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THE USE OF NITROGEN AND ETHANE IN

SURFACE AREA MEASUREMENTS BY ADSORPTION

SUMMARY

~
The surface areas of a wide variety of substances

were determined using either the BET nitrogen adsorption
method, the BET(m) ethane adsorption method, or both.
Results ranged from a specific surface value of 871 mz/gm
for activated charcoal to 0,0597 ma/gm for 35-micron dia-
meter glass beads. The surface of these glass beads as
calculated from the micrescopically measured median dia-
meter was 0.,0599 mz/gm. This close agreement between
results determlned both microscopically and by use of
the BET(m) ethane adsorption method, indicates the ac-
curacy and usefulness of the BET(m) technique.

Results on samples measured by both techniques
showed considerable variation in some instances, as did
mesasurements on various samples of the same material
which had been treated differently previous to the ad-
sorption., An attempt is made to explain these discrep-
ancies in the light of the effect of evacuation conditions

and heat treatment on sintering and agzglomeration.



INTRODUCTION

The use of powdered materials in industry has in-
creased greatly in recent years, and has caused the meas-
urement of surface areas of fine particles to be investigated
extensively. The work of several investigators®’®» 10s11,24
hag been directed toward development of simple methods em-
ploying the principles of flow through packed beds of mat-
erial which permit calculetion of an "external" surface
area. That 1s, the surface ares calculated by these methods
is at best the surface which the particles would have if
they were enclosed in smooth envelopes past which the per-
meating fluid flows. However, most finely divided materials
of interest 1In various fields in science and industry are
not composed of smooth, reguler particles. MNany have large
"internal" surface areas contributed by irregulsr indent-
ations or fine microcapillary cracks in the particles them-
selves which would not be measured by any flow technique.

; h,8,7,1e,1@0
The development * 7 7 7

of a gas adsorption

method, hereinafter called the BET method, for measuring
the "total® surface area of very finely divided materials
18 the direct result of the importance of this "internal"
surface area in many industrial applications, notably the

use of catalysts in the synthesis of ammonia. The total

surface of materials is significant for many other applica-



tions such as the crushing of solids”® and any operation
involving adsorption.

Several modifications of the BET apparatus are re-
corded in the literature%»®:*7 which are merely simplifi-
cations of the original, the princlple being the same in
all cases.

If the point on an adsorption isotherm corresponding
to a monomolecular layer can be determined, the volume and
hence the number of molecules in the monolayer is known.

If the number of molecules in the monolayer be multiplied
by the average cross-sectlonal area of an adsorbed mole-
cule, the produect will be the absolute surface area of the
adsorbent. The principle and limitations of the BET method
will be discussed fully elsewhere.

One important disadvantage of the BET method when
nitrogen 1s used as the adsorbate 1is that the method 1s
not sultable for measuring total sample surfaces of less
than 10,000 sq. cm.t” However, modiflcations of this method
have been used by several groups of investlgators®%,28,4%1
which permit the measurement of samples having a total sur-
face of as low as 100 sq. cm. The modification used in this
work will hereinafter be referred to as the BET(m) method.

The essential difference between the use of nitrogen

and some other gas such as, say, ethane in the gas adsorp-
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tion method is that the magnitude of the pressures measured
to obtain the isotherm is of the order of 300 mm. Hg in the
case of nitrogen, but only 0.003 mm., Hg in the case of ethane,
The reason for this difference is that in order to obtain an
isotherm, equilibrium pressures must be measured up to about
three tenths the saturation pressure of the adsorbate at the
temperature of the sample. Since ethane has a saturation
pressure of about 9 microns at the temperature of liquid
oxygen (-183°C), a McLeod gage may be used to measure the
equilibrium pressures, Use of a lMcLeod gage rather than a
mercury manometer permits very much smaller quasntities of
adsorbed gas to be measured, thus reducing the totel sur-
face necessary for the sample.

When the nature of a material 1s such that a weight
of sample of the order of tens of grams or larger would be
required for a BET nitrogen measurement of the surface, the
method 1s impractical because of the large sample tubes and
long equilibrium times required, and the inherent errors
introduced by these factors. The surface of a material such
as this may be accurately determined by means of the BET(m)
technique provided a balance is available which will give
sufficient accuracy on a weight of sample small enough to
have a total surface of not more than about 5,000 sq. cm.

An ordinary analytical balance is adequate for any sample
if both the BET and BET(m) methods are available for use.

Since both methods are in the development stage, the



literature reveals only a limited amount of data regarding

the use of the techniques on various adsorbents, and no data
on the use of both methods to measure samples of the same ad-
sorbent. It 1s the purpose of this investigation to deter-
mine the sultability of the two methods for measuring the sur-
face areas of many very different adsorbents, and to compare
measurements of several adsorbents obtained by using both
techniques. The effect of vearious surface treatments on BET

surface measurements will also be studied.



APPARATUS

This investigation required the construction and use
of two main pieces of apparatus.

The BET nitrogen adsorption apparatus shown in filgures
26 and 27 was constructed entirely of pyrex glass. All tub-
ing used except that in the adsorption section, VD’ and the
secondary vacuum system which draws the vacuum on the mercury
reservoirs, was 10-mm I.D. to facilitate obtaining a high
vacuum. Section Vj; was constructed of h-mm I.D. tubing.

The two McLeod gages each cover ranges from about 0.01
micron to 500 microns to permit detection of stopcock leaks
in various sections of the apparatus, and to determine the
pressure in the sample tube during evacuation.

All stopcocks in the apparatus are 3-mm oblique bore
except one 1l0-mm straight bore which separates the pump sec-
tion from the other sectlons. A special type of high vacuunm
grease sold under the trade name of "Apiezon N" was used on
all stopcocks and on the g 10/30 ground glass joint which
seals the sample tube to the system.

A glass diffusion pump filled with "Octoil" and
backed by a Cenco Megavac mechanical pump provided the high
vacuum needed in the system. The diffusion pump was cooled
by a small fan which forced air past copper fins on the
diffusion tube.

The BET(m) ethane adsorption apparatus shown in Fig.



28 was also constructed entirely of pyrex glass. All tubing
used had an I.D. of L mm. The only stopcock in the high vac-
uum side is a mercury-sealed cock at the top of the gas cut-
off leg which may be isolated from the system by raising the
mercury iﬁto the leg.

The barometric leg is for the purpose of sealing off
the McLeod gage at high vacuum, and the sample and gas cut-
offs serve to 1solate parts of the system at the desired
low pressures.

The desired high vacuum is obtained with a National
Research Corporation water-cooled metal oil diffusion pump
backed by a Cenco lMegavac mechanical pump.

The mercury used in both the BET and the BET(m) ap-
paratus was wiped with adsorbent paper to remove much of
the surface dirt, sprayed through a dilute nitric acid col-
umn several times, sprayed once through a column filled with
distilled water, and dried overnight in an oven at 110°C.

Additional apparatus used, other than ordinary lab-
oratory equipment, included a glass blowing torch and ascces-
sories, a small spark coll leak tester, several l-liter and
S5-liter "Thermos" vacuum flasks, and two 25-liter copper
vacuum containers with accessories for transferring liquid

oxygen and liquild nitrogen to other vessels.



EXPERIMENTAL PROCEDURE

A. BET Technique.- The following description of the

BET experimental procedure will be clarified by reference to
Figure 26 in Appendix IV.

A known weilght of sample preferably having a total
surface area of between 2 and 100 m® is first attached to
the system, While the sample is being heated,* the system
is evacuated to remove water and other adsorbed gases from
the sample. This treatment does not remove many of the chem-
1sorbed gases, so that if the material is a metal or in any
way has properties favorable to chemisorption, special tech-
niques, i.e., heating at high temperatures, reduction, etc.,
must be used to remove these gases from the sample.

After the sample cools and the pressure, as measured
by the left MclLeod gage, reaches about 10_E mm, Hg, the
sample stopecock i3 closed and the adsorption system is iso-
lated by closing the appropriate stopcock and raising the
mercury in the manometer to the zero level. The sample is
then immersed in & liquid nitrogen bath for determining the
volume of the adsorption space, Vi + VS’ with helium geas.

At this temperature the adsorption of helium by the sample
and glass walls of the container is negligible, and the

greater pressure change resulting in the determination in-

#See "Discussion of Results" for effect of evacuation
temperature.



creases the accuracy of the volume measurement.

The steps in determining the adsorption space are as
follows: with Vg held at a low value, helium is led into the
space, Vq, from the helium gas cylinder until a pressure of
gabout 350 mm. Hg is obtained. The stopcock connecting VS
with the other parts of the system is then opened and the
pressure read at equilibrium after the manometer has again
been adjusted to the zero level. VS may then be calculated

from the simple material balance:

P,V P,V P,V PV
aVp _Se¥p  feYm el
Tg Tg Ty Tg

The liquid nitrogen bath 1s removed and the system
evacuated, The stopcock that connects the sample space with
the rest of the system is closed, and the sample tube is a=-
gain immersed in the liquid nitrogen bath,

With Vg adjusted depending on the total surface of
the sample (VB is large if the sample has a large surface),
the adsorbate is led into the space, VT, from the gas cyl-
inder to a convenient initial pressure, P,, which experience
has shown will result in an equilibrium pressure, P,, of the
desired magnitude. Great care must be taken in the choice
of initiel pressures so that the range of equilibrium pres-
sures obtained will give sufficient data to establish the
lower portion of the isotherm. The stopcock connecting VS

with VT is opened and the equilibrium pressure, P,, read.
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The equilibration time heré varied from a few seconds to
about 15 minutes on the samples tested, depending mostly on
total surface of the sample.*

With the stopcock connecting Vg and VT closed, more
adsorbate is led into the space, VT, and the above procedure
repeated. On successlve adsorptions the initial pressure in
the sample tube, P,, is the same as the previous pressure,
Pp, since the stopcock connecting Vg with VT was closed after
the equilibrium pressure, P,, was measured.

The above procedure is repeated until sufficiént
points are obtained to plot the adsorption isotherm., The
value of V, calculated from equation (1), Appendix I, gives
the incremental amount of gas at standard conditions adsorbed
on each successive addition of adsorbate.

A sample calculation of a typlical run is given in Ap-

pendix II.

B. BET(m) Technique.- The following description of

the BET(m) experimental procedure will be clarified by ref-
erence to Fig. 28 in Appendix IV.

A known weight of sample having a total surface of
between 100 and 5,000 em® is sealed to the apparatus at Vg.
The entire system is evacuated and degassed by use of an

oxygen-gas torch while the sample is heated to about 250°C.

#See "Discussion of Results".
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Little is known of the effect of conditions of evacuation on
various adsorbates, but heating overnight while evacuating to
less than 0.001 micron has been found to give very satisfac-
tory results,

After the sample activation perlod just described, the
sample section is isolated by ralsing the mercury into the
sample cut=-off.

The volumes V4, Vg, Vg, and V, may be found by a
method similar to that used in the original nitrogen method.
The mercury level 1s lowered in the gas cut-off leg and the
stopcoek 1is opened slowly to admit helium to Vz. During
this operation it 1s essential that the pump cut-off be open,
since even a few millimeters pressure difference between the
two sides of a cut-off leg will cause a small slug of mer-
cury to be forced up into the top horizontal tubes when the
cut-off is lowered. The McLeod gage is also sealed off by
ralsing the mercury level to a position a few centimeters
above its normal lowered position. This prevents large quan-
tities of gas from entering the gage when gas 1is first led
into the system. Otherwise conslderable time would be re-
guired to pump the gage down to the desired initial pressure,
but with gas led into V, only, the relatively small volume
may be evacuated in a few seconds to a point which will give
the desired initial pressure when the remalning gas 1s al~

lowed to expand into the gage (Vi).
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After the helium is admitted and adjusted to the de-
sired inltial pressure by the method described above, all
cut-offs are set at their normal levels. At this point it
is best to allow epproximately two minutes for the pressures
in V; and V; to equalize completely. The pressure P, in Vj
is then measured with the gage. The sample cut=-off is ad-
justed to its lower level and the helium expands into V., Vs,
Ve, and V,. The final pressure Pp 1s measured after allowing
a short time for equilibration. Since Vg = Vy + Vy, and V,
was previously determined from the welght of water needed to
fill the gage, while V5, is known from a previous helium cal-
ibration (expanding helium from the gage into V, at "zero"
pressure), the total volume to the left of the sample cut-

off point may be calculated from the ideal gas law relation
PaVs = Po[ Vs + (Vg + Vs + Vg + V,)] .

The inside diameter of all tubing in the system is
known and the lengths of the sections which contain Vg, Vg,
and V, may be measured. This enables these volumes to be
calculated, and V, may be cbtained by subtraction from the
total volume calculated from the helium calibration.

After the final pressure has been measured, all cut-
offs are lowered and the entire system 1s again evacuated
to less than 0.001 micron.

Calculations may be simplified by placing the dry
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ice bath in its normal position around V, during the helium
calibration, and measuring the amount of gas which enters
Vais Vssy Vgs, and V, as if 1t were all at T,. This gives a
larger volume (Vg) than the actual values, but one which is
probably more exact than fhat which would be obtained by
correcting the actual value for the temperature of V,. The
use of Vg introduces no error in the calculations since the
amount of gas in Vg, Vg, Vg, and V, 1s all at the same pres-

sure at any gilven time, so that

PV, PVg PVg PV, N Vg Vs Va Vg B
motE YT YT, SREtTtTtT,) TR

where K 1s a constant. The use of Vg 1s exact, since

PV PV PV PV PV
e _ 4 5 . 3 & 7=KP,
Ty T, T, T, T,

by the very nature of the callibration procedure.

The determination of Vg by the use of helium is quite
time-consuming and may be omitted after one or two determin-
ations, since the change in Vg when a new sample is attached
to the system is so small that 1t has no measurable effect
on the position or shape of the isotherm,

If Vg has been found by the calibration procedure, it
is necessary to evacuate the system to about 0.001 micron
before continuing with the determination. If Vgnhas been
estimated and the helium calibration omitted, the remaining

procedure is as given below:



With the sample sectlon still isolated, the wvapor
pressure bulb immersed in liquid oxygen, the pump cut-off
lowered, and the gas cut-off lowered, enough ethane is ad-
mitted to the system to allow a small amount to condense 1in
the bulb. Pumping is continued until the system pressure
approaches the expected value of the saturetion pressure
(usually about 10 minutes if the gage was open while ethane
was being admitted). The pump cut-off is then raised, and
gage readings are taken until the system reaches equilibrium
(gbout 15 minutes).

The saturation pressure having been measured, the
pump cut-off is lowered, the oxygen bath is removed from the
vapor pressure bulb, and ethane is pumped out until the
pressure in the system is one which will give a low equil-
ibrium pressure (about 0.3 micron) when the sample cut-off
is lowered. ZIgquilibrium usually requires from 20 to 50 min-
utes depending on the weight of sample and the amount of its
internal surface.

When the equilibrium pressure, P,, is attained, the
sample cut-off is raised, gas and pump cut-offs are lowered,
the McLeod gage is 1solated, and enough ethane is admitted
to give a second eqguilibrium pressure of the desired mag-
nitude. This procedure is repeated until enough points have
been obtained to plot an isotherm,

The derivation of the equation from which the volume
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adsorbed (VAJ may be calculated is given in Appendix I, and

sample calculations appear in Appendix IT.
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DISCUSSION OF RESULTS

Because of the large number of variables affecting the
BET and the BET(m) gas adsorption techniques, the work done
in this investigation is exploratory rather than conclusive.
These indeterminate variables permit few quantitative con-
clusions, but many interesting qualitative explanations of
the results are possible and will be presented later in this
discussion. The isotherms from the wide variety of materials
tested suggest the necesslty of a vast amount of experimental
work for a thorough understanding of the meaning of the re-
sults from even one type of adsorbent, but it 1is clear that
both techniques are so useful when employed with care that
they will probably find extensive apvlication in scientific
and industrial fields of investigation.

Figures 1 through 25 in Appendix IV are plots of tne
isotherms obtained from the materials tested, Table I in
Appendix III summarizes the specific surface area data ob-
tained and lists permeameter and optical diameter measure-
ment surface areas obtained from other sources,” **® Ref-
erence to the table and figures mentloned above is made
throughout this discussion.

The BET nitrogen method gave excellent reproducibil-
ity for materlials with large surface areas, i.e., greater
than about 20 mz/gm, such as the activated charcoals, man-

ganese dioxide, and Attapulgus clay. These results are
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shown in figures 1 through 5.

Emmett,l? who is a recognized authority on the gas
adsorption technigue, claims an absolute accuracy of only
20% on the method for any determination, because a result
differing by this amount 1s found when various gases are
used as the adsorbate on the same material. However, when
the same gas was used under similar conditions of adsorption,
results were reproducible to within about 1% on the large
surface samples mentioned.

The accuracy of the method must necessarily depend

LT3

upon (1) the accuracy with which point "B", the point at
which a monomolecular layer of gas covers the adsorbent sur-
face, may be determined, and (2) the certainty with which
the effective cross-sectional area of the adsorbed gas mol-
ecule is known. The selection of point "B" is easy and
gives excellent reproducibility on isotherms such as those
shown in figures 1 through 5, which have long strailght line
portions, and experimental points which have a very small
average deviation from the curve of best fit. On curves
such as those shown for sample l, figure 6, and for copper
powder in figure 9, the location of point "B" 1s uncertain
because of the lack of a well-defined straight 1line portion

in the flrst case, and because of the relatively wide scat-

#Appendix I describes the method for locating this
point.
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tering of the experimental points in the case of the copper
powder. This serves to illustrate the fact that great care
must be used if important conclusions are to be drawn from
experimental surface values obtalined by this method. Iso-
therms must always be carefully analyzed to determine the
possible error in the speclific surface calculated from sel-
ection of point "B". Different investigators might obtain
results on the same material which differ by an amount on
the order of 100% for the reasons noted.

Different activation conditions seem to have little
effect on the location of point "B" in the case of the char-
coals and carbon blacks, since all temperatures involved
were below 500°C. These materials sinter only at temper-
atures near 1,OOO°C,Q and adsorbed gases seem to be readily
removed at the temperatures used. With materlals having
characteristics such as these one would expect to obtain
good reproducibility such as has been observed in this study.

Some general observations concerning conditions of
evacuation seem appropriate at this poimt. All solid mat-
erials which have been exposed to the atmosphere have con-
siderable quantities of nitrogen, oxygen, and water vapor
adsorbed on their surfaces. These and other adsorbed gases
must first be removed if satisfactory adsorption surface
measurements are to be made.

If the adsorbed gases are physlcally adsorbed (Van

der Waal adsorption) they may be easily removed by pumping
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until a vacuum of the order of 0.0l micron is attained.
Heating to slightly elevated temperatures aids in the re-
moval of these gases from the surface. However, if the
nature of the adsorbent is such that much chemisorbed gas
1s present on the surface, as is the case with metals, the
adsorbent must be heated to higher temperatures, or other
methods” must be used to clean the surface.

Considereble care must be taken when heating the ad-
sorbent to drive off adsorbed gases, since the surface of
the adsorbent may be altered by the process known as sinter-
ing. Sintering usually is evidenced by a growth or agglom-
eration of particles,4 but other effects such as plugging
of many of the fine capillaries in the material may be the
result. Every adsorbent sinters if the temperature is high
enough, and consistent results cannot be obtained if sinter-
ing occurs, so that best reéults can only be achieved when
the surface of the material to be investigated can be well
cleaned by evacuation without injuring the adsorbent surface.

The BET and BET(m) results listed in Table I may be
compared with the permeameter surface values in order to
predict quite well the extent of the internal, external, and
total surface area of the material being investigated.

Many particulate materials such as quartz sand (Fig-
ure 10) are dense solids, whereas substances such as activ-

ated charcoal are permeated by a labyrinth of exceedingly
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fine capillaries. This is well illustrated by comparing per-
meameter measurements with the gas adsorption results 1in
Table I and figures 1, 7, 9, 10, and 19. Agreement is close
for nylon, quartz sand, copper, aluminum, and cadmium, while
activated charcoal has a total surface as measured by the
BET method of the order of one thousand times the value of
the external surface indicated by permeameter results,

Adsorption of nitrogen by several saﬁples of kaolin-
ite is shown in Figure 6. Heat treating increased the total
adsorptive capacity of the material at pressures above that
at which the monomolecular layer formed, but decreased the
total surface area by approximately 6%, based on the original
surface area. This can possibly be explained as follows:
the sintering process tends to seal the very small caplllary
cracks by fusing the crack walls together, while larger
cracks may be pulled farthsr apart by the surface tension
of the fused material. This Increases the surface available
to multimolecular layer adsorption, for the very small cracks
are probably only a few molecules wide, but the total surface
area 1s decreased.

That the effect of the heat treating process was one
of sintering rather than of a reactlion with the atmosphere
is shown by the fact that the results for the sample heated
in a helium atmosphere agreed very well with those for the

sample heat treated in air.
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In order to determine the effect of degree of evac-
uatilon on the shape and posgition of the lsotherm, kaolinite
was evacuated to only 2 microns after Run 8a without heating.
As may be seen in Figure 6, the second isotherm coincided
almost exactly with the first, indicating that the surface
of this material could probably be easily cleaned by suc-
cessive adsorption and pumping off of the gas which is to
be used in the determination. That thié is not a general
result will be shown later when the adsorption of ethane on
Halloysite No. 10 (Figure 16) is discussed.

Conditions unfavorable to chemisorption are shown by
the desorption runs on kasolinite and unsized halloysite in
figures 6 and 11, where the desorption and adsorption
curves are fairly close. Here the error introduced in the
surface value calculated by using the desorption curve to
determine point "B" would only be about 20% at most, while
the tendency of nickel to chemisorb as shown in Figure 17
would result in an error of over 300% if the surface area
were calculated from the desorption curve.

In Pigure 12 are shown isotherms obtained on five
sized fractions of halloysite. The BET results in Table I
show much less variation with mesh size than do the surfaces
calculated from permeameter measurements. This is probably
due to the fact that halloysite is permeated by microcapil-
lary pores end cracks which are only a few molecules wide

but contribute a large internsl surface area which 1s not
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measured by the permeameter method. If this be the case,
the change in external surface by sizlng would have the
small effect observed in the BET measurement relative to
the flow technique.

Figure 13 illustrates the results obtained when ad-
sorption data are plotted according to the so-called "BET
equation". This equation of the isotherm, derived by Brun-

auer, Emmett, and Teller,’ is (in one form),

v + - - - " . - (5)
ZE&(P .y e VuFsC
wS ) 2

where C is a constant and the other terms are as defined in
the section entitled "Nomenclature" on page 29. This equa-
tion is useful once the fact has been establlished by the de-
termination of isotherms that a material glves an adsorption
ilsotherm of the type defined by Brunauer” as type I or type
I1. For materisls such as this, if the left hand term of
equation (5) is plotted against P,/Py, & straight line will
result up to a relative pressure, PQ/PS, of about 0.3, the
slope of which is (C-l)/VMG. In general, C is very large,
and the slope closely approximates 1/Vy. When this method
of plotting the experimental data can be utillized it is nec-
essary to determine only a few points to establish the slope
of the curve, since the difference in slope obtained by the

use of more points is negligible.17
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It was found that for most of the adsorbents tested
in this investigation, the straight line plot did not give
satisfactory results, elther because the equation plotted a
curve with the experimentel data obtained or the polints were
so scattered that surface values differing by 20-30% could
be obtained depending on how the line was drawn through the
points. Most of the difficulties, however, were due to the
curvature. An example may be seen by reference to Run 26,
Figure 12.

The adsorption on all BET runs was at the temperature
of liquid nitrogen or liquid air since physical adsorption
at these temperatures probably takes place as rapidly as the
adsorbate can reach the surface. Any slow effects causing
longer equilibration times were probably due to chemlsorp-
tion, chemical reaction, or solution of adsorbate in adsorbent.
Equilibrium time in BET nitrogen determinations ranged from
a few seconds to 10 or 15 minutes because of these effects,
while BET(m) ethane adsorption required from 25 minutes to
as long as an hour, The much longer equilibration times ob-
served in BET(m) determinations are undoubtedly due to the
slow process of diffusion which is an important factor at
the low operatlng pressures in the BET(m) apparatus.

In general, 1sotherms determined on various adsorbents
(figures 12, 1L, 17, 18, 19, 20, 23, 2li) by both BET and

BET(m) methods ylelded somewhat higher surface values in the
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case of the BET(m) ethane adsorption. If any differences
in surface areas determined by the two methods were due to
the difference in area of the two adsorbed molecules it
would be expected that the BET(m) method would give a
slightly smaller value for the surface since the ethane mol-
ecule is larger then the nitrogen molecule and hence would
not be able to penetrate as deeply into the fine cracks and
pores of the adsorbent.

The closest agreement (approximately 15%) between the
two methods was in the measurements on samples of Mica 432
shown in figures 23 and 2L. This adsorbent has a relatively
small internal surface even though the gas adsorption meas-
urements indicate a total surface of about five times that
shown by the permeameter. This difference may be due to the
flat, plate-like structure of small mica particles which
would tend to pack in layers and make the permeameter result
considerably lower than the true external surface value. For
the halloysites shown in figures 12 and 1lli, the BET(m) tech-
nique yielded surface values greater than BET values by
about 50%, while Halloysite No. 10 gave a BET surface great-
er than the BET(m) surfece by about 5%.

The results noted above are probably due to the dif-
ferent evacuation conditions used on the various runs. Runs
22-26 were all made after the samples had been evacuated for

a few hours to a pressure of about 0.01 micron while being
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heated at about 200°C. Runs 36 and 37 were made after the
halloysite samples had been evacuated 12 and 1l hours, re-
gpectively, at 300°C to a pressure lower than 0,001 micron.
It would seem that thls difference in evacuation time and
conditions caused an increase of 38% and 56% respectively,
in surface areas of the materials avallable to adsorb gas.
The latter figure is uncertain since point "B" was deter-
mined by extrapolation.

Halloysite No. 10, figures 15 and 16, is the float-
ing portion of a quantity of dialyzed halloysite which was
separated by a liquid of density 2.62. This is the fraction
of the original material which was observed microscopically
to have adsorbed dye from soluticn while the remaining frac-

© The BET surface on this

tion showed no color change.”
sample was higher than the smallest mesh fraction on pre-
vious halloysite runs, indicating that this fraction was
much more active in adsorption than the fraction having

the greater density. The BET(m) surface, though reported in
Table T to be sbout 5% lower than the BET result, could
easily be a low value as may be seen from the results on
three different runs shown in Figure 16. The difference in
adsorptive capacity on the three runs may be explained as
before on the basis of the activation period. Sample 33a

was evacuated for 10 hours, sample 33b for 1 hour to remove

the ethane after Run 33a, and sample 33c¢ for 15 hours. All
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were evacuated at approximately the same temperature. The
breaks in the isotherms were peculiar to this material and
may have been caused by the forcing open or unplugging of
many fine capillaries at the higher equilibrium pressures.
Figures 18, 20, 22, 2, and 25 illustrate the excellent
BET(m) isotherms obtained on various materials which have
surface areas too low for good results with the BET method.
These may be compered with figures 17, 19, 21, and 23.

The halloysites measured on the BET(m) apparatus all
gave lsotherms which Indicated formation of the monomolec-
ular layer at relative pressures above 0.3, whereas all
other materials measured using both techniques adsorbed a
monolayer at relative pressures near 0.1l. The data are not
sufficient to determine whether this was because a true
equilibrium had not been establlished on each successive ad-
sorption when it was assumed to be complete, or because the
structure of halloysite is such that the larger ethane mol-
ecules require higher relative pressures than nitrogen mol-
ecules 1in order to penetrate the fine cracks and capillaries
in the material.

A sample of 35-micron glass beads referred in Table
I as "No. 18 Glass Beads" was used to check the absolute
accuracy of the BET(m) adsorption technique. The median
diameter of these beads was determined from a microscopiec
slze distribution. The specific surface was then calculated

from this diameter and from the density determined with a
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pycnometer. The surface area of the glass beads calculated
from these data was 599 cmz/gm. A sample of the same beads
used in a BET(m) determination yielded the isotherm shown in
Migure 22, and the surface area as calculated from point "B"
shown in the figure was 597 em”/gm. The excellent agreement
between optical and BET(m) determinations shows the latter
technique to be very accurate when used on a material which
has an easily cleaned surface such as the glass beads used
here and confirms its suitability for determination of aver-
age particle size of materials which have no internal surface.

Since the importance of the activation condltions
showed such wide varlation throughout the study it seems
reasonable to conclude that any absolute accuracy on a given
maeterial will depend on an intengive study of the material
in question in order to ohbtain the optimum activation con-
ditions. Good relative values of the surface should be ob-
tained with either technique by using similar evacuation and
heating conditions, provided the materials to be compared
are similar in nature.

From data obtained in this investigation it may be
stated that the two techniques cannot be used interchange-
ably for obtaining relative surface values unless the optimum
activation conditions for the materials being studied are
known. The results also suggest that the dividing line for
the effective use of the two techniques lies in the region

of a sample surface of 5 m®/gm. Samples having a specific
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surface smaller than this may be easily measured using the
BET(m) technigue, and those with higher surfaces lend them-

selves well to determinations made with the BET apparatus.
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NOMENCLATURE

The following nomenclature applies to the BET nitrogen

adsorption technique. Volumes are in ce., pressures in mm.

He, temperatures in °K, and weights in grams.

o

H B M
w

E

=

3

volume of burette space not filled with mercury,

volume of space between sample stopcock and sur-
face of liquid nitrogen bath,

volume of sample tube up to surface of liquid
nitrogen bath,

volume of dead space (all other space not in-
cluded above into which the adsorbate is ad-
mitted),

volume at S5.T.P. of gas adsorbed on the sample,

VB * VD,

initial pressure in VS and VE’

initial pressure 1n VB and VD’

final pressure in Vg, VD, v

and Vg (equil-
ibrium pressure),

S’

saturation pressure of the adsorbate at the
temperature of the sample,

temperature of VB and VD’
temperature of Vs
average temperature of VE,

welght of sample.

For the BET(m) ethane adsorption technique, the ap-

plicaeble nomenclature is as follows, where volumes are in

cc., pressures in microns, temperatures in °K, and weights

in grams:
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volume at S.T.P. of gas adsorbed,

volumne of McLeod gage and capillary,

volume from McLeod gage to samnle cut-off point,
with Hg levels at positions indicated by dotted
lines in Fig. 28,

vl + v:a:

all volumes from sample cut-off point to sample
not included in Vg, Vg, and V.,

volume of sample tube Ilmmersed in sample bath,

volume from sample bath level to ice line (point
where ice has stopned forming on sample tube),

volume of dry ice trap below liquid level,
volume of sample cut-off leg which is isolated
from sample when cut-off is raised = volume from
lower sample cut-off Hg level to sample cut-off
poilnt,

volume of gas at Ty in Vy, + Vg + Vg + V,; meas-
ured with V,, Vg, and V4 at Ty, and V., at dry
ice temperature (-80°C),
= Vg = Vg = Vg,

Initial pressure in Vg,

Tinal pressure in Vs, Vg, Vg, Vg, and V.,
initial pressure in Vg, Vg, Vg, and V,,
saturation pressure of adsorbate at T;,
temperature of Vz and Vg,

temperature of Vg,

temperature of Vg,

temperature of V..
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APPENDIX I

A, The BET Nitrogen Adsorption Equation.- In deter-

mining a typical point on an adsorption isotherm the initial

amount of nitrogen is admltted to V, at a pressure P,. There

P
is an initial amount of gas in VS and VE at Po. After the
sample stopcock 1s opened and the necessafy time for equil-
ibrium has elapsed, the pressure in VS, VE’ and VT is Ps.
Since the initial amount of gas present must equal the final
amount of gas plus the volume adsorbed, a simple material bal-
ance ylields

PV . PoVg N PoVp _ PaVp N PeVg . PeVp 760V,

-+
B Ty Ty Ty T T 273

or simplifying,

v, =%[¥§(Pl - P.) —(;—: "';_‘E)(P:a = Po)] Y
which is the equation used to calculate the incremental amount
of nitrogen adsorbed as each successlive added volume of nit-
rogen is allowed to equilibrate.

P,, Pz, and P, are measured on the mercury manometer;
VD (and hence VTJ is known from a previous calibration with
helium; VS 1s determined by a helium calibration on each run;
VE is measured by weighing the amount of mercury required to
111 It ; TB is read from a mercury thermometer immersed 1in

the burette water jacket; Tq is measured with an oxygen vapor
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pressure thermometer; and T_ is estimated from the positions

B
of the lce line and sample bath level.

Volume of gas adsorbed at S.T.P. versus equilibrium
pressure data obtained from successive determinations as de-
secribed in the section entitled "Experimental Procedure" may
be used to construct the so=-called adsorption isotherm. When
the data yield an "S-shaped isotherm", there is good evi-
dence*” to indicate that the conditions at which a monomol-
ecular layer of gas covers the surface of the adsorbent 1s
the point at which a tangent drawn to the straight-line por-
tion of the isotherm leaves the curve at the low pressure
end. Examples of the location of this point, "B", may be
seen by reference to figures 1 through 25 in Appendix IV.

After point "B" is determined, the surface of the

sample is calculated in the following menner:

Let VM = volume at S.T.P. of gas required to form a
monomolecular layer on one gram of sample,
in cc/gm,

16.2 A% = area occupled by one molecule of ad-
sorbed nitrogen,t”
Sy = surface area of adsorbent in em® /gm;

then,

S, = Vy x 1 mole 5 6.02x10%% molecules
22,400 cc mole

16,2 A2 _ 10~%° em?
molecule Ez

or Sy = .36 x Vi Mo/EN v e e e e e e e e s (2)
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B. BET(m) Ethane Adsorption Equation.- The amount

of gas in any section of the system at a given time 1s a
function of PV/T. When a charge of ethane is led into Vs,
the amount of ethane in this volume is given by P1Va/Ty.

In general, there will have been some gas left in (Vg - Vg)
at the previous equilibrium pressure, Py, which becomes P4

for this point. This quantity of gas is given by

PoVs " PoVs » FoVa + PoVr PoVe
TB TB Tl T? Tl

or
Ve Ve . Vy Vg PoVe
Bollyy * 5, * 7 * %) ~"my-
After the sample cut-off is lowered and equilibrium
is attained at P,, a simple material balance gives (if pres-

sure 1s expressed in microns)

P1Vga Ve Ve Ve Vo PolVa
Ty T Rlge R g R ) ¢,
=]
=PV 5 Ve, Ve, Ve, EZJ-+7.60x10 Va
Ty Ts Te T1 Ty 273

or

_zm e Ve , Ve, Vao PoVs
VA =7 OxlOE[T:,(Pl-PB) - (Tg, + T, + T, )(Pz=P,) - Ty ] v « (3)

Py, P, and P, are measured; Vg, Vg, and Vg, are found

by measuring the length of tubing and calculating the volumes
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of the various segments thereof from the known tube diameter;
Vig = Vg = Vg = Vg, Where Vg is known elther from a helium
calibration or by estimation as previously described; Vz is
known from previous calibration; T, is read with a mercury
thermometer; Ty is taken to be the temperature of pure liquid
oxygen at its normal boiling point; and Tg 1s an average tem-
perature estimated from the position of the ice 1line and sample
bath level.

After plotting the isotherm, point "B" is determined
exéctly as in the nitrogen method described previously in
this appendix. Using the monomolecular layer voiume indica~-
ted by point "B", the surface of the sample is calculated in
the followlng manner:

Let VM = volume at S.T.P. of gas required to form a
monolayer on one gram of sample, in cc/gm,

22.5 82 = area occupied by one molecule of ad-
sorbed ethane,®®

2
= surface area of adsorbent in em /gm,

Sw
L = length of sample tube immersed in sample
bath, in cm,
L.76L
= surface of sample tube per gram of
W 2
S sample, cm” /gm,
then

o

_ 1 mole 6.02x10%% molecules . 22.5 A®

5w = VX 22,100 cc * mole * molecule

107*° em® _ 1.76L
A= W

X



S

w

= 60.5x10° x v,

em®/gm - 114:1.‘5261'

llllll
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APPENDIX IT

The sample calculations shown below will be clarified by reference
to Appendix T.
A. BET Method.- The volume of gas at S5.T.P. adsorbed on each suc-

cessive adsorption is given by:
_ 273 | Vr Vs Vg
Ul 75 [_‘IT(PI - Py) - ('T— + ".I'."){Pg - Py)
B S E
The table shown below solves the equation above for V, and supplies the

calculations needed to plot the isotherm for adsorption of nitrogen on

cadmium shown on page 89 from the table of data on page 59.

®= Vy/Ty = 243/300 = 0.8100 @ = Vi/Tp = 3.5/290 = 0.0121
©= vg/Tg = 52.0/78.2 = 0.6650 ©+® = 0.6771
H . H . ® H
Foint H Py i Py 2 Po : Pl - P2 : @x@
1 s 9.8 ! L7 0.0 5.1 3.18
2 o 1h.2 F 9.7 b7 L.5 ¢ 3.65
3 20.5 15.5 ° 9.7 5.0 ° .05
L W5 31.0 15.5 135 ¢ 10.94
5 134.3 : 85.4 © 31.0 8.9 39.61

g ® : ® : @ ;. Va/Wg : Va
Point : P, - Py :@x : @B-® : 0.3592 © : Wg
: : : : WS :
1 h.7 : 3.18 : 0.95 : 0.34 : 0.34
2 5.0 : 3.38 : 0.27 : 0.10 : OuJhly
3 5.8 : 3.93 :  0.12 : 0.04 : 0.48
L 15.5 : 10.49 : 0.45 : 0.16 . 0.64
5 Sh.y ¢ 36.83 : 2.78 : 1.00 s 1.6

Z VA/'WS was plotted vs. P, to give the isotherm shown on page 89,

point "B" was chosen according to the method described in Appendix I to



L2
be 0.0295 cc/gm. This correspends to Vy, equation (2), Appendix I, and

Sy = L.36 x 0.0295 = 0.13 n®/gn.

Bz BET(m) Method.- The volume of gas at S.T.P. adsorbed on each

successive adsorption is given by:

- 213 V3.5 . % N Vg
IOjXVA "@[ (P - B - (TI,—5-+-,176—+T-{+TI)(P2—P0)—ﬂ-Po

The table below solves the equation above for VA x 102 and supplies the
calculations needed to plot the isotherm for adsorption of ethane on

cadmium shown on page 90 from the table of data on page 68.

@ = Vv4/Ty = 389.8/301.5 = 1.293 ®= vyo/T= 18.8/301.5 = 0.062}
@ = vg/Tg = 0.2/90 = 0.0022 ©=0-0+0® = 0.0702
@ = Vg/Tg = 1.0/180 = 0.0056 ®@-= vg/Ty= 0.8/301.5 = 0.0026
: : : : : G? : @D : G;
Point: I, : L2 $ LO : Pl : P2 2 PO : P1~P2 :CD:KCD s P2--PO
1 :97.7 +10.1 : 0.0 : 8.829 :0.09) :0.000 8.735 : 11.29 : 0.094
2 :109.8 : 17.1 : 10.1 :11.152 :0.270 :0.09L :10.882 : 1L4.07 : 0.176
3 :120.4 : 26.3 : 17.1 :13.409 :0.6L0 :0.270 :12.769 : 16.51 : 0.370
h :121.7 : LB.7 : 26.3 :13.700 :2.19L :0.640 :11.506 : 14.88 : 1.55)
5 :110.5 : 61.9 : L48.7 :11.294 :3.545 :2.194 : 7.7L49 : 10.02 : 1.351

BT T ) I 8 . 103xv, ,103x, 103x,; P,
Point : ©x® : @x By : @ - -@:0.3592® VA/WS IVy/Wg : Fg

1 0.01 0.00 : 11.28 ¢ L.052 : 22.95 1 22.95 :0.L40
2 : 0.01 0.00 : 14.06 :  5.050 : 28,60 : 51.55 :0.57hL
3 : 0.03 0.00 : 16.48 : 5.920 : 33.52 : 85.07 :0.859
L :0.11 0.00 : .77 : 5.305 ¢ 30.0L4 : 115.11 :2.64)
5 ¢ 0.09 0.01 : 9.92 :  3.563 : 20.18 : 135.30 :4.LT9

IV, /g was plotted vs. Pp/Pg to give the isotherm shown on page
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90, point "B" was chosen in the same way as previously described for
the nitrogen method to be 113 x 1077 ce/gm. This corresponds to Vs

ecuation (l), Apoendix I, and

Sy = 6C.5 x 103 x T % 1073 - Gl_i% = 6830 sz/gmo
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TABLE II
Run 1
Adsorption of Nitrogen by Activated Charcoal
: VA
Py Ps Pos : W_S Constants
28.2 0.8 0.0 532 Ty = 305  Vp = 154a
874 1.2 0.8 21.8
586.7 11.6 1.2 130.1 T, = 88.7 Vg = 56.9
630.6 170.6 11.6 179.9
613.1 32.2 170.6 198.2 Tg = 290 Vg = 3.5
632'E 140.9 fzu.z 208.
661.é 521.8 140.9 217.8 Wy = 0,91
657. 57l.9 57h.9 223.2
TABLE III
Run 2
Adsorption of Nitrogen by Activated Charcoal
. VA -
Py Ps Po EWS- Constants
20l .1 1.2 0.0 & 76.7 Tr = 305 Vo = 274.1
21LL.O 20, 1.2 k.8 B T LL
114.7 51.% 20.3 1@0.8 Tq = 88.1 V., = 56.5
127.6 81. 51.% 170.1 S
168.6 120.6 81. 178.3 Ty = 275 Vy = 3.5
29.1 219.3 120.6 194.0
71.9 3116.3 219.3 208.5 Wy = 0.847
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TABLE IV
Run 3a

Adsorption of Nitrogen by Activated Charcoal

. 3 : Vv :
Py : P, : P, ‘:E;E% : Constants
210.2 0.8 0.0 51.2 T = g0l Vi = 2Thal
188, 2.5 0.8 96.5
211. :  2b.5 2.5 141.3 B, = 88.6 ¥y = 12.h
106.1 : 50.8 2.5 153.7
133.2 : 86.9 50.8 163.5 Ty = 275 V_ = 3.5
180.3 ¢ 135.1 86.9 172.6 =
361.6 : 270.0 135.1 189.L We = 1.325
539.0 : L51.5 270.0 203.0
TABLE V
Run 3b
Adsorption of Nitrogen by Activated Charcoal
. : VA :

Pa Py P, igiﬁg' = Constants
191.9 0.7 0.0 Lé6.7 T, = 30l Voo = 27h.1
189.6 243 0.7 92.5 2 I
197.0 15.8 2.3 136.2 Tg = 89.0 Vs = 1244
98.5 38.6 15.8 150.0
124.2 73.3 38.6 161.0 Tp = 275 Vg = 3.5
159.0 11550 73.3 160.0
i13.5 292.0 115.0 192.5 Wy = 1.325
%91.6 |1 26.2 292.0 203.0

30.1L 571.7 l26.2 211.lL
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TABLE VI
Run L

Adsorption of Nitrogen by Carbon Black MO-6l7

: : VA
P,y : Py : Pqo : W s Constants
- . S H
97.3 1 22.9 0.0 103.0 & Ty =300.5% V. = 243
105.7 + 63.2 22.9 : 117.5 208,0w# T
118.0 ¢ 90.3 63.2 125.6: 3
170,8 ¢ 130.8 90.3 135.1 : Tg = 79+5 Vg = 5L.6
225.1 : 178.4 130.8 145.6
51.3 .0 0.0 3.4 2 Tp =29 Vg = 3.5
56,0 @ 26.1 %.O 0.2 :
56.3 ¢ Lo0.8 26.1 109.6 Wy = 0.154
#Applicable to the first five points
##Applicable to the last three points
TABLE VIT
Run 5
Adsorption of Nitrogen by Carbon Black M0O-6l7
: : : VA :
Py o P, : Po z g Constants
15.6 0.3 0.0 : b7.9 Ty = 301 Vo, = 243
18.1 .1 0.3 : B82.2 B T
28.2 1L.9 bl 0 95.2 3 Ty = 79.1 Vo = 53.5
.7 23.1 1.9 : 100.3
5147 37.7 23.% 105.3 : Tp = 280 Vg = 3.5
75«3 = 5047 377 113.,0 4
10&.0 79.2 5647 119.1 : Wg = 0.091
12,0 : 102.3 79.2 : 125.5
16li.0 ¢ 13L.0 : 102.3 : 13L.9
2oh.1 : 170.1 : 134.0 : 1bh5.2
24747

¢ 2lg.«2 & L1701 3 '155,.7
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TABLE VIII
Run ba

Adsorption of Nitrogen by Unsized Halloysite

3 VA :
Py Pg Po ‘Z ﬁ,‘s‘ Constants
56,1 17.9 0.0 1.87 Tr = 303 V., = 273.1
65.1 %l.h 17.9 2.4 2 ¥
81.5 2.3 L.l 2.81 Tg = 88.0 v, = 52.7
86.3 75.6 62.3 2.9h
109.7 Ol.7 75.6 3500 T_ = 290 Yy = 3.8
197.2 153.2 ol..7 ﬁ.us E
412.8 03.2 153.2 .18 Wy = L4593
%85.9 108.8 30342 Ly, 66
26.6 534.8 1,08.8 5.23
TABLE IX
Run 6b
Adsorption of Nitrogen by Unsized Halloysite
: : : VA s
Py Py Po ZE’E Constants
2L5, : 365.7 : 53L.8 h.70 ¢ T, = 303 V., = 273.1
119.% . 222.7 : 365.7 L.y : B T
63.5 : 130.4 = 222.7 3.7% : By = 89.7 Vg = 52.7
51,2 ¢ 85,2 ¢ 130.L 3.46
: : TE = 290 VE = 3.5

¥ = L.593
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TABRLE X
Run bc

Adsorption of Nitrogen by Unsized Halloysite

: : v :
Py Py By Z:@é“ ‘ Constants
56.1 13,9 0.0 1.85 : T, =302 Vg = 229.1
80.0 3.9 13.9 2.80 : '
11h.0 192 h2.9 2.96 T, = 88.9 Wy = 52.7
128.2 105.2 97.2 3.09 : :
2%&.6 178.7 105.2 .53 Tp = 290 Vg = 3.5
2.8 276.7 178.7 01l =
2.6 55.6 276.2 1.38 Wy = ly.593
2545 99.6 355. 5«03
TABLE XI
Run 7
Adsorption of Nitrogen by Kaolinite
» : VA
Py Pe P, ;j£:W§ Constants
30.2 10.2 0.0 2.59 T, = 302 Vg = 253.0
50.3 30.0 : 10.2 I
86,7 58.8 : 30.0 377 T. = 77.3 V., = 56.8
120.8 90.8 : 58,8 [..08 8 S
161.1 127.0 : 90.8 L.55 Ty, = 290 Vg = 3.5
103 221.1 ¥ 127.0 5.81
égé.e ﬁ%o.é ¢ 231.1 7.93 Wy = L @l
29.2 5.6 : 3L0.6 11.30




TARLE XII
Run 8a

Adsorption of Nitrogen by Kaolinite

51

: : A :

Py Py : L Zﬁjf‘i‘ $ Constants

23.0 5.8 0.0 2,07 Tp = 303 Vp = 2h3.0

340 EI.B S.S 3.19 : ¢

0.1 0.9 : 21, T3 Te = 77.3 V. = 51.9
101.2 71.2 : L0.9 a.uu ® 8
129.0 1004 : 71,2 5.03 T, = 290 V_ = 3.5
ﬁo%.o 152.3 ¢ 100.l 6.15 5 E

303 290.2 ¢ 152.3 : 9.52 W, =1.691
591.6 Wi3.1 : 2%6.2 13.&8 S

TABLE XIII
Run 8b
Adsorption of Nitrogen by Kaolinite
s : VA

Pa Pg 3 Po 3 ﬁg Constants

33.3 1050 : 0.0 2.5\ ; Tn = 302 Vo = 2l13.0

63.7 36.0 : 10.0 ﬁ.uQ oo E
125.5 BL.3 ¢ 3640 49 Tq = 77.3 V. = 51.9
161.0 121.8 : B81.3 5.32 3
258.8 190.7 : 121.8 6.98 : Ty = 290 V_ = 3.5
36l.0 278.6 : 190.7 8.81 : E
583.1 6 12,66 : W, =1.691

31,1 : 278.




TABLE XTIV

Run 9a

Adsorption of Nitrogen by Kaolinite

52

Vy

Piy Ps Po Wg Constants
505.2 35.0 567.7 6.06 T. = 303 Vo = 229.1
5l1.2 ﬁga.s 35.0 5. 68 B 2
3012 392.5 92,5 5.149 TS = 87,6 Wy = 58.3
120.3 29.6 392,.5 5.35

6L..9 152.1 2h9.6 5.30 T = 290 V_ = 3.5
52.0 100.3 152.M; f.ll E
2lL.9 61.1 100.3 Le 97 W = 2,094
17.0 38.8 61.1 .73 S
0.0 20.6 33,8 .15
TABLE XV
Run Sb
Adsorption of Nitrogen by Kaolinite
: VA :
P P P : —— : Constant
1 2 o z WS ’ O ancts
20.8 3.6 0.0 1.81 : Ty =30k V= 229.1
.9 20.0 3.6 3,10 :

1:8 9.2 20.0 .87 T =85.7 V. = 58.3
100.2 4.9 ug.z h.ls S S ;
130. 103.3 4.9 .30 T_ = 290 V., = 3.
257,2 182.3 103.3 .58 : E L E

l-3 O . 18 .3 50 : w = 2'09
éﬁ%.a £28:5 306.7 2:08 s
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TABLE XVI
Run 10

Adsorption of Nitrogen by Kaolinite

: : : Va :
Py : Ps : Po : zw_s : Constants
51.h, ¢ 18.5 0.0 2:10 Ty = 305 Vi = 2201
102. :  57.0 18.5 3.29
153. : 107.0 57.8 3.58 : TS = 88.3 ¥y = 58.3
172.3 : 1h0.5 107.0 ﬁ.BZ :
29.6 : 197.3 110.5 ol Ty = 290 Vg = 3.5
350.,7 : 277.8 197.3 .11
Wy = 2.09L
TABLE XVIT
Run lla
Adsorption of Nitrogen by Quartz Sand
: C - VA -
Pa s Pa : Po : :E:ﬁ- : Constants
. . H S s
5.5 17:3 0.0 0.16 Po =.303:5 Vo, = 238.0
%9-1 335 1743 021 -
3l 58.9 33.5 0.29 Ty = 78.0 Vs = 55.3
102.3 80.9 58,9 0.37 =
133.8 107.7 80.9 o.§7 : T_ = 290 V., = 3.5
211.2 160.2 107.7 0.68 : E E
302.0 231.0 160,2 1.13 w. = 3.801
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TABLE XVIIT
Run 11b

Adsorption of Nitrogen by Quartz Sand

: : Vv
A
i ¢ P : S e Constants
2 o ji Wg

2.8 0.0 : 0.08 3 T, = 30k Vg = 238.0
6.% 2.8 . 0013 .
11. 6.% ¢ 0.15 Ty = 77.5 Vo = 55.3
18.9 11.8 ¢ 0.18 _ N
E : T.. = B0 ¥ = 3.5
TABLE XIX
Run 1l2a

Adsorption of Nitrogen by Nickel

2 vV -
Pa Py : Po 2 :E_ﬁi : Constants
%ﬁ'f %g.g %g.g ; 0'0%8 ;P ¢ Py
; . i : 0.0 s P = 77:3 Va = Sli
10l.6 8.3 63,1 ¢ 0.07L : ° 9
13L.0 111.1 85.3 : 0.100 : Tg = 290 Vg = 3.5
232.l 176.0 111.1 : 0,136 :
36ﬁ'2 275.% 176.0 : 0.222 : Wg = 11.110
5olL.0 396. 275.% : 0.346
632.1 520.9 396,

t 0.502




TABLE XX

Run 12b

Adsorption of Nitrogen by Nickel

55

H VA
P P : e 0] tant
1 2 Ps : 2{ Tig onstants
k5.3 480.5 20.9 0481 : T, = 300.5 V., = 253.0
[31.1 4sh.5 [80.5 o.blg : P T
333.6 390,2 I5l.5 0.400 : T = T3 Vg = 5h.6
182.2 279.6 390,2 0.317
90.5 178.4 279.6 0.274h : T, = 290 ¥ = b
9.3 88.0 178.h 0.229 =
0.0 Lo.6 88.0 0.223 W = 11.110
0.0 19.0 Lo.6 0.207
0.0 9-1 1900 0.197
TABLE XXI
Run 13
Adsorption of Nitrogen by Aluminum
: : VA
Pa P, : Py : iE.Wg Constants
31.6 16.5 00 : 0.060 : T, = 301 V., = 243
57.6 38., : 16.5 0.075 : © T
100.3 70.7 : 38.L 0.193 : T = 78 Vg = 53.6
130.0 102.1 : 70.7 0.243 : S '
197.8 125.2 = 102.1 0.403 : T, = 290 Vg = 3.5
313.1 236.0 : 152.2 0.732 =
518.8 383.1 : 236,0 1.333 Wy = 3.991
650,2 1.959

521.6 : 383.,1




56

TABLE XXITI
Run 1l

Adsorption of Nitrogen by 1l5-micron Monofilament Nylon

: VA

Pq : P : Po : Wy Constants

s |#a as as

e lee

8.8 3.7 0.0 0.0047 : Ty = 300.5 Wy = 143
19.1 9.9 37 0.037
27:2 § 17.2 & 9.9 : 0.038 Ty = 78.8 Vg = 50.33
h7.3 : 29.6 7.2 & O.072 =
75.2 : L48.5 29.6 0.111 : Ty = 280 Vg = 3.5
109.7 7343 L48.5 0.223 : _
: W, = 3,800
.S
TABLE XXIII
Run 15
Adsorption of Nitrogen by 15-micron Monofilament Nylon
$ : e VA :
P . P ; P :TEE = : Constants
: : - : ° : Ws :
L.o : 0.6 0.0 ;-0.00289 : Tp = 299 Vp = 29.0
7.0 Lsd: 3 0.6 :40.,01298 :
9.5 2. 1.1 : 0.00510 : Tg = 78.0 Vg = L 8.06
13.0 : 3.2 2.4, : 0.03265 : ‘
: : : TE = 280 VE = 3,5

5,810

=
1)
1}
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TABLE XXTIV
Run 16

Adsorption of Nitrogen by Copper

: v H
A
Py P : — : Constants
o 2,
13.8 7.0 0.0 0.0328 « Tr = 300 Vp = 213
22.l; 1.9 7.0 0.063 :+ © :
33.9 25.2 1.9 0.067L : T, = 82. vy = 52.k
50.7 39.0 252 0.07h2 : =
83.5 63.3 39.0 0.0729 : T, = 280 v_ = 3.5
103.1 8%.8 6&.3 0.0859 : =
123.9 106.1 8.8 0.1055 : Wg = 8.407

TABLE XXV
Run 17

Adsorption of Nitrogen by Attapulgus Clay

: VA
Pz : Po : wg : Constants
0.6 0.0 10.1lL : T_ = 300.5 V. = 243
3.9 0.6 21,33 : D T
2l .5 9.9 2l.50 : Tg = 78,5 Vg = 53.01
37.3 2.5 26,17 :
50.1 373 27.47 Tp = 280 Vp = 3.5
70.0 50.1 29.02
95.3 70.0 30.80 Wy = 2,276
139.2 95.3 33.53
26l .1 207.0 11.33
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TABLE XXVI
Run 18a

Adsorption of Nitrogen by Manganese Dioxide

: - - Vv :
- . A
P,y f B f Po ; ZE'WE : Constants
12.6 0.3 0.0 6,45 : Ty =301 Vp = 243
32.9 10.8 0.3 1&.22 : .
6.l 23.3 10.8 .22 @ T, = 78.5 Uy = 56.2
_7.5 35.3 23.3 15.11
101.% :  68.1 35.3 17.11 : T, = 280 V_ = 3.5
150.6 : 109.7 68.1 18.92 E
2ol s 25T«5 109.7 21.05 1 Wy = 0.511
311.9 : 235.1 157.5 2h.75 ¢
TABLE XXVIT
Run 18b
Adsorption of Nitrogen by Manganese Dioxide
3 : : VA C
Py Ps Py i;ﬁg Constants
18.7 0.8 0.0 9.21 : Ty = 301.5 Vq = 243
19.3 TeT 0.8 12.15 =
ﬁS'a 21.0 T7:7 13.78 : Tq = 79.2 Uy = 56,2
llg.g 3%.3 21.2 15.og : ; ;
. 76. 3l. 17.38 : T, = 280 vV_ = 3.
259.9 252.1 1L2.

26,62 ; Wy = 0.541




TABLE XXVIII

Run 19

Adsorption of Nitrogen by Cadmium

59

s Vv
Py P, o 7 Wﬁ Constants
9.8 L7 0.0 0,02 : T, =300 V=243
1.2 9.7 L7 0.03 : B E
20.5 15.5 9.7 0.03 : Tg =78.2 Vg = 52.0
L5 31.0 155 0.0l )
13L.3 85.0 31.0 031 4 B, = 290 Vg = 3.5
s Wy = 1l.548
TABLE XXIX
Run 20
Adsorption of Nitrogen by Spheron 6 Carbon Black
¢ : - VA
Pa Pp . Po 2 ﬁg Constants
15.6 12 0.0 : 10.87 Ty = 299,5 Vg = 2l3
23.0 8.7 1.2 17.18
50.6 27.9 8.7 21,98 3 T, = 78.8 Vs = 5.9
73.0 50.0 27.9 2%.9? :
10l.0 T7s0 50.0 28.07 : T_ = 290 Vo = 3.5
130.4 : 10k.0 77.0 30.36 : E
16,2 : 211.1 10k4.0 39.69 Wo = 0.358
33.5 : 322.6 211.1 50.61
561.3 : 1.8 22.6 63.0
618.9 : 528.4 148 75.




TABLE XXX

Run Zla

Adsorption of Nitrogen by Spheron 6

Carbon Black

: v
P, Pg Py 2 fi ﬁi Constants
20.1 1.6 0.0 12,11 : T.= 298.5 V, = 23
15,0 5.0 1.6 17.05 :
15.2 8.9 5.0 19.1 & T = 78.7 Vg = 53.1
27.6 AT 2 8.9 21.49 _
38.1 27.2 17+2 23.20 : T, = 280 V., = 3.5
%9.@ 37.9 2T 2l . 91 -
1.k 59.5 37.9 27.h5 : W, = 0.kl
96.3 78.2 59.5 29.05
129.8 10L.5 78.2 31.20
TABLE XXXI
Run 21b
Adsorption of Nitrogen by Spheron 6 Carbon Black
s v
P4 Ps Py : :E Wﬁ Constants
53.6 13.8 0.0 19.62 T B 299.5 Vp = 23
110.3 62.8 13.8 2l .30 _
1r2.1 119.8 62,8 27.77 = Tg = 80.6 V., = 53.1
07.1 217.6 119.8 3.76 S
18.g 22.ly 2176 0.2L T, =260 V. = 3.5
500. 15.0 Eze.u L6.32 =
620. 520.8 115.0 585 : W, = o.421

[42]



19.lt
19.lt
8i.li
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TABLE XXXII
Run 22

Adsorption of Nitrogen by Halloysite, -80+100 Mesh

s - 5 \'s :
Py g Py : Po - ji ﬁi : Constants
20,5 ¢ 5.3 : 0.0 : 1.21 : T, = 302.3 Vg = 249.7
35.6 : 20.1 5.3 @ 1.53 :
9,9 : 35,5 20.1 : 1.67 : Tg = 78.4 ¥g = 5l.5
78.4 57.8 35.5 1 1.8l )
113.5 87.0 57.8 2.01 : TE = 280 VE = 3,5
s W, = 2.610 Py = 863

TABLE XXXIII
Run 23

Adsorption of Nitrogen by Halloysite, -l20+lh0 Mesh

S S

H - . v .
: : "
P : P : P : W g Constants
' : - : ° : zi'ws : e
28.2 7.9 0.0 : 1.33 : T, = 301 Ve = 249.7
4%-2 . 26.0 7.9 1.63 ; B B
762 = 52,2 26.0 1.83 : Ty =79.5 Vg = 5.1
1.6 92.3 52.2 2.1 1t
208.5 : 156.8 99.3 2.8 T, = 280 % = 3.5
: : : : W, = 3.085 P_. = 978
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TABLE XXXIV
Run 2l

Adsorption of Nitrogen by Halloysite, =170+200 Mesh

: s : Vv .
Py : Pg : Py :j% W§ : Constants
ol 6.3 0.0 : 1.37 : T =302 V.= 249.7
51.2 28.8 6.3 1,72 @« B <
92.6 61.9 28.8 1,99 ¢ Tg = 79.0 Vg = sh.7
12 .2 Es.g 6;.2 a.hq : g - g
19l. 147, 95. 2.47 2T =280 VL, = 3.
27618 210, 8 147.6 2,09 2 © -
: Wy = 2,750 Py = 92ly.
TABLE XXXV
Run 25
Adsorption of Nitrogen by Halloysite, =-250+270 Mesh
: $ s Vq :
Py : Po ; Po : jz_ﬁg i Constants
17.9 lL.5 0.0 : 1.lo i .= 300 V. = 249.7
1.0 22.£ h.s : 1.78 ; B 5 T g
73.9 : 9, 22.7 2.00 : T, = 78. V. = 55,
115.7 ¢ 842 : L9 : 221 : S =
: E f TE = 280 Vg = 3.5
- W, = 2.030 P, = 902
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TABLE XXXVI
Run 26

Adsorption of Nitrogen by Halloysite, =-270+325 Mesh

s : : i ?
Pa : Py : Po :Zg T : Constants
: 3 § S :
20.3 8.0 0.0 : 1.72 :Tg =302 V= 249.7
63.0 36.9 8.0 2518 & .
Qﬁ.a 67.6 36.2 2.3 T =795 7V, = 55:3
131.6 101.6 67. 212 2
197.5 152.5 101.6 3.16 T, =280 Vg = 3.5
: Wy = 0.940 Pg = 978
TABLE XXXVIT
Run 27
Adsorption of Nitrogen by Halloysite No. 10
s : : UA 3
Py : Ps : Fo : wg : Constants
- 23.8 11.2 0.0 1.91 : T_ = 302.8 V., = 251.)
55.8 al.5 11,2 : 2,71 : B B
108.2 73.2 3ke5 : 3.75 Ty = 78.3 Vg = sl.7
135.5 105.8 73.2 .78 =
203.8 157.3 105.8 6.11 Do = 260 V., =5.8
311.3 238.1 157.3 “

8.37 =2

I

.

=

4
]

0.Lbo2 Py 85l




TABLE XXXVIII

Run 28

Bly

Adsorption of Nitrogen by No. 18 Glass Beads

z : 5 v s
Py : Pa : Py :iz W% : Constants
1340 : .2 0.0 : 0.008 Ty = 301.5 Vig = 101 .0
23.9 2.9 l.2 0.043
5l.l : 22.5 9.9 0.093 : Tq = 78,2 Vg = LE.8
7. 2 37.7 22.5 0.177 :
100.8 ¢ 56.2 37.7 0.279 1 Tp = 260 V. =5.8
ihé6.2 82.2 56,2 01437 <
232.3 : 125.l4 82.2 : 0.707 We = 10.71 P, = 8L
305.9 : 179.0 125.. : 0.976 L4
TABLE XXXIX
Run 29
Adsorption of Nitrogen by Mica lj32
: : : Vv
A
I : o : P - e Constants
15.5 : 2.3 0.0 : 0.428 : T = 30h V., = 51.l
30.1. t .2 2.3 : 0.b66 : B T
Sh.7 ¢ 16.0 7.2 & 0979 : Tg = 79.0 Vg = 55.6
93.3 30.l 16.0 : 0.9L7 :
141.0 ¢ 51l.2 : 30.4 : 0.985 : T = 260 Vg = 5.8
196.3 78y : 51.2 : 1.130 : &
2l3.0 109.1 : 78, + 1.ho0 Wy = o470 P, = 924
280.6 =

141.3 : 109.1 : 1.540




TABLE XL
Run 30a

Adsorption of Ethane by No.

65

18 Glass Beads

- - V . P
- - A . _-E
Pa : Ps i Py zf'ﬁgxloaz Pg : Constants
0.778 : 0.00L . 0.0005: 0.71 0.0 Vs = 390.0
28,95 : 5.71 : 0.00L : 21571 o.é%o Ve = D7
2.25 ¢ .18 ﬁ.?l 20.02 : 0.UL69 Vg = 1.2
0.906 ¢ 3.01 : L4.18 18.16 ¢+ 0.337 Vg = 0.8
0,515 & 2,38 = 3.01 16,475: 0.267 Vig = 20.5
0,071 = 1.82 : 2.38 1&.20 : 0.20L : T, = 302.0
0.025 : 1.1 : 1.82 13.65 : 0.158 Ts = 90
0.016 : 1.13 : 1.l 12.65 : 0.127 T, = 180
E : PS = 8.92
: Wg = 0.5052
Sample evacuated at 230°C to 0.1 micron, then at room
temperature to 0.001 micron.
TABLE XLI
Run 30b
Adsorption of Ethane by No. 18 (flass Beads
$ 5 -V : P
Py Py : Py jE:W§X103= ?§ Constants
2.57 : 0.03 : 0.0005: 2.340: 0.0036 : Vs = 390.0
1.09 : 0.05 0.03 3.300: 0.0059 : Vg = a7
1.7 : 0.19 : 0.05 1,935: 0.023 3 Vg = 0.9
2.95 : 0.L8 0.19 7.195: 0.057 : Vg = 0.8
3.58 :0.91 : o0.48 9.626: 0.108 : Vye = 20.8
5.18 :1.84 : 0.91 12.649: 0.218 =« T, = 301
8.56 : 3.07 1.84 17.625: 0.365 Tse = 90
0,58 :1.95 : 3.07 16.h23: 0.231 Te = 180
] ¢ : Pg = 8.
: : ¢ Wy = 0.5052
Samnle evacuated a2t room temperature (2 hours) to less

than 0.001 micron after run 30a.
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TABLE XLITI
Run 31

Adsorption of Ethane by Mica l32

5 : 3 v H Ps :
Py 3 Pa & Pg :jE_Féﬂloa: T : Constants
: : B 'S : S :
2,20 3 0.06 0.0 102.,1 = 0.007 : V3 = 390.0
2.5 : 0.09 0.06 2.9 : 0.011 : Vg = Q.7
L.70 : 0.24 0.09 L27.7 : 0.028 : V., = 0.7
g.ab : 0.6l 0.2 T00.0° =+ 0075 = Vo= 0.8
1043 3 2,25 0.6l 1085 : 0426l 1 Vye = 20.7
8.51 : 3.33 2+25 1329 ¢ 0,391 : T, = 302
: : : Tg = 90
Te = 180
Wg = 0.0097

Sample evacuated 8 hours at 210°C to less than 0,001
micron.
TABLE XLIITI
Run 32b

Adsorption of Ethane by Silica 196

s % $ A : P :

Py : Py Po EE ﬁi—xloa: ﬁg : Constants
3.L8 0.60 0.0 102.2 : 0.062 ; Vz = 389,8
2.3 ¢ 0.96 0460 150,9 : 0.100 : Vg = 0.2
3.37 : 1.84 0.96 203.6 : 0.191 : V.= 1,0
3,91 : 2.59 1.8 2l9.0 :0.269 : v, = 0.8
J_r-?SS 3‘26 2-59 300.8 3 01339 1 le - 28-!.]..

: T, = 303

. Tg = 90

s : Ts = 180
- Pq = 9.62
‘ Wg = 0,0128

-
-

#Run 32a is not included in tables, but is mentioned in
"Discussion of Results".

Sample evacuated L5 minutes at 200°C to less than 0.001
micron after Run 32a,
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TABLES XLIV AND XLV
Runs 33a and 33b

Adsorption of Ethane by Halloysite No. 10

H VA H Pg

Pa 3 Pz ¢ Po ¢ Z. WgXlOG: Pg Constants

e lox #e e

162 : 0.032 : 0.0 98.50 : 0.004 : Vs = 389.8
6.05L :+ 0.067 :+ 0.032 : 213.47 : 0.008 : Vg = 0.2
11.958 : 0.327 : 0.067 + L36.56 : 0.037 : Vg= 1.0
8.667 : 0.630 0.327 ¢+ 590.57 ¢ 0.071 : Vg = 0.8
10,889 : 1.232 0:630 ¢ 775428 : 0.139 : Vi = 23,8
: . s T]_ = 302.5
Run 33b Te = 90
Tl 2 1.232 Te = 180
P, = 8,88
Wg = 0.02l1

Run 33a, sample evacuated 10 hours at 230°C to less than
0.001 mieron. Run 33b, sample evacusted 1 hour at 230°C.

TABLE XELVI
Run 33e¢

Adsorption of Ethane by Halloysite No. 10

H : v H P2 .

Py P, Py 3 E Wg'xloa: P : Constants
18.995 : 0.267 ¢+ 0.0 : 358.6 : 0.031 : Vz = 389.,8
13.033 : 0404 : 0.267 : 600.4L : o0.0L6 : Vg = 0.2
15.08L : 0.8l : 0.%0& :  872.7 : 0.097 ¢ Vg= 1.0
15.947 : 1.114 ¢ o0.84) : 1156.,6 : 0.127 : Vg = 0.8
22,742 : 1.957 : 1.11L : 1553.8 : 0.22L : Vy, = 23.8
16,020 : 1.881 : 1.957 : 182L.8 : 0.215 : T, = 303
19.852 : 2,808 : 1.881 : 2150.2 : 0.321 : Tg = 90
26,419 : L,152 ; 2,808 : 2575.1 o.ﬁ?S : Tg = 180

o H . PS =i Bo?u
‘NS = 0002}4.1

Sample evacuated 15 hours at 220°C to less than 0.001
micron.
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TABLE XLVII
Run 3L

Adsorption of Ethane by Nickel

. : Pg M

P H P . ——-XlOa :

Pa ; Pa EE . Fg : Constants
1.578 : 0.022 : 0.0 : 24 096 0.003 : Vs = 388.8
2,687 : 0.039 : 0.022 : 5.667: 0.004 : Vg = 0.2
IL..729 : 0.189 : 0.039 : 11.778: 0:022 = Vo= 1.0

610 : 0.31 : 0.189 : 17.523: 0.039 : Vg = 0.8
). 08l ¢ o.ggz s 0e3lL 2 .908: 0.067 : Vi, = 18.8
9.718 : 1.436 ¢ 0.592 : 01l : 04163 : T, = 301.5
8.812 : 2.009 : 1 36 us 1l ¢ 0.229 : T, = 90

12.361 : 3.4)2 + 2, 009 : 57.05 : 0.392 : Tg = 180
: : : : : P. = 8.79
W; = O.Buug

Sample evacuated at 180°C for 18 hours to 0.003 micron.

TABLE XLVIIT
Run 35

Adsorption of Ethene by Cadmium

: 2 % \' P 3
A 5 z ¢

P - P - P - %10 — : Constants
L c ° EE-W_ - Ps &

8.829 : 0.094 : 0.0 22.95 : 0.010 : Vs = 389.8
11.152 : 0.270 : 0.09L : 51.55 ¢ 0.029 : Vg = 0.2
13.09 : 0.640 : 0,270 : 85.07 :+ 0.068 : Vg= 1.0
13.700 : 2.16l : 0.6L0 : 115.11 : 0.233 : Ve= 0.8
11.294 : 3.545 ¢ 2.194 :  135.3 : 0.377 : V3, = 18.8

: : : : : T, = 301.5
: Ts = 90
Ts = 180

P =  9.40

wg = 0,1766

Sample evacuated at 80°C for 9 hours to less than 0.001
micron,
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TABLE XLIX
Run 36

Adsorption of Ethane by Halloysite =-170+200 Mesh

Pg 8.8l8
Wg = 0.0227

: : : Va : Py :
. 2 . : %10% . - s
Py ; Ps ; Py ; EE Wg ; Pq ; Constants
8.865 : 0.042 : : 179.9 : 0.005 : V5 = 389.8
16.933 : 0.630 : uz : B11.8 : 0.071 : Vg = 0.2
12,902 : 1.019 : 0.630 :  T53.7 ¢ 0,115 ¥ Vg = 1.0
15,202 : 1.517 ¢ 1.019 : 1032.2 : 0.171 : Vg = 0.8
18,338 : 2,052 : 1.517 : 1363.7 : 0.232 : V,, = 18.8
: : : : T, = 302.5
: Tg = 90
Te = 180

Sample evacuated 12 hours at 300°C to less than 0.001
micron,

TABLE L
Run 37

Adsorption of Ethane by Helloysite -250+270 Mesh

: : : ' s Pg

Py : Py, @ Po ii_w%xlo : 55 : Constants
15.298 : 0.073 ¢+ 0.0 ¢ 253,4 : 0.008 : Vs = 389.8
18.995 : 0.1439 : 0.073 : ©562.0 : 0.050 : Vg = 0.2
19.907 : 0.889 : 0.439 : 878.2 : 0.100 : Vg = 1.0
19.771 : 1.328 : 0.889 : 1184.8 : 0,150 : Vg = 0.8
27.143 : 2.035 : 1.328 : 1602. : 0.230 : Vi, = 18.8
31.555 : 2.921 : 2,035 : 20?8 1 : 0.330 : T, = 303.5
ﬁz.371 : L.533 : 2.921 : 2623.3 : 0.512 : T = 90

377 : 5.498 : L4.533 : 3219.7 : 0.621 : T, = 180

: : : : § Pg = 8.85
. . - . .- VJS = 000277

-
L]

Sample evacuated 1l hours at 2300°C to less than 0.001
micron.
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Figure 27. BET Nitrogen Adsorption Apparatus.
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