log(P/P,)

The layer thickness, t, can be evaluated by either of two methods,
0 15,16,11

one proposed by Shulll , and the other by De Boer and co-workers
Shull has taken the BET thicknesses and plotted the experimental

values of the number of adsorbed layers versus the relative pressure.

The-number-of adsorbed layers is given as the rétio (Vads./Vm)’ where

Vads is the volume adsorbed at any pressure and V_ is the volume cor-

respondiﬁg to.monomolecular coverage of the surface. TIn this manner an
average -adsorption isotherm.is obtained. It is obvious that fhis method
does not take inte account capilléry condensation. Using now the aver-
ége isotherm the thickness of the adsorbed layer can be~ca1culétea as a
fuﬁction éf the relative pressure if the assumption is made that the
thickness of the monolayer must bé:equal to the diameter ofbfhe~nitro=
gen molecule, taken as 4.3 g, De Boer points out that Shull's calcula=-
tion of the t curve is inconsistent because of the fact that when com-
-puting ﬁﬁe diameter of the nitrogen molecule Shull assumed a closest
packingbéf spheres, while on the other hand, he assumed that the.succes-
sive layers in ﬁultilayer édsorption aré-packed in such a way that each
nitrogén molecule of the following layer is placed just on top of a

same molecule of the previous layer.

Lippens, Linsen, and De Boer make the use of a statistical thick-
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ness necessary by assuming that both the adsorbed layer and the con-
densed liquid have the same density, taken as that of the liquid nitro-

gen, They have defined t as:

£ = % . 1048 | (3-32)
or
MoV v
= ) Sp . adS' 104 o -
59414 s A (3-33)

where t is the statistical thickness of the adsorbed layer, X is the ad-
sorbed volume in cm3 of the liquid adsorbate, S is the specific surface
.area in mz/gm:of the adsorbent, M is the molecular weight of the adsor-

bate (28.013 gm/mole of nitrogen), Vg, is the specific volume of liquid

p .
nitrogen (1.000/0.808 cm3per gram), and Vads, 18 the .adsorbed volume of

nitrogen gas in emd at S.T.P. per .gram-of adsorbent., The factor 10% is

a consequence of the conversion into Angstroms.
When the values for nitrogen are substituted into equation (3-33)

the result is:

(3-34)

>0

v
t = 15.47 . _3%5;

The value of S is taken from the BET methoed which also gives the value
Vs the volume necessary to cover the surface with a unimoelecular layer.

If the surface area covered by ene nitrogen molecule is known.then SBET

can be calculated from V. This surface area is evaluated by assuming
a close~packed structure for the adsorbate; in the case of liquid nitro-

o
gen it is equal to 16.27 A2, SBET is then equal to:
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Spgp = 43TV (mP/gm) (3-35)
and when substituted into eqﬁation (3-34) for t gives:

' v o :
t = 3.54 - -2ds: 3 | (3-36)
Yy :
Thus, either equation (3-34) or equation (3-36) may be used to eva-
luate the multilayer adsorption thickness t from the data of the BET

‘method at various increments of.the relative pressure.



CHAPTER IV
EXPERIMENTAL RESULTS

Three different forms of stannic oxide (Sn02) are used in this

study. The methods of preparation of these materials are given by

8

Rutledge, Kohnke, and Cunningham¥ + - Their nitrogen adsofption isotherms

were obtained by using a moedified BET adSorption apparatuslso

The stannic oxide powder is a finely divided white substance the
‘particles of which hgve~an average diameter of about 1.5 microns. Pow-
“ders such as this are expected to be mainly nonporous and in general
exhibit an S-shaped isothefm (Brunauerfs Type II isotherm). The expe-
rimental data for the powder, giving the volume of the nitrogen gas ad-
sorbed with increasing relative pressure, are reproduced in Table I,
The corresponding BET nitrogen adsorpti§n-desorption isotherms are re-
presented in Figure 4, The BET equatien in its modified form when
applied to the isotherm of the powder yields a specific surface area of
1.99 m?/g!8. | |

The stannic oxide in the form of a ceramic was prepared from an
acetone . slurry of the powderlg. Specific surface areas of éeramics are
known to lie below those of their corresponding powders because, as
mentioned earlier, the.pores present in the powders become smaller in
the ceramics during the sintering process. This is shown to be the case

for the Sn0, ceramic., The shape of its isotherm, determined by its pore

strﬁcture, should follow the general S-shaped isotherm of the powder

24
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and indeed it does. Table I gives the experimental BET adsorption data
while-Figuré 5 represents the adsorptién-desorption isotherms of the
Sn0, ceramic. The valﬁe of its specific (BET) surface area was found
to be equal to 0.37 m2/g18.

The third form of stannic oxide under study is the gel. Several
methods for the preparation of the gel of Various degrees of furity are

20,21,22,23,24

available « A method similar to that reported by Goodman

25 yas used; it is based upon the hydrolysis of stannic eth--

and Gregg
oxide. The gel obtained is considered to be ion-free. The experimental
data and the adsorption-desorptidn isotherms are given in Tabie 1 and
Figure 6; respectively. A Brunauer Type I isotherm is obtained,
suggesting that this is a highly porous substance. Application of the
BET equation yielded a value of 169 m2/g for the specific surface area
of the gel as compared to the values of 173 mé/g and 172 mz/g reported

18 and by Goodman and Greggzs, re=

by Rutledge, Kohnke, and Cunninghém
spectively.

In the présent investigation the.data from the BET nitrogen adsorp-
tion isotherms and the BET surface areas are used to compute the pore=
size distributions of‘the three forms of stannic oxide. It should be
pointed out that the adsorption data for the powder and the ceramic were

taken from Rutledge, Kohnke, and Cunningham18

, which represents previous
work done by these investigators on the surface areas ofrstannic oxide.
The adsorption data for the gel weré obtained from a more recent experi-
mental run and they are used in this study since they are.in excellent
agreement with the corresponding data mentioned above., Also to be noted

is the fact that the isotherms for all three substances exhibit no hys-

teresis and they do show the characteristic Type I (Gel) and Type (II)



TABLE I

EXPERIMENTAL DATA

CERAMIC

Vads.

. POWDER = GEL

P/Po Vads. P/P, Vads. P/Pq Vads.
0.0124 0.325 0.0195 0.034 0.0124 3l.41
0.0210 0.344 0.0361 0.049 0.0181 33.37
0.0332 0.378 0.0671 0.060 . 0.0252 35.11
0.0466 0,404 0,1136 0.072 0.0321 36.34
~0.0593 0.422 0.1733 . 0,087 0.0373 . "37.21
0.0677 0.432 0.2264 0.098 0.0402 37.71
0.0844 0.452 0.2607 0,102 0.0885 43,62
0.1466 0.532 0.2956 - 0,115 0.1121 46.41
0.2416 0.658 0,3264 0.118 0.1290 47.93
- 0.3471 0.790 0.,3903 - 0,127 0.1393 48,91
0.4425 0.917 0.4735 0.140 0.1446 49,35
0.5040 1.001 - 0.5140 0.142 0.1544 50,17
0.5662 1,093 - 045797 0.167 0.1696 " 51,48
0.6339 1,180 '0.6684 0.177 0.1887 53.20
0.7110 1.324 0.7831 0.206 0.2372 56.86
0.7979 1.529 10,9096 0.246 0.3358 63.75
0.8176 1.594 0.9885 0,391 0.4350° - 68,45
10,8499 1,682 0.9101 . 0.245 0.5184 70,27
0.8902 1,855 - 0.7830 - 0,197 '0.5195 70.30
0.9235 2.053 0.6695 "0.,166 0.5561 70.66
0.9595 2,494 0.5801 0.152 0.6980 71.14
0.9860 3.034 0.5151 0.134 0.7857 71,20
0,9560 2.569 0.4710 0,133 0.8757 71,27
0.9207 2,118 0.2792 0.101 0.9969 76.05
0.8882 - 1,923 0.2395 0,092 0.8760 71.21
0.7974 1,573 : 0.7863 71,09
0,7684 1.495 0.6975 71.12
0.7144  1.359 0.5547 70,93
0.6144 1,191 0.5173 70,82
0.4168 0.979 0.4011 68,58
"0.3951 0.886 0.3663 65.76
0.3464 0.821 0.2126 55,30
0.2724 0.719 0.2030 54,70
0.,1892" 0.612 0.1812 52,90
0.1149 0.518 0.1470 49,91
0.0952 0.496 - 0.1073 46,08
0.0460 0.426 0.0694 41,87
0.0288 0.388 0.0425 38,22

is expressed in:c 3

m° at S.T;P.vper 1 g of adsorbent.

26
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(Powder and ceramic) isotherms of Brunauer,
The pores in these materials are assumed to be "slit<shaped" in-
stead of circular, so that the method of calculation as presented by

Lippens, Lingen, and.De.Bo.er15

for the parallel-plate model is used and
their pére-size distributions are obtained,

The adsorption-desorption isotherms wéfe'plotted on an extended
sqale and then divided into equal ingrements éf ﬁhe~re1ative pressure,
The volume of the gas adsorbed corresponding to each of the pressure
increments was read from the graph and used to caLCulate the values of
t from equation. (3-34).

The values of the Keivin radius rkvwefé calculated from equation
(3-31) ﬁhere'P/Po values aré taken as the relafive pressure increments,

To evaluate d at each P/P, the equation d = ry + 2t was employed,

ads. by

The liquid volumes were computed by multiplying the-véluesvof \'
0.00155,‘thch is the factor for converting the volume of gas in cm3 at
S;T.P. to the volume of 1iqﬁid in cm3 at its_normai.boiling'point.

The volume of liquid nitrogen desorbed between two consecutive
-pressure increments is given by‘AXxi;fit"iS'thained by progreésive sub=
traction of each liquid veolume from the succeedingvone. .AXxi represents

the uncorrected distribution for physical adsorption and it is used to

calculate the .correction: factors.

!

The two correction .factors to be evaluated are R  and Ry , given
: i i

by equations (3-28) and (3-29), respectively.
Computation of the corrected liquid volume Ain, the cumulative

pore volume AV

the area of the groups of pores of mean width»dx
. : . i

.2
X1

ASxi, and the cumulativevpore area X ASXi,'must be made frem the bottom |
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to the top, from the largest to the smallest group of pores} The cumu-

lative . S.. . of all the idth lar d
ative area ZA'Xi-l o} a. e pores of mean wi larger than (x4+A%)

is used to calculate the correction to the vo lume of the next lower

group of pores of mean width dxi 1,‘etc.

Evaluation of Ain is made from equation (3-30), For the very
last (first from the bottom) group of pores which is also the largest

in size this equation becomes:

Ain = in . Axxl (491)
and ASXi is given by:
20V
X
My, = L. 10% , (4-2)
o X4

The presence of the factor 10-4 in AV, and 104 in AS, 1is accounted
i i

for in Appendix A.

The cumulative pore’volume LAV, and the cumulative surface area
1

res=
. 2 -
Xi

EIASxi are obtained by the progressive summing of AVXi and AS
pectively, from the bottom to the top.

With the Sn0y gel as an example a‘sample caiculétion'will be
carried out. in order to.show the method more cleafly and present the
mathematical computations involved. These calculations correspond to
four groups of peres, two from the bottom and two from the top, with

the results given in Table 1V,

- The values of P/P, and Vads are taken from the isotherm of Figure
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6 for the gel with the increment of the relative pressure Ax being equal

to 0,005. The upper limit for x.= P/P_ is 0.655, the value of the pres~

?

sure at which the isotherm levels off.
The starting point is at x; = 0.010 with x) ; A#‘: 0.005 and

x| + bx = 0,015, At x; - Ax= 0,005, V4 = 26.40 cm? of nitrogen

gas, and Sppm = 169.m2/g. ‘

Therefare:

v .
_ads.| _ 15.47

‘ BET
= o 4.4 _ _ 4.14 = 80 A
r ‘ - ‘ - ¢
k(0.005) log x 1og(0.005)

o
d(0.005_) = T1(0,005) T 2t(p.005) = 1+80F 2(2,42) = 6.64 A

V11q.€0.005) = Vads.(0,005) + €0-00135) =

= 26,40 + (0.00155) = 0,04092 cm3

The same method of calculation is applied to all incremental values of

P/Py up to 0,655, After all four parameters have been evaluated AXy 's
. i

at Xj, X,, etc., are obtained by successive subtraction. At x; = 0,010

BX(0.010) = V1iq.(€0.015) ~ V1iq.(0.005)
= 0.05045 - 0.04092 = 0.00953 cm>

Also at x; = 0.010

_d(0,01o) = ____7.63 = 2,735
9(0.010)°2¢(0,005)  7+63 - 2(2.42)

R0.010) =
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and

1 : . ’ T
R(0.010) = ®(0.010) ° [530;015) = %0.005)| =

H

2.735 ¢ (2,42 « 2.97) = 1.504
. S 1
The evaluation of pAX, , R, , and R ~is completed at the relative pres-
1 i 4 i ‘

sure.of x,; equal to 0.650.

In order now to obtain the results given by the.last four columns
of Table IV., calculations muét'étart from the bottom. Since the pres-
sure at x = 0,630 gives Fhe;group,of pores iﬁ the range of x = 0,645 to
x = 0,655, 2AS above x = 0.655vis assumed to be zero. This assumption
is not éntirely valid because there are some pores of size larger than
d(0.655) = 35.55 Krwhich conﬁribute, though slightly,bto the .over-all

surface area., Therefore the correction to the volume AV(O 650) due to.

ZAS(O 660) repfesehted by the second term qf equation (3-30), drops-

out., The corrected volume is:

AV 0.650) = ®(0.650) ° Ax(0.650) -

(%)

Il

1.589 + 0.0003 = 0.00005 cm

0.00005 cm3

and : ZAV(O.650) =
' 4
Now A8 _ 2 V0.650)° 1" _
(0.650) -

4¢0.450)

4

5 .
X ~= 0,0270 mz/g

2 x 4.8 x 107
35.16

10
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and | TAS y = 0.0270 n?/g

(0.650

‘This process is repeated for every x; up to the smaller values at
the top of the Table, Contributions to the correctipn of the volume
from the cumulative pore area become more important - as x; decreases.

The computations are continued until TAVy reaghes the measured volume

-0f the pores which is given at the bottom of the .colume for V1 » For

iq.
the gel this total liquid volume is‘O..11028.cm3 at the relative pressure
of 0.655., It is possible to antjicipate the step at which the volume
will be exhausted. - $uch’a'steplwi11 give'thevgroup containing the
vsmalleéflpores. In order now to obtain the'liquid Volumé fér this group
the‘precedingvvalue of LAV is subtracted from thevmeasured'valﬁe-of the
total'volume;

In the cases considered here for the‘SnO2 powder, ceramic, and gel
it is evident that the volume of the pores.is noqiexhaﬁsted even at the
-very smallest pore sizes. It‘is necessary at thiévpoint to assume that
the remaining volume should be:adsorbed in pores of sizes larger than
the .size .of the nitrogen molecule but smaller thén the sizé of the smal-
lest porevcontained‘iﬁ the group immediately above. If the diameter of
the nitrogen molecule is takeﬁ as 4.3 2 then this smallest group of

o
pores should have a mean separation d between 4.3 A and Ad(x, - A x)°
: . ‘ 1 ‘

In the case of the gel (Table IV) at x; = 0.010:

_ ~ ‘V' . . _4 .
AVio.010) = | R(0.010) * 2%(0.010) R(0.010) *T28(0,020)°10 | =

(4-3)

i

(2.735 x 0.00953) - (1.504 x 130.43 x 10™%) =
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= 0,00644 cmd

Z8(0.010) = Z8(0.020) * 4V¢0.010) =

#

0.09856 + 0.00644 = 0.10500 cm’

2 xA8V(g g x 10*

A8 0.010) = a | -
, (0.010)
~ 2:x 0.00644 x 104 = 16,90 mz/g
7.63 T
‘ = ‘AS =
Z88(0,010) = £ 4%(0.020) * 4 ®(.010)

i

130.43 + 16.90 = 147.33 n/g

1t is«observed that the group of poresfat X; = 0.010 has not ex-
hausted the total liquid volume, The over~all volumévdesqrbed when the
relative pressure is reducéd to 0,005 is 0,10500 cmg. The volume which

remains is given by:

V(% (0.005) = V1iq,(0.655) = Z2V(0.010) =

0.11028 - 0.10500 = 0,00528 cm’

i

0 (o]
and it is the velume of the pores having d between 4.3 A and 6.64 A,

o
An average separation equal to 5.47 A is used to evaluate AS(X< 0.005)

for the group of pores at P/P0 equal to or less than 0.003.

Thus

A8 (% 0.005) = -

d(x( 0.005)
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4 .
. _ 2:x%x0.,00528 x 107 _ 4 2
= g 19.31 m*/g

and the cyumulative surface area TAS will then be:

= S =
TS = T85.010) T M (x¢ 0,005)

4

147.33 + 19,31 = 166,64 m°/g

Therefore the‘total’surface‘area‘of the gel obtainedbby the‘method of
pore-size distribution has the value of 167 mz/g.

The same sequence of calculationé is employed'forbthe powder'and
the ceramic forms of stannic oxide. EQaluatiqn‘df the pore-size distri-
- bution in the powder was carried 0ut at a relative-bressure reaching an
upper limit of 0.987, while for the‘ceramic an upper limit of 0.990 is
used., This is heceséary because of the shape»of‘theirviSotherms.

Tables 11, III, and IV'givé part of the results of the~pore-size
distribuﬁion.calculations for the Sn02‘powder, cerémic andvgel, respec-
tiﬁely. Table V presents selected values of the cumulative. pore. volume
2 AV and ﬁhe cumulative-surfacé;areaILAS wiﬁhvthe corresponding values
of the pore-wallbsepération d for all three substances. Pléts‘of the
cumﬁlative~pore vo lume Qérsus dxi are-répresented in-Figufé; 7, 8, and

9, while plots of the cumulative syrface areéa versus dx.

are given in
A

Figures 10, 11, and 12,

After all computations have been completed, all the ~AVX 's can be
. i

divided by the Ad's over ‘which they were determined. The reéulting
values of AV/ Ad are then plotted against.the~corre$ponding,dxi's in

order to obtain the differential pore-volume distribution curves



TABLE II

COMPUTATION OF PORE VOLUME AND AREA DISTRIBUTIONS FOR STANNIC OXIDE POWDER

1

P/P, V. 4. t ry d Vi Axxi in in Avxi Eavxi Asxi EASxi
---------- ——— ——— 5,65 ==s==m=== =eccesee ==ee= ----= 0,000033 0.004715 0.1170 1.9700
0.010 0.315  2.45 2.07 6.97 0.000488 ==m--=ce cecmce ccmae cmcemcee mmmmmmes mmcmme e
0.020 0.362 2.81 2.44 8.06 =emce--- 0.000120 2,551 1,530 0.000036 0.004682 0.0890 1.8530
0.030 0.392 3.05 2,72 8.82 0.000608 ===--=== =cscme ccece mmcceccs secssees seecee smee—-
0.040 0.413 3.21 2.96 9.38 =mmecenma- 0.000063 2,860 0.915 0.000023 0.004646 0.0490 1.7640
0.050 0.433  3.37 3.18 9,92 0,000671 =----==== ==c== =cmes ccccceme  sessesss  sceces  —eeea-
0.060 0.449  3.49 3.39 10.37 -e-vwee-- 0.000048 2.857 0.687 0.000022 0.004623 0.0423 1.7150
0.070 0.464 3.61 3.58 10.80 0.000719 ===ccme= =ccece cccee  cmccsess cseceees sesees cs-eee-
0.080 0.477 3.71 3.77 11,19 =-cecae- 0.000039 2.819 0.536 0.000023 0.004601 0.0411 1.6727
0.090 0.489 3.80 3,96 11,56 0.,000758 ===e==e= eccce =cccce ccececece —ceccmee- ceccce —me-e-
0.100 0.501 3.89 4,14 11,92 ecccme-- 0.000036 2.759 0.497 0.000020 0.004578 0.0336 1.6316
0.110 0.512 3.98 44232 12,28 D.,00079h wewen—n= cmepe memas aeemcens | cssesses’ cessss | easeses
0.120 0.523 4.07 4,50 12,64 =---=--- 0.000037 2.701 0.513 0.000020 0.004558 0.0316 1.5980
0.130 0.536 4.17 4,67 13,01 0.00083]1 =cecr=cs ~mpes csocs cenccsea 0,004538 =====- 1.5664
0.945 2.332 18.13 168.30 204.60 0.,003615 =s=cceee ecces ccece eeccmess  s-e-ccee  —--- R r—
0.950 2,396 18.63 185.70 223.00 ~=~==~--- 0.000269 1.194 1.612 0.000313 0.001245 0.0281 0.0801
0.955 2.506 19.48 207.00 246,00 0.003884 =---eee= =ccce =mces c;ee-ese  memm--en  mceeeme mee-——
0.960 2.622 20.38 233.90 275.00 -------- 0.000301 1.165 1.759 0.000346 0.000932 0.0252 0.0520
0,965 2.700 20.99 267.00 309,00 0,004185 =-=ee--== =cec= eecee mce;e-ee  m;ecceee  meee-e  secee-
0.970 2,782 21.63 314.00 357.00 ======-= 0.000240 1,133 1.360 0.000270 0.000586 0.0151 0.0268
0.975 2.855 22.19 377,00 421,00 0.004425 ==s--c-ee ecece eccee c-e-ee=e se;sc-e-  —e--e- —-cee-
0.977 2.880 22.39 410,00 455,00 =--===-- 0.000101 1.108 0.565 0.000112 0.000316 0.0049 0.0117
0.979 2.920 22.70 450,00 495.00 0,004526 =-==m=== ==-== =;;e= sc;-;--= s-;cmcee s--cee  —--e--
0.981 2,950 22.93 499.00 545.00 -------- 0.000093 1.091 0.458 0.000101 0.000204 0.0037 0.0068
0.983 2.980 23,12 560.00 606,00 0.,004619 ==---=== =cce= =ccee ec;em=== se-e-ee= ——-e—e—-  =—————
0.985 3.010 23.40 627.00 674,00 ==-=e--- 0.000096 1,074 0,569 0.000103 0.000103 0.0031 0.0031
0:987 3.042 23.65 726.00 774,00 0.,004715 =cemeece =fcce =mcces ecseesss =;--=e=-  =;--ae  =---a-

LE



TABLE 111

COMPUTATION OF PORE VOLUME AND AREA DISTRIBUTIONS FOR STANNIC OXIDE CERAMIC

. : - !

P/Po Vads. t Tk d Vliq. AXxl in in Ain EAin Asxi ZASxi
----- m—m—— mee- -——- 4,80 =ew=--ce cccec-cee eee-e ----- 0,000004 0.000605 0,0176 0.3480
0.020 0.034 1.42 244 5.28 0,000053 ~=-;mc--a we;e-  ecdes  memeceemee  mmmecmee meeeee cee—e-
0.030 0.044 1.84 2,72 I 0,000025 " 1.798 - 1.204 0.000008 0.000601 0.0255 0,3310
0.040- 0,050 2.09 2.96 7.14 0.000078 ------------------------------------------------
0.050 0.054 2.26 3,18 7670 =-cmmeee 0.000012". 2.188 0.744 O 000005 0.000593 0.0130 = 0.3055
0.060 0.058  2.43 3.39 8,25 0000090 <~o-cmme- cccom ccmen memccccs mccmecen ccmmen memea-
0.070 " 0.061  2.55 3.58 8,68 mmmm-e-- 0.000010 2.272 0.568 0 000007 0.000588 0.0160 O. 2925
0.080 0,064 2.68: 3.77 9.13 0.000100 ==c-eese ceccee camee  cocccwes  meecemes cocecce comma-
0.090 0,067 2.80 3,96 9.56  cmece--- 0.000009 2.276 .0.569 0.000005 0.000581 ~0.0113 O 2765
0.100 0,070 2.93 4,14 10.00 0.000009 -=—=-ciewe cocee @ Laeos cmmfemes emmemeces mmmees Seees -
0.110 " 0.073 3.05 4,327 10,42 —me--==-- 0.000007 2.285 0.480 0,000004 0.000576 0.0077 0.2652
0.120 0,075 3.14 4,50 10,78 0.000116 <~-=cecww- memms  seese  smecccece  cecermwes smecee eecees
0.130 0.077 3.22 4,67 11.11 —-c--ze- 0.000006  2.300 0.368 0.000005 0.000572 0.0085 0,2575
0.140 0,079 3.30 4.85 11.45 0,000122 <==c-c== =cecce =ccee  --me---- 0,000567 ------ 0.2490
0.960  0.308 12.86 234.00 .260.00 0.000477 w=--ecewe weceece cce-e ceceecca cmmemces cee--- comeae
0.965 0.316 13.22 267,00 294.00 -------- -0.000031 1.096 0.931 0.000034 0.000136 0.0023 0,0062
0.970 0.328 13.71 314,00 341,00 0.000508 -=cc-=e- wceee ceeme  cmemmsse cesecees semeee m-eces
0.972 0.332 13.88 334.00 364.00 =----=-- 0.000014 1,081 0.411 0.000015 0,000102 -0.0008 0.0039
0.974 - 0,337 14,09 363.00 391.00 0.,000522 =~=-===== =~c=e=- ecee- ~-cccc-oo tee-maoo- co-ese —mece-
0.976 0.342 14,31 391.00 419,00 ----<--- 0,000016 1.072 0.472 0.000017 0.000087 0.0008 = 0,0031
0.978 0.347 14,53 427.00 456.00 0.000538 ~=-==we= -=-c-- mme==  mmemmsmes S---scce ssesmse  —ooees
0.980 0.354 14.80 471,00 500.00 -------- 0.000020 1.062 0.552 0. 000021 0.000070 0,0009 0. 0023
0.982 0.360 15.05 524,00 554.00 0.,000558 ==-=-=-= =--cn- --c=-e =cc-cecs cooc-ecs meesms eo-ase
0.984 - 0.367 15.34 591,00 622,00 ===--w-- 0.000025 1,051 0.704 -0,000026 0,000049 0.0008 0.0014
0.986 0,376 15.72 679,00 710.00 0.000583 =-===w=== =-ce=e «cc-o- =cmos-ccs cessccsss somseos meseo-
0.988 0.386 16,14 796.00 828.00 ~-=----- 0.000022 1,039 0.613 0.000023 0,000023 0.0006 0.0006

0,390 16,50 941.00 974.00 0,000605 ======n= =cce= «ecece ——c---e- cssmmces semses cmese-
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COMPUTATION OF PORE

TABLE 1V

VOLUME AND AREA DISTRIBUTIONS FOR STANNIC OXIDE GEL

P/P_ Vads. ¢ I, dxi Viiq. Axxi in R;i Avxi ZAvxi _Asxi ZASXi
--------------- meom 5447 ceeemec cemceee emeoo --CaaC 0.00528 0.11028 19.310 166.640
0,005 26,40 2.420 1.80 6.64 0,04092 =--c-me comme cmcmcn mcmecce ccmmcee —me-- - mmmmm—-
0.010 30.30 2,780 2,07 7.63 <=---e-- 0.00953 2,735 - 1.5041 0.00644 0,10500 16.900 147.330
0.015 32.55 2.970 2.27 8.21 0.05045 --a--2- mmmme mmmmmm mmmmme emcee memen - ——
0.020 34.00 3.090 2,44 8,62 —ee-e-= 0.00410 3.216 0.7398 0.00427 0.09856 9.904 130.430
0.025 35.20 3.200 2,58 8,98 0.05455 =~=c-me=’ cmcce cmdeoe mmeicce meccafe cemmce mccaan
0.030 36.10 3.300 2.72 9.32 —=----- 0,00287 3.192 0.5745 0.00255 0.09429 .5.475 120,526
0,035 37.05 3.380 2.84 9,60 0,05742 —c--acec  cmcee meee-e - cemmme mmmmmmn cmcmme ammmae-
0,040 37.90 3.450 2.96 9,86 =m-==a- 0.00249 3.181 0.4771 0.00269 0.09174 5.460 115.051
0,045 38.65- 3.530 3.07 10.13 0.05991 w-ccmce’ comce mmcccn cmmmeom oce-o mem  cmmemm  cmmee-
0,050 39.43. 3.600 3.18 10.38 =~-=ce-- 0.00217 3.127 0.4064 0.00253 0.08905 - 4.875 109,591
0.055. 40,05 3,660 3.29 10,61 0.06208 ==-cmoc —cooo  cccame mecccmm . cmcmmce eemcem —cmane
0.060 40,80 3,720 3.39 10.83 =---m--- 0.00209 3,085 0.3703 0.00276 0.08652 -5.095 104,716
0.065 41,40 3.780 3.49 11.05 0.06417 ------ . mmme— . - emmmm  mmceeee 0,08376 ~e---- 99,621
0.595 71.03 6.502 18.36 31.36 0,11010 =c-meec Somon’ cmmmce cmcmmmo ccmmces cmmeme —mmaeee
0.600 71.04 6,504 18.67 31.68 =-cm--m 0.00003 1.696 0.0034 0,00005 0.00030 0.032 . 0.177
0,605 71.05 6.506 18.97 31.98 0.11013 ====-oc  —mcoe  ccccoe mccmmmn cmcecen cmemem —Zenlas
0.610 71.06 6.507 19.28 32,29 —ccee-- 0.00003 1.675 0.0033 0.00005 0,00025 0,031 0.145
0.615 71.07 6.508 19.61 32,63 0.11016 --=-m-= —cccs  cmmcom colcmmm mmemmom cemmm moiiee-
0.620 71.08 6.509 19.94 32,96 —ee-e-- 0.00003 1.653 0.0033 0.00005 0.00020 0.030 0.114
0.625 71.09 6.510 20,29 33.31 0,11019 =—=-Zocmm  Smmme comeoe mSemcmm mmmeme mmmem meemee-
0,630 71.10 6.511 20.63 33.65 =-=----- 0.00003 1.631 0.0033 0.00005 0,00015 0.029 0.084
0,635 71.11 6.512 20,99 34,02 0,11022 =-c-cme-  cccce ccmcos mmcmemmm S;eicmm cmmmen mmeee-
0,640 71.12 6.513 21,36 34,39 —ca---- 0.00003 1,610 0.0032 0.00005 0.00010 0.028 0.055
0,645 71.13 6,514 21.74 34,77 0.11025 ===nmece —cmce —cccce ccemeos mmeecas mccmas mec--a-
0.650 71.14 6.515 22.13 35.16 ===---- 0.00003 1.589 0,0032 0.00005 0.00005 0.027 0.027
0,655 71.15 6.516 22.52 35.55 0.11028 =-ccem=  cococ ccemce  Zecccen mmmcees mememm mmacee-
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CUMULATIVE PORE VOLUME AND CUMULATIVE SURFACE AREA

. TABLE V

_POWDER
d Tav ZAS
5.65 0.,004715 1,9700
8,06 0.004682 1.8530

10.37 0.004623 1,7150

12.64 0.,004558  1.5980

15.60 0.004456  1.4504

18.81  0.004328  1.2980

22.35 0.004163 ~ 1.1340

27.44  0.003925 0.9384 -

32.33  0.003716 0.7950

40.46  0.,003432 0,6338

50.34 0.,003152  0.5065

57.61 0.002959  0.4324

67.29 ~ 0,002744  0.3605

81.32 0.002494 0,289

103.80 0,002186 0.2177

132.80 0.001838  0.1545

165.30 0.001587 10,1185

189.30 ~ 0,001440 0.1007
223,00 0,001245 0.0801
274,70  0.000932  0.0520
356,80 0.000586  0,0268

CERAMIC

d ZAV ZAS

4.80 '0.000605 0.3480

7.70 0.000593  0.3055
10.42. 0.000576  0.2652 -
12.58 0.000560 0.2372
14.85 -~ 0.000539 0.2052
"17.06 .0.000518  0.1780
21.00 0.000493 = 0.1407
24.52 0.000456 0.1164
.27,78  0.000433  0.0992
31.73 0.000411  0.0841
. 36.77 0.000387 0.0693
46.43 0.000350 - 0.0508
63.03 0.000309  0,0348
87.62 0.000278 0.0259
115.82 0.000250 0.0199
143,84  0.000226 = 0.0160
164.48 0.000210 0.0138
192,00 "0.000189 = 0.0112
232.00 0,000166 0.0088
294.00 0.,000136 0.0062
364.00 0.0600102 0,0039

GEL
d TAV ZAS
5,47  0.11028  166.640
7.63  0.10500 147.330
8.62 0,09856  130.430
9.86 -0.09174  115.051
11.26 0.09376 99.620
12,08 - 0.07949 92.162
13,18  0.07237 80,741
14,22 0.06522 70.159
15.24 0.05781 59,967
16.19 0.05111 . 51.355
17.52  0.04274 41,325
18.78 .~ 0.03413 31.757
20.14  0.02560 22.905
21.69  0.01769 15.247
22.54 0.01241  .10.440
23.33  0.00698 5.665
24,08 0.00326 2.496
24,81  0.00186 1.341
25.93  0.00136 0.938
28,00 0.00086 0.562
30,49  0.00040 0,245

o
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(Appendix B)., 1In Table VI selected values of AV/A d versus dx' have
: i
been recorded to give relatiyély smooth distribution curves for the

three forms of stannic oxide, which are represented in Figures l3, 14,
and 15 for the powder, the ceramic, and the gel, respectively. These
curves indicate the location of the pore-volume maxima, showing at the
same time the range of the pore separation in which most of the adsorp-
tion occurs.

When ZAin equals the measured volume 6f the pores, then ZASXi
should be . in good agfeement with the total surface area.computed from
the BET method., These two values should check well within an experi-
mental error of approximately 5 per cent,

It is worth mentioning at this point that poré-size‘distributions
for Sn0, gel were computed on the basis of the method of Barrett, Joy-

ner, and Halenda9

. for Cylindrical pores. Average pore radii ;p were
taken between the‘values.of 545 X and 24,5 Z. Several sets of calculag-
tions corresponding to various values of the_constant»c which‘appears
in this method were carried out; Cumulativensﬁrfacé area gomputed in

this manner were unsatisfactory when compared to the BET surface area.

The best agreement that could be obtained, far the gel, occurred at
values of ¢ equal to 0.5 and 0.6 with the surface area having values of
200 m2/g and 206 mz/g, respectively. When compared to the BET results
‘the above areas show an error of between 18 and 20 per cent. Thus the
Barrett, Joyner, and Halenda method of circular pore radii was rejected

as unsatisfactory because of the magnitude.of the per cent error.



TABLE VI

DIFFERENTIAL PORE VOLUME DISTRIBUTION

CERAMIC

48

POWDER GEL
a  (AV/Ad)x10 d  (Av/Ad)x1070 d  (av/ad)x10”3
' 5.65 1s24 4.80 4.00 - 5.47 2.30
8.06 .95 7.70 4,50 7,63 4,10
10.37 2.50 8.68 7.95 - 8.62 . 5.50
11.19 3.03 I1.80 9.09 10.83 6.30
13.39 3.33 13.34 11.63 . 13.18 7.30
14.86 3.85 16,32 12.00 " 14322 ~7.50
15,60 4,05 20.13 11.63 14.90 7.50
18.00 4,38 123,56 - 8425 15,88 7.30
21.44 5,23 126,62 8.11 18.16 7.20
25.29 4,95 28,99 7.09 18.78 7.00
27.44 4,55 36.77 5,21 -.19.80 6.10
32.33 4,30 41.02 4,22 20,14 5.80
33.74 3.79 46,43 3.57 20.52 5.50
35424 3.55 49,71 3.15 20,88 5.40
38.54 3.30 57.79 2.10 21.69 5.30
44,82 2,95 63.03 1.75 22,13 6.80
57.61 2,52 69.32 1.40 22,96 - 7.30
67.29 2.09 77.24 1.22 23,33 6.60
73,52 1.90 87.62 1.08 23,71 3.50
81,32 1.74 101,66 0.91 24,08 2,40
103,80 1.30 128,24 1.13 24,50 1.40
119.20 1,03 143.84 - 0.90 24,81 0.66
132.80 0,93 164,50 0.90 25.18 0.39
147,20 0,89 192,00 0.70 25,93 0.32
189,30 0.69 232,00 0.60 27412 0.22
274,70 0.55 294,00 0.42 28,93 0.15
356,80 0,24 364.00 0.30 29.95 0.10
455,00 0,15 500,00 0.21 32.29 0,08
674.00 0.06 828.00 0.09 34,39 0.06
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CHAPTER V
CONCLUSIONS

From theoretical considerations the type of adsorption isotherm‘
depends on the presence or»absence of pores in selid adéorbents7’8, The
adsorption properties of the powder and the ceramic forms of stannic
oxide appear to be quite similar since they both exhibit the éame type
of isotherm. Therefore pofe~size distributions should also be of a
similar nature for both. It is further expected that the pores in the
ceramic should be smaller than those in the powder.

The powder exhibits an S;shaped adsorption isotherm which is char-
acteristic of nonporous solids. As émphasized earlier; this type of
isotherm does néﬁ'preclude the presence of pores in such substances en-
tirely and it is necessary to employ,other means in order to obtain in-
formation as to the existence and nature of these pores. Such informa-
tion becomes available from the calculations on pore-size distributions.

From the differential pore-volume distribution curve of the powder,
represented in Figure 13, the presence of pores is very much in evidence.,
Pore-~wall separations in the powder start at‘ébout’S X and range all the
way up to separations of 1000 X and ovér. Most of the pores present .
have values of d between 5 Z and 125 g. The maximum .volume of ﬁitrogen
is being adsorbed by the group of pores with a wall separation of about
20 K. Pores having sizes larger than 125 Z contribute considerably to

the overall surface area of the powder.,

52
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The - results obfained for the stannic oxidé ceramic éré, as expected,
véry sim;lar to thése-of thé-powder. From the;diffgrential pore volume
distribution of Figure 14 it is observed ﬁhat’poreé of size of 5 & and
1arger are present in the solid. Most of the pores appear ‘to be in tﬁe
range of 5 X to. 75 X,with the pore-volume makimum occurring at about 15
Ro These pores are very prominent and their contribution to the total
surface area is considerable. I£ is-observed tﬁa; their Qiie; being
‘smaller than that for the powder, is consistent with the fact that on
sintering deérease-ih the‘porerall'separatioﬁ,is expected.

The results for both the powder and thé:cérémié are in éccordance
with the consideratjons derived from the-shapes;of tﬁeir adsorption
isotherms. The lack of hysteresi§ on the S-shaped isbﬁherm indicates
that no appreciable number 6f pores should'be présent at higher rela-
tive pressurés. At 1owef pressures; on.the~oth¢r hand, capiilary con=
densation sets in, as shQWn by the<pore-v§iumé maximé ofIFigﬁres 13 and
14, giving evidence of the presence of pores obtained from the distri-
bution ecurves. This is in perfect agreemeﬁt.with the assumption that
the S-shaped isbtherm, although characteristic for nonporous substances,
does not: exclude the presence of capillaries along:with»thé "flat" or
"free" surface of such solids.

The -effect of these pores will be shown in terms of their contri-
bution to the total volume.adsorbed.and to the total surface area of
the powder and the ‘ceramic. - When the former is considered, approxima-
tely 58 per cent of the volume is taken up by pores: which have wall
separations of 125 R or less and the‘remaining_is attributed to pores
larger than 125 Z. For the latter, about 52 per cent of the volume is

o , o
adsorbed by pores of 75 A or less, . Surface areas due to these pores
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contribute at higher percentages to the total because of their smaller
size, About 90 per‘cent of the area of therpowder'comes from the pores
‘up to 125 Z,‘while abéut 85 per‘cent of the area of the ceramic is due
to pores up to 75 Z.»

When the total surface areas ébtained from the present method of
pore size»distributionvare compared with those from the BET method, a
- very close and satisfactory agréementvis pbserved; -The area ofbthe~pow-

der from this method has the value of 1.97 m2/gm;as compared to the
18 ’

value of 1.99 mz/gm from the BET s. with an error.éf 1 per cent, For
the ceramic a surface area of.0.35.m2/gm from the distributién méthod
when -compared to‘the BET18 value of 0;37 mZ/gm shows an error of 5.4
per cent, in good agreemént’with the éxperimen;al error,. |

The BET Type I experimentél adsorpfién'isoﬁhéym of the stannic
oxide gel points out that thislis a highly porous subséance; Tﬁé pore=~
‘'size distribution resulﬁs afe in.comflete agreeﬁenﬁ'&ith the fheoreti~
cal observations,ffom the shape of the isotherm. Figures 9~and‘12,
which represent thevcumulative pore-Volume and cumulétive surface'areav
curves, respectively, show a definite break at a Value;of about 25 R
. for the average pore wall separation of.the«gél. The starting point of
these curves is located. at 5,5,3, As the value of d iﬁcreases the
curves level off.and‘become gsymptotic to the deaxis, indicating that
no significant . amount of gas is adsorbed by pores larger than 25 Z,
The amount of volume in pores of size betweeén 5.5 X and 25 X makes up
‘98,5 per cent of the total adsorbed’volume,,while the surface area of
these pores comprise5'§9 per cent of tﬁé total surface area of the gel,
The curve for the differentialvpore—voiume distribution is represented

Q - :
in Figure 15 with the origin at 5,5 A and the same definite break. shown
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to occur at 25 X. Two maxima are observed, the first at l4=15. A and
.the second .at' 23 A..

If the value of 167 m2/g for'the‘total surface area of the gel is -
compared W1th the BET result of 169 m2/g a. remarkable agreement is ob=
served, The error is only 1. 2 per cent.

From the foregoing discussion, it is concluded that thevgel is a
~ highly porous substance with about 99 per cent of the pores having sizes
between 5.5 A and 25 A.

- If nowﬂtheocumulative-pore-volume,'cunulative surface area, and
differential'pore-volume:distrihution curves of thejpowder'end.the cera~
mic are compared with:those of the~gei, it is evident‘that no definite
breaks occur with increasing-values of theiporefuall separation.d These
‘curves decrease. exponentially and reach thehd-axisAASYmptotically as d
‘becomes large, For these two substances; therefore; novdefinite pore.
size‘distribution~e#ists, but their pores range in values from about
5 X‘all the way up to and beyond 1000'X,vwith'an.appreciable number -of
- them being in the range.of 5 X to.125 X for the powder and 5‘X~to 75 X
for the ceramic.

Further work on the stannic oxide gel is.possible because it is.a
very good adsorbent and as such it can be used in IR studies. It is |
also4transparent11nﬁthe form of thin (1 mm);plate5~and transmits infra=-
red radiation, Such studies are. now beingrcarried out. They will in-
clude IR absorption spectra of the gel at room temperature and. atmo-
spheric pressure, at room temperature under vacuum, at- liquid hydrogen
temperature (20°K) under vacuum, and at liquid"hydrogen temperature
with certain gases (such as hfdrogen-gas) adsorbed-on the surface. . In

- order to achieve the low temperatuyre of liquid hydrogen a cryostat is



used .and it is designed in such-a way as to fit the IR-7 infra-red

spectrophotometer.
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APPENDIX A

JUSTIFICATION OF THE FACTOR (104) IN EQUATION FOR AS,
, 5

4 ‘
The factor (10 ) which appears in A8, ~is introduced in the equa-

i
tion as a conversion factor. This is necessary because AVy is given
i

: 0
in.units of (cm3/g) while dxi is given in units of angstroms (A) as:

[: %:] VF

il ,] _cm

9 '
A+gm

The units of AS, have to be expressed in (mz/g). Therefore:
1 .

2AVg . :
AS _ 1 cm.‘cm
x, = 4x Rv .
b g
20V 2 o
_ 11107 m” x10°.A
dxl R.g
IS ) P
2A¥
AS - 1 .-,Lol"-m2 ‘
X, - d g
When. AV is computed the units on X AS have to be converted
*4 | *i-1
to the original units; therefore EIASX . 1is now multiplied by a factor
i-1 -

of :LO“4 as it appears in equation (4-3).
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APPENDIX B
EVALUATION OF DIFFERENTIAL PORE-VOLUME DISTRIBUTION

A sample calculation will be carried out for the stannic oxide gel
in order to exemplify the evaluation of AV/Ad shown in Table VI,

From Table IV the following;data are obtained:

For the smallest group of pores for which g; < 0.005
. . ' o .
o
d = 5.47 A
aver.
and
4 o
dim, = 30 A
where d1im is the limiting nitrogen molecule diameter.
Also
o
At d
aver,
AV, = 0.00528 cm’
(x<0.005) — °° 1
It follows that
AV
AV (x= 0.005)
rd T .4,
A 40.005) " “1im.
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200040 cms/x
6064 - 4030

AV
Ad

For the next group of pores at %L = 0.010 and 0.0055-5— 3'0.015,

o o

the following data are obtained:

40,010) = daver, = T34

d0.005) = 6.64 &

. ,0

' _ 3
'AV(O.OIO) = 0.00644 cm

Thus

2Y%0.010)
d(0.015) = 9(0.005)

DID
o<

>
<l

- 0,00644 = 4,10 x 10'3 cmB/K
Ad 8.21-- 6.64

This type of calculation is continued up to and including the last
(largest) group of pores. It is carried out in the same manner for the

powder and the ceramic.
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