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The unsaturzited Torces wahich exist between all phase

interTaces can be satisiied by an dsowoec material, called

an adsorcate, oy =& proééSs termed adsorption. If the vianding
forces involv are cocmpsradle with tihose leading to the

) .
formation of chemical compounds, of the order of 10% to 10°
celories per mole, tne process is called chemisorption. If
the forces that operate are similar in magnitude to the wealk-

er van der Yasls forces between molecules, that is from a few

nundred to a few thousanc calories per mole, the term physi-

few examples inciude the separ:*“op cf gases Irom Zases OF

separation of solutes from sciution, the use of. detergents

and wetting agsents, the concentration of ores, chromatograpn-
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xchange processes, sclvent recovery, stc. These
revresentative examples illustrats the scope of the scisnce
and point tTo the oractical, as well as fundamental, interest
in studies of the nature of the adsorption process. Recog-
nizing thne adsorption drocess is operative at all interfaces,
we restrict further consideration To the pahysical adsorption
oahenomena ol solid surface-gas systems.

-

ne oulikk of the published work on adsorpiion has deall

-t

=

M

with adsorbent systems with a nhigh ratio ¢f surface zrea to



ﬁ;ss. nis was a natural result, for in practice the role of
systsus.
Turther, experimental measurements on systems with high sur-
face aresa to mass ratios ars sasisr tc perform. As a
conseguence, a voluminous literature on physical adsorption
of such syé ens exists - with the experimental data usually

expressad in the form of adsorption lsotherms. 4An adsorption

isotherm represents the ecuilivriun amount adsorbed as a

Cn: the theorstical s
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es nave met with vary-

ing degress of success, dut all fall short of the ultimate
of

goal - that is, of sroviding a limibted numbsr zenerzliza-
tions that would ansly to any system of adsoroent, interface,
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adsorbent.
The mazgnitudss and relative effects of all the co ntrivut-

ing parameters of adsorbent and adsorbate rmust be ded
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crecisely nese interactlons are tc be under



must be accunmlated on series of systems varyiag specific
varameters of adsorbent anc adsorbvate.

w—ps s

Without gqussition, the larze surface area to mass ratios

have made the gross determination of thie corresnondinzly
larger amount of adsorvption easier to periform. On the other
hand, any galn in the egse of the experimental measurement
was often lost by the difficullty in interzretianz the overall
adscrption in terms of the many contributing iaciors. Such
finely divided adsorbvents (usuwally vorocus powders) presented
entire CQistrituticas of sites resulting from the varicus
interfaces, edzes, pores, and pore shapes, eitc., wirlch were

presentc. Tnese ccmbined te coscure, and thus discourage, any

study focussinz on a particular parameter. Azain, tne prepa-
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ace purification of such adsorbents was more

o

I an art than a science. These undesirable features ofter
made it.difficult toc reproduce or to compare resulis from one
laboratory to another, aacd even, a2t times,Afor the same
experimentalist from one run to another.

With the development of the science, an Important fzct

became more evident, mely, that adsorption pnenomena was

+3
97

showrn to be the same ver unit area of interfacs for a pariticu-
lar system - that is, it was not dependent on the state of
subdivision of a particular massive material. It was pre-

cisely here that one trend of current and future work was

¢l

K



nysical adsorvition on materi-

als with ordinary instesd of large suriace area to mass

paramsters and tae control of all other contriduting factors
to overall adsorovion. Ideally, the more satisiying experi-

mental sooroach could e vl

adsorbent or adsorpate parameters in a more

ratihcr than a reshufflin:

this avoproach. Tais fact is best demonstrated when it is re-
called that Crr (1) first studied the adsorptiorn of argon on

specified surfaces of potassium and cesiuxz i1odides ninetesn

Further, even the vreliminary preparation cf such adsordent
s¥stems, their puriification, and surlace area determinations
are imposing problems which demand ncew Or more erxacting
methods. Such technigues, bota for sample rprevaraticn and
adsorption measurement, rust come either from the reflinement
of tne 0ld or by thie development of new methods.

Beginnings have been made In this direction as the work

irst indiczted. The measuremenis of irmoruster and
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ustin (2) and of Wooten and Brown (3) on adsorption at mas-
sive metal surfaces represented refinements in approach.

- - 1 - - -~ - s o
Rhodin (i) in a series of beautifully conceived and executed
Xperiments, detected measureable differences for heats of
adsorption of nitrozen on the (100), (110) and (ill) faces

of single crystals of coprer. This work has shown the way
for direct measurement biyprecision techanigues.

In a later section a review of the experimsntal methods
used in previous studies of adsorption on small surface areas
wlill be given. XHowever, a2t thls time it should be saigd that
the most precise work, includianz the work of Rhodin, nhas been
aone using delicate fused-silica fiver balances. The change
in weignt of the adsorbent material while susvended from one

end of the balaxnce vear: was determined, furnishing thereby a

direct measure of the amount of adsorstion

systematic investization to ovtain more precise Information

on adsorotion ecuilibria. Iiore specific objsctives were:

tedle for precise
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measurenent of adsorption of zases on small snecific
area adsorbents;

2. To investigate the characteristic behavior of a
series of »nolar <as molecules on an ionic crystal
with well characterized surfaces

3

3. To determine trhe differences in the values of the



rItial heat of
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adsor aates;

L, To investigate surface heterogenity of the ionic
crystal under thess ca:aﬂtlonsf

The choice of tne four albyl halide gases (etayl é nloride,

\

ethyl bromide, ethyl iodide, and methyl lodide; for use as

e

the volar adscrbate Zases depended in the main part on thelr
favorable paysical proverties nsar room temperatures. Cudic

Torm sodium chloride was cirosen as a representative lonic

A special adsorption apparatus was designed, constructed,
and used to malte these measurements. Complete descriptions

- £ - < .~n o~ E N - Pad P SN S k- - 2 g
of the apparatus, suzgestions for future improverments in

given. This azparztus employsd two fused-silica fiver micro-
balances of unicus desizn. Uns dalance carried the adsorbent
nerefore vrovided a direct determinaticn of the amount
of =dsorption. The seccna valance was also located in the
reaction chamber. Tals dalance carried a buoyancy bulb and
was used to determine gas densities wnhich could te related
directly to the ecullivrium pressures of adsorption.

It is interesting to conjecture concerning tue formula-

P
tion that may be brought to the adsorption isotherm as a
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result of futurs work. It is provbable The gensralizations
will be ones of zreatsr comslexity and not of simplicity as

the relations among surface, interface, 2nd adscroate

-

thicories of today describe adsorptlion thenomena as well as

they do. for example, it has been said that tas wicdespread
applicability of the freundlich adsorpbtion isothnerm and 1ts

significant when considersed togstner.

It is hoped that the resulis of this study and also any

s

will contribute tc the development of the ultimate theory.



The need for situdies of the adsorpticn phenomena on well
characterized uniform suriaces led naturally tc tiie use of
crystal races as adsorbesnt surraces. 3Zscauses of the 4ifrfi-

ulties of the experimental measurement 1t was necessary to

- ?,

use samples furnishing an arca of several nundred cm?

o
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3
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provided one insisted precis resyond tc The order of

avout one ver cent of unimoiecular adsorption. Tne
adscroent sur

was adbout S00 cnm?.

- - 1 - - = - -
Rhodin's worik (it} can bes considered & classical effort

scrvent was 2 large single crystal of cepper wilich he nad

-~

macnined nainstalzingly to expose the dssired crystal face. Mo
cne could ninimize the quality of that work, but It is true

-~ e

that even tixocuzn he detected dliferernce
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tion on dilferent crystal fabos, his precision was of the
order of btwenty per cent, and illustrates the szcerifice in
precision attendinz the study cf very low areas even 0y the
rmost exacting tecanigue.

Tie can novne Ffor suificient improvement so tast precision

studies can be made on a sinzle crystal (or other surface} of

area of a Tew cm? - an area that can be »repared and

5
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characterized conveniantliy - 2ut the tecnnigue
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advanced at this tinme.

gstablished Tor nrecision, permititinz resolution of molscular

the speciified ovrecision in adsorrtion measurements. A

ot

3 T T 2 - - 2 12 N, nd Bad
Presenc, TRALS SPEeCLIliC SUrIace aresé must <2 0L Thne orcer ot

\S]

several nundred cm® psr Zram. ITaese are referred tc as rela-

v

tively low specific suriace areazs in compariscon to 109 or 10/

cm© per sram in commnon adsorbencs such as carcon blacks,

Zeneral purpose. These nmaterials assume wWith ease certzin

PR =2 e 2 A . B I F K ~as P QRO SN
navits in woich only one Tynme of Face is expoesed. Varicus

[¢]

twrenty years using alkall nalide crystals as adsorvent

materials - including scme unicue studies where crystal habdit

-

was modified bF tiie presence of certain orzanic dyes znd In-

-y

organic salts. Tne studies nave besn few in numbsr, in fact



10

o0 date only four non-volar molecules have been used as ad-
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sorbates an 11 nave besen made involving

divolar =as moleculses on an ionic surface. incidentally, all
measurenents were made by the volumetric method.

The work of Ross and co-workers (7), (8), (9}, {10), was

s,

of special interest. 4isotherms of the low temperature adsors-

were intervreted as indicating a two-dimensional phase transi-
tion of the sori reported 3re”10“slybov Jura and oitnsrs on
such systems 2s n-heptane on “ravhite (11) and on ferric

oxide (12). Pricr to the werik of Ross 1t had not been

sible for others to revroduce the srfect (13); thais may be

cates that a larze proportion of tae sodium canloride surface
was of & siz
Tinitler (7). Such evidesnce made one even more confident that
cuoic .nas iihsodiuu chloride nresented 2 uniform suriace.

Related studies inclucded the adsorption of arscn, oxysen,
and nitrogen on cudic potassium chloride and cesium iodide as
reported oy Orr (1) and Tompkins and Younz (1) respectively.

The adsorvtion of argon on two samples of Octaredral potassium

chloride (lead and gye-modified) was also reported by Foung



11

The experimental resultis of these studies led to thae con-

+

cevt o adscrption in preferred positions atove lattice
centers (at least at low ccverage), ar orientation claimsd to
vrovide zreater stability than the close-paclked hexazonal ar-

-~

ray predicted when a structursless surface 1s assumed. In
addition a number of autaors, (18), (17), (18), (19), and
notably Orr (1), have made theoretical calculations concerning
the energzy of interaction between a rare gas atom and an
alfali nalide crystal which have glven this moael a reasonavle
theoretical validity.

Therefcre, &S thls research was commenced there was evi-

halide crystals of a spsci-

s & model

i

fied hebit was largely uniform. ilore than thn

suzgesving a rezulsr lzttice array of adsorption sites nad
developed.

-

Tne difficulty of adsorbate selection was reduced because

R}

the choice was so larzs, for only four non-polar gases (argon,

3

nitrozen, oxygen, and ethane) nad been studied and even these
not at all exnaustively. For ihstance, tncugh ths variations
of neats of adsorption with surface coverage were given, no
explanation for tane differences in the initial heats of ad-
sorotion with molecular species was suggested. There was also

a practical concern. Zventual adaptaticn of tze instrument

for low temverature use was contemplated but it was deemed



12

ot
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prudent to perform first experiments near room tempera-

ture.
Witn all thls in mind it was decided to investigate the

adsorption vehavior of a ssries of molecules and tae polar

.

alkyl halide gases were selected for this series., These con-

-

vounds nad favoravle physical vreopertics for use nsar roon

temperature. In addition, studles of series ol molecules of

W

~a similar type, rather than an unrelated set, would be expect-
ed to be more informative as tc the nature of the forces
involved. Xor this vurpose tne ethyl halide series seemed
particularly attractive for the dipole moments decrease from

.

chloride to iodide in this series, while the molecular weight

increases.’
Adsorption behavior of the alkyl halides was not widely

-

ocumented; however, Lamb and Coolidge (20) had reported data

Qs

fer the ethyl halide zases adsorbed on caarcoal. They Tound
that the heat of adsorpticn increased witn increasing molecu-
lar weight The implication was that dispersion forces were

of greater importance than orientation forces in accouniting

for adscrption of these gases. Dispersion forces, by and
larzge, do cutweigh orientation Torces; but whether tThis is

also true of dipolar molecules in tae large electric fields
near tiae surface of aa ionic crystal was unknown; and sO ex
perimental evidence was souzght.

Recently, Zayakawa published a series of papers d=aling
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with adsorption on alkali halide surfaces (21}, (22), (23),

(20), (25), (26). GCne of his first comuents was interesting.

It was not that ne nad

-

ublished a similar resegrch, for

f}t
3

actually he nhad chossn To study once azain the low temperature

T

adsorpytion of non-peclar gases. Lt was, rather, one of his
reasons for doing so:

"« « o the choice of argon, oxygen, nitrogen, and

carocn dioxide as nonpolar adsorbates mainly

depended oxn avoiding complications which the

rresence of permanent divoles would introduce . . .,

(21, ». 125).

It turned out that Hayakawa's studies, and this was ex-
cellent work, confirmed orevious eXﬂerimental resulis: butb
more than this he was able to relate fthe differences in the
values of tae initial heat of adsorption with riclecular
species of adsorvates. The correlation was dvased on calcula-
ticns ci the potential energy of each isolated atom or non-
polar molecule (arzon, nLtrOFe“, or carbon dioxide) adsorbed
onn the particular cubic alkall halide surfacé (sodium ckloride,
potassiuvm chloride, and votassium bromide). In these calicula-
tilons the cuadrupole interactions of the adscrbed wmolecule
and the crystal were cocnsidered and claimed to ve predominant.
Agreement was demonstrated vetween the theoretical and

experimental values obtained for the initial heats of adsory-

tion of these non-polar gases.
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. Heasurement cf Adsorption or Small Surface Areas
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Current and ble n experimental

(o]
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technicues which can measure adsorption on adsorvents with

ordinary instead of hizgh raitios of surface srea To mass have

been Indicated. Seve;al reviews of the experimental methceds
of the science of adsorption are availadle (27). Xo attempt

will ve made to recatalog the many general technicues that
have veen used. All the widely used metnods wers designed for
use involving large adscorbent surface areas. However, those

few refined procedures tozsther with certain svpecial methods

-

whlich have been used for small surface 2rea situdles will be

discussed.

l. Direct measure oi nressure or volume chancse

The most widely used metaocds have been based on
measure of tihne velume or pressure change resulting Ifrom the
adsoroption process. IMany diiferent prccecures, ooth static
and dynamic, 2re grouped in this class. Such methcds reculre
the measure of a volume or a Yressure Gifference, and are,
therefore, restricted toc the accuracy and precision of that
volume or pressure difference measuremsnt. To date, the

greatest refinement has been made by ¥ooten and Brown (3) who

were able to detect adsorpticn on surface areas as low as one
hundred square centimeters. To accomplisn tnis they worked

under tne restrictive conditions of very low temperatures



sen temperabures), with zases havinz low pres-

sures at these temperatures, and employed tne most sensitive

-

conveniional pressure zauges. Lven wilthin such severe

limitations,

o

study oL

uch refinement has not dbeen sufficient to vermit

the surface cnemistry of mstal or crystal specimens

of small enough area to ts vrepared ccnveniently.

For studies on adsorbents wailch can e prepared with the
surface area required, the volums or pressure diiference
methods will continue to ve of use. In 2 later section an

improved technigue ol this sort that nas bsen sugzested by a

i}

pnase of the »nresent work will be descrived. ilowever, at this

ments on small surface area systems will employ such msthods

to the degree

adsorbvents

they have been used vo study largs surface area

2. Direct measure of weicgnt change

The second major class of methods uses & direct measure

in weizht of thne adsorcent to determine the

amount of adsorption. The advanitages oi a direct messure of
adsorption are self-evident. The limiting Tactor for ihis
method is the "working sensitivity” of the balance. The term
"workinz sensitivity" includes 211 tnose experimental factors
wnich affect the reproducivility and precision of the weight

measUurerience.

One is concerned in practice with the smallest
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{

weight change that can ve ovserved, reprcduced, or similarly

ined at any desir

(0]

d time undex predictablé circumstances.
The work of Rhodin (h) using a balance as descrived by
Guibransen (28) and special expgrimental vprocedurss demon-
strated a "working sensitivity" of 10~7 grams winlch permitted
the detection of the adsorption ol as little as lO’u cuolc
centimeters (S T P) of nitrozen zas - this amount of zas
represents monolaver coverage 901 a surface area of abcut ten
sguare centimeters. The onresent work will 21so employ fused-

silica microbalances with that same order of Mworkins

15

sensitivity.” Furiher, ceritain Improvements in technigue and
equivpment wiich malze such studies both easier tec vericrm and

more versatile will be Siscussed.

wnicn could in turn be rclated to the adsornition Drocess.

2runauer (22) outlines the use oF an orptical method. It

consists of s

of incidence a2t the boundary layer bestween solid and zas, and
analyzing the reflected beam. Fuunctional relations sxist be-

‘i

tween the ellipticity of

({7

reflected iight and the taickness
of the adsorbed pnase wanicn may be used to calculate the
thickness of the adsorbed layer.

Roberts {30) showed that tThe value of the so-called ac-
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cormodatlion coefficient depends on the purity of tahe solid

surface and could ve used to indicate the degres of covering

5

of the surface. This mesthod was based on the observation that
when a gas molecule strikes a hot surface it may e adsorbved,

or may rebound, the collision resulting in an interchanze of
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enerzZy. The accommodation coefficil

a = (Tp - T7)/(Ts - Tq9), where the temperature of the gas is

)

1 before and To after collision with a surface of temoerature

/ -
2 -

i

The application of radioactive tracers 1s an aporoach
wnich as yet has not been widely used to study tae adsorption
process. rFrom ths advantaze of extending the lower 1imit of

measurement, tracer use would seem to offer much promise. In

e
]
Cu

oractice, restricitions are imposed by the availability of

"S

adloisotopes of thne desired elament possessing convenlient
energies axnd nalf-lives. It iIs likely that advances can be

xpected irn tals area along with the greater availavility of

ng

s
o}
e
4]
(o]

rad topes and more versatile detection instruments.
411 of these indirect methods are Imporbtant and interest-

ing and will Pbe used within their inherent limitations, which

$. Dused-Silica Fiber Hicrobalances

ibers or, as they are ofter called, gquartz

fibers, serve an Imvortant function in a variety of »recision
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nmeasuring instruments used in scientific research. This is
because of the unigue vdroperties ol sing

of resesrcn. These properties

4]

compared with cther matsrial
include zreat strength and elasticity along with electrical,

thermal, and chemical resistance. ©OCne of ths nmore sxtensive
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Becguse

certaln significant imorovementvs in both the design and tech-

here - as well as their essential and specific applications
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ck
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ed for ©tais research - the followings

coeration, and design, the reviews of silica fiver micro-
balance develonpments (31} (32), or the pavers or specific

balances should e cornsulted.

irst fused-silica Tibers wesre made by Gaudin in 1839

nave been used In many different types of instruments. Taese

elements in galvanometers (33), in gravimetric balances (3iL),
in manometers (35), in magnetometers (30), and in various other

devices.

Thelr extensive use in the construcition of microbkalances
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The idea of controlling a microbalance by using the

interaction of an external electromagnel [Zelmholtz

o
(@]
=t
&
[0
}._l
<

ceils) with the Tield of a permansat dar maznet mounted on
the balance beam goes back bo Angstrom in 1895 (L1). Emich

el ~ -~ A = eyps -~ H o . . =
{ii2), Stock (43), and Tiesenberszer (lii) used Angstrom's icdea

of elecitromagnetic control in tacir iznvestizations.

The guthor and his co-author Baldwin (45) descrivsd for
the first time a fused-silica microcvalance uaere the desizn
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Jongz as a balance was not brokesn 1t was in aliznment. The

princivpal improvements to vs pressenitsd here includs the exten-
sion of load campacity Irom ten mz. to Ten grams - a hundredfold

alonz with complete retention of the same working sensitivit
of at leazst 107! grams. Such electromagnetically compdensated
fused-silica valances are row more sractical and versatile

-—— % o o - ] -
than evsr. tecause of the Improved wmas

1--

It should be menticned that She immediats precurscrs of
these balances were those of Dr. i. 3. Jonns, 0w associated
with “lonsanto Chemical Company, but at that time of Iowa State
V071eo,. gonns used waxes and selenium metal to effect nis

seals and consecuently his balances could not be cleansd

eaoilg or used oOver a wide temperziture range. Also, a 7omer
load capacity resulted and the critical seals of the torsion
fﬂ”er-%ould sven slip at times, thereby.changin: The operating
charactezristics the balances
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designs. These balances are descrived propsrly as egual-

~

- - 3 - - 3 iy T AL 3 ~ = $ S AN « LR B
arm lever balancss in which. the beam is rizidly fasitened tec a

torsicn of the central suvnort ritsr to Trcovids btae nscessary

restoring force. Thne valance of Hirk, et al. (48) would be

These valances wnich are necesssrily cpen te the atmosrnere

have besn smployed largely for conventional laboratory uses

TmOSPReres ars not re-
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Finally, tze simplest znd most wicdely used class of



helical sprins type. Discussions of their design {(50),

limitations, and specific applications can be Tound in the

references cited. However, a general comment would be that

hisgh load capaclty and hizh sensitivity with this type balance
have not been realized simultaneocusly, though within taelr
limitations the simplicity of their consiruction and use 1s

ppealing.

[



i. Concept of Apparatus

Z-B balances) but with improved characteristics. One balance
is used to make a direct measursment of adsorption. The
second balance makes the vressure measvrement on the zas

density princivle. Tze necessary valves lsading to 2 dosing
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hamber, and valves, are oI such & size as to

permit immersion of the exntire unit in a water vath.

B. Develovment of the Hiza-Cawvacity Liicrodbalances

Following the development of the Z-5 balance as first

bed (45), and vefore thns modifications were made that

are revorted here, the suthor had carried out several chanzes
in the balance design. These were all in the direction of
providing a larger load capacity at the sacrifice of some

2.

ensitivity: and, ivdeed, several such palances, nstructe

2]
!

and desicned eitner wnolly or in part by the author, were used
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Flgure 1. Adscrpiion apparatus - vlock diagram
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in these lsvoratcriess in several

different researches wnere

deterninaticn of the vapor pressure of liguid metals (51), the

film balance used vy Christian for determining the surfacse

tension of solutions (52), and the kinetiec: studies of Deal on
the reaction of water vapor with calecium metal (53). Based
on such experiences it was Geclded to undertake Ifurther
modilfications with tae objective of extendinz load capacity

whiie retaining hizn sensitivity.

(4
The step by step procedure and unigue technigue cCe-
scribed for the construction oi the E-B balances were used

azaln for this aich

Y

e

)

Q

f

apacity unit; thersfore, in the interest
of orevity, 1t is understcod thnat the closest reference is to

be made to that paper (i5) - only essential changes in design

design was adopted. This dssizn provided a tearm o sul-

ficiently great strengtn to carry heavy loads (up to 10 grams)

g
tivity (of tae order of 10-7 grams). Toe drawing picturing

the detail of the torsion fiber rezion, Figure 5, illustrates-

>

additional imvortant features. DRecause the valances arse used



Wieure 2, idlerobalance, containers, samples
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SIDE VIEW
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TOP VIEW

SCALE — ACTUAL SIZE

Migure 3. [llcrobalance - dimensions
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cons bruction
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e 5. Hicrovalance - detail ¢
region during final tig:



PN ] = S SR s . Ere Pty e
oie oSy CI Twenty nicrons. 1AS3e LeaTUureEs

auncdred grams) comblne to zive a high capacity, hizh sensitiv-
ity balance of taes type used in this adsorption apparatus.

in coxparison tc thz E-Z btalances, it was possible to

extend tne counitervalanced load capaciity of such svsbtems to

ten grams - a one hundéredfold increase. The direct welighing

Ffor tne purpocse of measurinyg the adsorpticn pressures a



oulb on the ozﬂev end. These dbulbs were so desizned that they

sas dispvlaced (a differsnce of the ordsr of 50 cc.}. There-
o}

- of such a balance be 107 -7 T., changes

a
Q
7

the concent of Part A 2and employing balances as described in
Parts © and C Is pictured, its various parts ares identified,

1. ZReaction and dosinT chambers

seals from the silica balance frame ﬁo the wall of Tue pyrex
case. Tne Two dzlance cases were mounited individually on the
brass plate, Figure 9. They were comected dy a glass tubing
T wkich zlso connected to the middle valve . This enclosed
volume comprisesd

brass plate carrying the three valves hadé been rigidly secured



FARTC T 2 Yo I 5 RPN 2 H .
Flovre O, ldlerobalaunce - gas deaslby balance and case






. iMesure 7. lilerobalance - adgsorption balance and case
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to  the rack. Another glass tubing T connected thae opposite

side of the middle valve with the other Two valves, L and R.
Tnis enclosed veclume comprised the dosing chamoer.
2. mountint the avparatus

Coviously the zreat are and consideratiocon must e

. . A - . . N
nickxness of 1/4 incn slatv rubber

weres vlaced under each tadvle lex and between the stone and tThe

wooden taple top. In agddition, all auxilizsry apnaraitus was
2. b 0 Al oy o -2 - - D
attached irn such a way as to minimize vibration. In tzis con-

P Log,

ceiling and hanging CGown over the main apparaius.

by Bayard and Alpert and Turnisaged oy the Zranvilie-Chillivs
Compeny. These vrericrmed satisfactorily, bthouzn it weould be
most desirable IT similér valves were available that could oe
ovened and closed wiitn less effort. For example, these valves
were opened and closed with a torcue wrexnch to ths raﬁ

T.

to 3C fcot-pounds in mcst cases. nis was guite severe
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adjustment by three, series wired, variavle resistances of

1000, 20, and I onm values. The brass Toras and Zelmnoliz

alaat

iz

27 s = P 3 2 an T S e £ aopn
ccils are clearly sacwn in Fizure 12. This type coll was

removed as needed during bake-
e @i T ey e T e & A . [ S 3 g ey -
measuring the voltaze drop across a fixed standarda resistance

potentiometsr and a Rudicon snadow-00x galvanomeier wsrs used

.

to make tixis volfae valus measurement. Rsversing swiiches

so could s used as a check for vossible accidental movement

of the adperc-cus. Tne scopes thnemselves were mounted rlg

2

to ths same brass plate tnat nheld the valance casses.

O. Liethod of thermcstatting
The zereral method of estavlishiny fixed temperatures for
the experiments was vased on the immersion of bthe entire



PMieure 12, Helmholbz colls - 1n position and empty coll holder
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=3 Tm sl 1 yopay = Ty T LU 4 —, oy A
reaction chamber In a water bath. CPrelininary exgerinents

esvablished that vibraticns and stray fields Trom the stirring

motor (and even uneven lightingz from the flsshinz ZI. R. dulbs)
Tected the balances i stirring and temperatire

rezulation wers done iIn the water vath tanik proper. Thersfore,

- o - P —~ i T AT o - -~ . P b e Qena
overflow tanic from which the water was finally returned

circulating oump to the rezulated tani.

2. Temnerature rerulated tank The tani where the

water was rezulsted to Tempersture was located on & sheli some
) : ~ 3 L. - .. PRI S o
three feet aveve the water vath tank. The merc-to-merc

thermoregulators were comnected to an electronic relay (odel

E-3 as supplisd by tae wmil Ireiner Jo.). Tue welay actuated
a serics of I. R. duibs {ore ©to Tive 25 needed) vroviding the
on-off nreat source. Constant coclinT was provided by tap

water circulating throuvgn one of thrse asscorited lengths of

Am———

coprer bLuoinry immsrsed in the tanx. Stirring to the poiant of

~

rer snd tae flow of water by The actlons of the siphons and

circulasting pump. auxiliary knife-vlade heaters were used

only to help adjust the water to temperasture - once thers the
I. R. vulbs provicded all the heat. ‘iater was siphoned from

this tarng down and into the water vath tank througa two tygon
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descrived above was used for

-

19.70° ©. and 28.83°
. - . s oz

made¢ by usinz a refrigerated

heat sources were then used

3ecause tnis tank was lower

circulating metno

-~ 3 S . 4.7,
vumped up intc tae
overilcw tanik inte
DAanwm Favasse
e. .L'.uo‘u. Loulios
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tanikk.,. The thermo-rsculator aad

=

in connection with tanis tank.
than the water bath tanl the

s reversed. Ths reculated cold water was

rom the

nhe stability of the entire

TTected 0¥ heat exchanze te the sur-

.

Tound nseessary to in

4]
do
1]
]
)

a2

steady ocsration of the system
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ceterminaed at thas ice noint vexn
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Prgoaration

The adsorbert sample of cuvic hadit sodium chloride was

srevared accordinT to the procedure of lgrsnall (5). This
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b. ‘Weizhit and volums Larinm Cravimetric procedures

or ths macro-scale are not olten concerned with buoyancy si-

Tecits; howsver, in Tths nmicrogsram ranzge vuoyancy effscts become

sersitivity operating in a zas of represeatative molecular
welznt 112 and &t standard conditions of temperature and pres-

sure. The density of such a gas is ecuivalsnt to 5000 micro-
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Zrams ner millilitsr. CLonsscuently the volums displace

ey

oy
228 to ve identical to

) EaN
er voan one

he densitles of The sample and countercalance materials
are nct identical, so that an exact wei~sht tarins =gy not ac-
éomplish volume taring Also Tths talance may not 28 sym-

the two lever arms and the volumss of
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che two sides cof the team may not ve exactl
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adaition, a pointer fiber mounted on one end of the beam con-

tributes teo asymetry. 211 these fzactors comdine in an
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ooserved ouoyancy efisct.

If the buoyancy effect iIs not eliminated - by a painstak-

ing volume taring operation - a correction for it rust be
made. In zZeneral this could ve calculated if tae cdifference
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alculation is ziven in D,

the dbuocyancy eifect alone as related To zas density. Tais is

done oy admitting 2 zas to the reacition chamdsr that will not
adsorv; in this case the total apparent weight change observed

A

wlill e caused ©y dbucyancy. The calibration is mads at

1=

proporitional te zas density and to cbtain the constant of pro-
portionality. OCnce this Tactor is established, tne raw
adsorption balance data reflecting comdbined adscrytion and

sucyancy may e cor:

rected for bucyancy. The corrsciion for

the contributicn due te buoyancey is calculatsd from tae zas

density observation. sese D. Treatment of Data. The precision

result - revressnting adsorvtion alone - is still the "working
sensitivity® of the btalanrnce, and relative precision is still
adecuate and the same as if no vuoyancy correction nad bsen
necessary.

Realizing this, a time consuming precision volume Taring

——rs b



oneration was »not made In thils research. There was a volume

difference. 4 large buoyancy correctiion was necessary, and
this correction was mads with no loss of orscision; in fact,

e S - e ags 3 A ey oy = £ T Ao mmry s e G 1 - v~
his may well demonstrate Tiie test way to determine such cor-

"rections.

c. ZountingT samples on calances After the sample and

countervalance bucxets were nung in place tnie oven hang-down

tuoss were sezled off ané the entire system baked-out under

vacuurn.

3. ountinz tiie zas samples

iny from valve R, valve R being closed. Zefore
nis seal was made a soft iron slug, encased oy pyrex btuding,
was inssrited in the tuolang line for the purpose of breaking

the zlass buoble when desired. The entire apraratus was now

1. Adsorption runs

The orocedure used ©o overziec the apparatus will te de-
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scribed a3 carried out Tor 2ll the adsorstion runs and Tor the

water vapor isotherm wnich was deter

B

ned to nelp establish
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surface agrea. Iodificatiocons for calioration runs will be
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broiker the watsr surnnly Tube from the Tavy was iaserted in the

tion. 4is soon as. over:lon from the water bath commenced, the
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circulating pumd was started to rsturn the water from the

ve stendinc by In a primed condition. If this were not so tae

sipvhon flow was stoprned by clampiznz until the pumd was

reprimed. Tne easiest way ¢ vrime the pump was To use the
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ror: the tapy to f£ill the »ump and its tubes with

at the cutlet end (at the point of delivery

into the upper rezulated fark). Siphon flow and pumd opera-
s

ned with the pump return flow rate agjusved
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by means of the variac control to btaiance the siphon flow.

The overilow tank was a six inch diameter, two feset lon
glass cylinder. so taat the rf%e or fall of the water level in
this‘tauk could e sesn easily ard could indicate any chaﬁge
in the relative flow of sivnons and pump. To minimize the

"loodingz, the pumping rate was pitched a bit faster

than tThe overflow rate so0 that the puwmnd would be sucking soue

device to prevent floodiny but the volume of water in the
overilow tank at any time was constant and no more than

& liter in zmount which assisted steady orcration of the

thermostat. As Tae entire system came to temperature final

and adjusbtments of the nuunbsr and locations of thae I. R. bulb

witz three otaers actuated by the relay. Adjustments were
made untli the on-ofl heat cyecle time was regular and in the

In most cases the bath temperatiure became siteady within
an nrouvr after startving For the Tirst run at & new tempéra-
ture the same adjustments were made but usually reguired more
time,., 4 different thermorezulator was used for sach of tae

three temperatures to make it easier to re-establisnh a temner-

ature for repeat runs, thouzn usually all gases wers run

oefore cnanging temperabture decause 1t was easier To caange
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opened and closed to twenty foot-pounds torgus. To furtiner

simulate operating conditions these readings were talken over a
thirty-six hour period with four separabte dake-outs made dur-

of taree microvolts from the averaze, and a maxinmum deviation
of eight microvclts.

AS a conseguence of this tne precision cf thne adscrnition

neasurements was estimated as #0.3 to 0.5 microgram.

2. 2Precisicn of vressurs measurem

tne temperature control.

2. Temperature effect The temperature contrcl was

estimated as avoubt #0.01 C. Tuis would reflect an uncertainty .

in a pressure measurexent of atout cne part in thirty

throusand; at ovressures of 300 mm. of Hg, an uncertainty of

coout C.01 mm. would result.

0. ZRevnroducivility of zas density balance readin-s

The vresence of zas in the reaction chamber improves the pre-

cilsior of thes zas density valance readings oy 2 heluful damp-

ing effect. TFor instance, a series of readings taken at avout

12 mm. wressurse of ethyl bromide resu;ted in an averaze

~
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deviation frowm thé averase of 0.00004 volts, or about +0.03

mm. uncertainty. However, at 118 mm. nressure, the unceriain-

Consequenily, the precisicn of the »nressure readings was
estimatsd to ve In the range *0.01 to T.03 rmm. of Hg

Thé raw data used to establish a »noint on an isotaerm
consisted of inxe volitaze values nscessary to null the adsoro-
tion and zas density dalances. In this section tae treatment
of these data to transiorm tasm to the ccorresponding amounts

of adsorwitlion and recuced pressures will be descrived.

Gition, the transicrm ecuvations will te apslisd tc 2 repre-

sample in out-gassed

condition) to give a so-called AR 3g. value. Tais value was
then corrected for the buoyancy effect, transformed to the

tnit calied billinmoles {one bpillimole = 1072 moles), and used



pillimoles - :
of mas BY = AN ads Eo g, F 0.00969) volts x *=-
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~2 rillimoles r e .
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- mole =
iy . [ Y 4 R R EN ° Ja+ g K 3 - b 3 L)
e aovnly this eguation To the data for a point on the isotherm

AEzs. = 0.001881, A%, = 0.11073; resulting in ths iso-

= 0.001851 - (0.14073 = 0.00959) volss X se-

an Zrams | 1l mole
velt 7 105.9C gram

LI

c. CGas density talance voltage (E. g.) to Z/Pg, ;
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AL~ s value was First ovtained Ty sudiract
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Trom the starting value. Thls AB. g, value was then trans-

of the factor de-

o 3 - 2 S,
rorreda LC wiae corr

]
[0}
3
Q
o}
Qu
|,.h
]
[¥B]
h
2
1id
Wi
H
O
e
]
1]
£
5
n

bration relating these two cuantities
(?CQEEBP/Z&E 4. = 792.3 mn./volt). For zases other itnan
ethyl oromicde and btemperaturcs otner than that of the calibra-

hg EX) = =
made, that is.

()
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A. Development of Theory

g S BN P, - - ~ T o LS Lo o~ - -
derxendent test cf nis tTheory. Tne cnaracter of the experimen-

tal adscrpticn isotherms is such as te provide an iniersstin

Livmmame | Ry
LIITLLLID N MLl

) z - .
li, 15, and 19) may be wrid

A

=
|
®

g . ~

: 1t was first developed by HZansen,
and avpolisd by aim to Arnold's data (55) on the adsorption of
oxyzen and nitrozen on anatase, vroved to ve not completely
satisfactory Tor these cata. Thererore, modificatlions were
made in collavoration with :iaxnsen, walich resultsd in ths form
used in this work. It iIs understood that ilansen will ze pub-
ishking on all this In the near future



This is a Laagmuir Type expression modi
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nesse sarametsrs will be

world just.cover the suriace (monolayer coverase

structure, and taes cross ssciional area of an adsorbats molée-
cule. " The parameter m 1s related to the numtsr of iirst
layer =as molecules a second 1ayef molecule must contact te-
fore condensing, énd sc, is limited to small rnumbersz. Reason-

able values Tor « and ars also demanded Tor the Iree

adsorption involve o values, waile the cuantity

the van der @2a2ls interaction poteantial.
Critical reviews oi the theories of
are readily availadle, for sxzwuple in Srunauer's bpok {29)

“d more recently oy Halsey (56). 3Secause of thre Importance

o the Lancmuir ecuation, its relstionshis to the btresatment
(=3 b4 X



certain of the varametsrs we will use, a derivaitlion of the
Tangrmuir eguation will e ocutlined. In additlon, the models

ol the Brunausr, fmmet and Teller theory (3.Z.T. tasory) and

sulficient bacizround. 4T the pressnt time no theory is
complete satisfactory elther theoretically or in avility to

- J oo [ el . = L - - . - o -~ ER S
was advanced in 1215 (57), and has bzen veraaps the most im-

portant sinzle eyuation Ia the fisld of adsorntion. It was

0,

based on assumptions of non-interacting zas moleculss and

‘u

ct
dl

(u

- 3 ey ] R K - o
unimolecular adscrpition. At preseat th

howsver, 1z most cases, the stariing point iz their develop-

ment is the Langmuir eguation. Ilangmuir's ori

derivation has been made Ffrom toth thermodynamic and stabtis-
tical considerations; these are reviewed in (29).
Ecuations waich exgress the chnemical potential of adsorb-

ed zclecules in terms of surface coverage have veen derived

- S e - = foe s
ziven, for example in Fowier and Zuzzsnheim {50). The model
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used for our purpose is the regular localized monolayer. This
model is baéed on éite-wise adsorption, in principle to
completely localized adsorbed molecules, but it is also appli-
cable in good approximation to moblle adsorbed molecules. The
chemical potential derived statistically is (Fowler and

Guggenheim, ref. 58, p. 431, Bq. 1007,8)

M. o =xr An 1—:9-5 - An ao(‘T) + 21{%‘” _ VII, Eq.l

'where G is the fractional coverage of the surface, 2, is the
partition function for internz2l degrees of freedom .of a mole~
cule adsorbed in such a way that the surrounding sites are
vacant, and 2w/z (where z is the surface coordination number)
is the enthalpy change when two separate adsorbed molecules
come to occupy adjacent sites. |

This expression for the chemical potential, may be rear-
ranged arbitrarily (and conveniently) for the purpose of
calculating a standard free energy of adsorption. The rear-
rangement results in a constant term (identified with the
chemical potential of a reference state), a term identified as
.a product of temperature and the idealized relative partial
molar entropy of adsorbed molecules, and a2 term which could be
called a surface activity coefficient. This means that, in

analogy to gas phase chemical potentials, the rearrangement

gives an expression of the form:

0 {
M= M +15+x7 0¥ VII, Eq.5



Tne adscrrtion isot
in the gas and adso:z

- o 3 -~ ERSN
in this form, tae s
phase, azd tie hypo

f£illsd suriace for
6/1 -8 =1). In

— Je 7. Lo B
wHRere 200ve vie I1YXET
~ M, 2 3 At
nasse. L8 Dicvure

colurmns of molecules,

2 1ln suca

=

molecule

VII, Ec.b
ViT, Tg.7

¥IiI, Eg.8
nerm results waen the chemical potentials
roed states are eguated; that is ){q - =
- (..s‘:‘.
the relation
4 o
_Ma.z."Mz. AFa.g.

— = 2T _ BT o
=2 e : =P e sl 7II, Ec.9

r 2]

F 2o
tandard stztes are pure licuid Ior the zas
tiretical idezlized standard state of nalfl

EI = e A 3 -

the adscrbed phase (that is Y. . = 1,
uoi').

the discussions -6 the individual pareme-

this exvression VII, Zc. 9.
Brunausr, Smnett, znd Teller

is not physically

a s

1 for tihis
=, P Poog
the first

tack lacks a Tull complement of nearest



~J
wm

neirsnvors Its binding enerzy must ve less than It would have

Halsey's model (O80) was vased on 2 consideratio:
nis led to the plcture that the free enerzy chranzss involved

could D2 zXpressed 1n terms of an inverse r3 law as follow
7.3
RT An 2,/P = K/> VII,Ec.10

and as a comnseguence ol this, tne isother: resulting was

7/

o S 1T .50
T An 2o/2)2/3 - 7II,2g.

the isotherm will come into thie orisin with an

and this 1s not a paysicslly satisiacitory nicturse. Thls is a
consegue of allowing the intsraction distance, r, detwsen

unrealistic nicture as tiae dimension of a molecule cannot
become vanishingly szmall. In this comnection, but from

adsorbate 1olecular centers as oOne moves away

from tae sclid. Iansen's succeinet comment on all this was,

2 surface nralf-covered with wrnole molecules is xznoct a2t all the

same 25 a wrhole surface covered with half-molscules.”
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In the Hansen model, first layer and hrigher layer adsorn-
3. = 3 o~ - e S P Yokl - oy T S S -7
tion are treated separately and taen unigquely combined in the

exoression VIY, Eg. 1. &4 Langmuir type model is ussd for the

<

first laver adscrnption. Alont with this, condsnsation is

The criterion for resemblance of first layer Tc dulx

licuid is tzken as meaningt the existence of sets ¢f contigucus

=

.

work (i.s. cylindrical ratner than spherical molecules). Talis

e —

feature of thie model iz pariticularliy attractive, espneclially as
i : et 3 ne < b - =
one recalls the reservations in accenting the “poler cily
-~ R L ¢ - A ~— 2 T T e S o7
stacking sugroested o7 thre E.Z.T. apzroach, and tae sver-
diminishing r 3iImplicaition of Zalsey's theory
oA 23 A 3 Sy =

tiy= 0 0% [E ]

d.oa.
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633 represants the rnumder of molecules in the Tirst

5% + -y ~ ~ " - ~ o 2 I .4 —— ESS 2"
LS 2nTire oracl:Het SeXNresSsLon Teyressnts uae tiiickness of tne

= B —— K - PR, ~ | SN . .
licuvid layer in molecular units. Tae "minus one” is vresent
= 4 = Te R ~ 14 I, T S 1 J— P o - -
in the oraciet Term to “subtract away” tae first layer, To

t
oy
i}
e
W}
]
2
o3
o
cf
[O)
3
<
W
-t
o
o
153}
o
n
o]
0
cr
O
(¢}
O
i
12}
¢t
]
<
(]
¢t
ck
et
12
0]
gl
®
(o]
3
(Y
clk
}..'
o
M
|...l

.

K+ R O - P i B4 -~ o) : -

isotherms, presentsd as solid lines on Figures 13, 1li, and 15,
a

Adsorvate Ses Isotherm I ™ )3- )/ o X
cas Tigure tempesra-

ture

o]
[

w W

n

(]

C
N
1
UL
-t
B
=
O
L ) L)
~N O
Q
(@]
)
(@]
*
J|
N
(@)
[
[ ]
(@)
O
(@)
et
L)

3
R 0.503 1.000 1.3C

)]
yu)
[ ]
On
0
@)
(@]

CHaT 15 19.70% % ¢ " 0.76

n

l_l
\
[\
o
*
[0)Y
)




. Application of Theor
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Avplication cf the theory will e made by a discussion

The parameter I, which represents the sites on the sur-

-l

ace {the number of molscules to zive monolayer coveraze) has

o™

<

the same vslue oi L350 villimoles for all the systems. Tais
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soroate molecules. That Is tc sayF, tahat there zre opreferred
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) = 2 —e o SRS Al A A g o~
Cie 1LOonicC Crysial surizce, and Taese are i12ar snoust
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o

o :
oar S

(@)
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that sach bype zdsorbate molecule may it into dlace
without crowding. Taat this misght be the case is suvported ©Y
a. later discussion of tﬁg'x’;wrameter values. Thess values
are uniformly low as compared with bulk licuild valuss - there-
b7 implying somewnat zreater inter-moleculszr distances which

such a model vased on iIattice ssacing coulda provide. A model
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XO _ 1 >C 1f3 - ‘1/3
3 = | 2.30337

v

or, for the complete adsorvent sample

~ I I's: 1:’/3 ) -1 / 3
RPN (2.353°T) 1og Po/F YII, Eq.22

mcles adsorved Dy the sample at a 3iven P, moles reguired to

-Tne coefficisnt C depends con the cnaracter of thie inter-
molecular interaction enersiss vebtween adscrient and ad-
sorvate; for rzrs gas atoms interaciing with adsorvents such

as carbon Stzele and Zalsey (63) use
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where 5 is mrcewnerilonal o

aprrcacn, a's are polarizadilities, and 's are dizmag-
netic susceontitilities, vut The present Ta3es sre polar
zases, the adsorvent an ilonic sclid, and the interaction
enerzies are correspondinzly wore comnlsx. Considering the
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pected from this relation, nor could any other relation de
B ~ ewst . o %o - . h = - - Qe o T - - 3 B
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determinaed oy tae structure of the surface. It would Te
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