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ABSTRACT

-

L. Isotherms for the adsorption of argon on oxide-

coated nickeli powder and on this sample after each of several
reductions with dry hydrogen at 350° were determined at -195©
and -183°. Equilibrium functions, i1sosteric heats of adsorp-
tion and intzgral molar entropy values were cslculated. These
data showed a marked difference in the surface nature of the
unreduced an® reduced samples, lHowever, the adsorption behavior
of argon on the reduced samples was similar above monolayer
coverage, In this region of adsorption the only effect of re-
ductions at high temperature was to cause an increase in particle
size due to sintering without markedly changing the surface
neture of the reduced metal powder,

The equilibrium function and isosteric heat data
indicated that both the unreduced 2nd reduced samples were
heterogeneous, Adsorption sites of higher energy as well as a
wider distribution of sites characterized the unreduced samples,
Stronger cooperestive effects leading to an increase in heat
values and a subsequent maximum near monolayer coverage was found
for ergon adsorption on the reduced sample,

On the basis of experimental and caiculated integral
eastropy values, a model of localized adsorption on a heterogeneous
surface without adsorhate interactions explains the adsorption of
argonr on the unreduced and reduced semple., This mcdel is probably
not valid beyond © = 0,5 for the unreduced sample and beyond the
relativeiy low value of 6 = 0,2 for the reduced sample; above these
© values lateral interaction set in, At very low coverages on
both samples the heteroreneous nzture of the surfaces was evident
from the low molar entropy values Sg and small configurat ional
entropy contributions,

s A low temperature calorimeter to measure hests of
immersional wetting in liquid nitrczen, has been constructed,

The heats of immersion of magnesia, Silene, alumina and Graphon
(a grephitized carbon black) in 1iquid nitroscn were found to be
ractically the same, Thus, 2 siaple determination of the heat
evolved in terms of the volume of liquid nitrogen vaporized when
the clean solid is broken under the liquid mey be used to measure

specific area,

Theoretical values for the heat of immersion of magnesisa
1n liquid nitrogen have been calculated by two methods from ad-
sorption data, and were found to compare favorably with the experi-
mental value, The contribution of the free energy term to the heat
of immersivn was approximately one-third that of the TAS contri-
bution,
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QA e The effect o1 increasing the amount of surface

oxide on Graphon on both the water vapor adsorption isotherms
and the heat of immersion in water was studied, Oxidat ions
were carried out at 530¢ witn both dynamic and static oxysgen
atmospheres for successive periods up to 20 hcurs total, While
the volume of water adsorbed incressed regularly with the time
of oxidation, the shape of the isotherm up to a relative pres-
sure of 0,6 remained unchanged; plots of surface coverage Vs,
relative pressure were identical for the original sample and
for the various oxidized samples,

The weight loss due to formation of volatile oxides
of carbcn was a linear function of time -f oxidation whereas
the formation of surface oxide appeared to follow a parabolic
rate curve, The ratio of the apparent area available to water
adsorption to the total area of Graphon determined by nitrogen
adsorption was taken as a measure of the fraction of surface
oxidized. After activation for two hours at 900° the Sample
showed a considerable decrease in the numoer of hydrophilic
sites due to volatilization of oxymen ccmplexes on the surface
of the original sample,

The heat of immersion in water did not prove to be
a linear function of the fraction of hydrophilic surface, The
increasing slope of the heat of immersion vs, hydrophilic
fraction appeared to indicate that interactions between molecules
adsorbed on adjsacznt patches of oxide sites increased as the
number of patches on the surface increased, The slope ard
intercept of the curve for the more hydrophobic samples was used
to estimste the heat of wetting of the carbon surfece and of the
hydrophilic sites,

—— i mtm

———— e
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GENERAL INTRODUCTION

The investigation cof surface heterogenelty ia this
laboratory has demonstrated thast a metallic 3urface may have
both a real physicai heteroseneity due to surface irregularities
and an apparent chemicsl heterogeneity due to changes in the work
function of the metal during the adsorption process, In addition,
heterogeneities of particular importance in cherisorption result
from tlhie prasence of chemical impurities on the surTlace of the
adsorbent, These three types were shown (Technical Reporiu No. L)
t o be important to an understanding of the behavior of mclybdenum
towards oxygen at 1low temperatures,

The studies of Graphon (Technical Report No, 5) by
gas adsorption and also by a newly developed immersionsi calori-
metric technique illustrated the role of active sites in the a2d-
sorpticn »nrocess even though they are only sparsely distrituted on
the surface, Withcout tle development of the immersion calorimeter,
the thermodynamic data necessary for the elucidation of the mechan-
1sm of water adscrpticn on Graphoa would have been impossible,
Furthermore, the combination of adsorption and calorimetric measure-
ments greatly widens the range of solid systers that can be studied.
Thus,; a previous study ot the oxide films on nickel, steel, and
molybdenum (Technical Report No, 5) i1llustrated the value of heat
of immersion data 1n obtaining a gquantitative measure of the

porosity and hydrovs nature of oxide coatings. For astestos,
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the linearity of the heat of immersion curve with increasing
amount of water preadsorbed provided elegant confirmation of
the surface homogeneity of this meterial,

The role of surface heteroreneities such as crystel
edres, cracks, lattice defects, and #rain boundesries in chemi-
sorption is highly controversial, Wheeler (1) points out that

(1) Structure and Properties of Solid Surfaces, Univ., of
Chicago Press, Chicago, Illinois /1953) p, 458,

the possibilities of the properties of plane crystal surfaces
and their role in chemisorption should be exhausted before
heterogeneities should be invoked. Furthermcre, a new concept
of the process of chemisorption has been advanced by workers

(2){2) who seek the explanation for chemisorption in terms of

(2) M, Boudart, J, Am, Chem, Soc, 74, 1531 (1952).

(3) D,H, Dowden, J, Chem, Soc,, P, 242 (1950),

the bané theory of metals, or more explicitly in terms of the
changes in the Fermi level of the metal and the distribution

and cccupancy of the electron energy levels at the Fermi surface

as chemisorption proceeds, Boudart's model accounts for the

main facts of chemisorption without directly involving the presence

of the usual types of surface heterogeneities although there exists
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a marked similarity between this picture and that of "apparent"
chemicel heterogeneity defined in our Technical Report do. 5.
bowcen's views are most complete since they include the effect
of chenicel end vhysicel heteroreneities. In addition,

Volkenshtein (4) has introduced the interesting idea that

(4,) TF.F, Volkenshtein, Zh, Fiz, Khimu. 23, 917 (1949).

hetercgeneities are mobile and can interact, 7o assess the
value of these new ideas a critical survey of “lhe current deta
and theories of the rcle of surface heterogeneities in chemi-
sorption was undertsken (presented at the Gordon Conferences

on Corrosion and on Chemistry 2t Interraces). A summary of this
study wili form the basis for e future technical report in this
series, It may be categoricelly stated, however, that certain
chemisorption results from this Leboratory, as well as data
presented in the recent literature, could not be explained at
present without recourse to the heterogeneity concept,

The present report contains three sections covering
various phases of the pro ject in manuscript form:

1. The results of & study of the neterogeneous
nature of oxide-coated and reduced nickel samples by the adsorp-
tion of argon at 1ow temperature,

2, A description of & newly designed and constructed

immersicn celorimeter used to obtain heats of wetting of solids

———— e
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in liquid nitrogen and its application to a study of a sample
of magn:esia which had been extensively atudied by adsorption
methods,

3. A study of the system water-Graphon and the
heteroseneities introduced by successive oxidations at high
temperature,

A summery of work in progress is alsoc included,
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I,

ADSORPTION STUDIES ON METALS IV.
THE PHYSICAL ADSORPTION OF ARGON ON
OXIDE-COATED AND REDUCED NICKEL

INTRODUCTION

Gas adsorption techniques were emplcyed in this
laboratory to study the surface heterogeniety of molybdenum

metal (1), A thick oxide film was formed on the molybdenum

(1) PF,H, Healey, J.J, Chessick and A,C, Zettlemoyer, J. Phys.
Chem, 57, 178 (1953),

surface after exposure to moist air during storage. Reduction
of this polymolecular oxide film by high temperature treatment
with dry hydrogen increased the surface roughness or physical
surface heterogeniety, After successive heatingsin the presence
of hydrogen a lower limit of surface area was reached, For a
further understanding of metallic surface properties, this

work has been extended to nickel.

Through the development of adsorption thermodynamics
and its aspplication to various adsorption systems in the last
decade, it is now well esteblished that thermodynamic functions
are very useful for characterizing the properties cf adsorbed
films. However, since the comvlexity of the different existing
forces and the wide differences in surfaces, it is helpful to
investigate more than one function before reaching final conclu-

gions., A sharp initial drop of the isosteric heat with increasing

[
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surface coverage is generally attributed to the surface hetero-
geniety. Following Hill's (2) statistical development, the

(2) T.L, ®ill, J, Chem, Phvs. 17. 262 (1949)

entrcpy of the adsorbed phase could be evaluated, which serves

a8 a parameter for defining a surface, Furthermore, Morrison

and Drain (3) were able to calculate the configurational and

(3) J.M, Drain, J,A, Morrison, Trans, Faraday Soc. L8, 316 (1952),

non-configurational entropny values of system consisting of a

heterogeneous surface, Recently, Graham (4) has introduced

(4) D, Grgham, J. Phys. Chem. 57, 665 (1953),

the equilibrium constant of a localized zdsorption system for
characterizing a surface, Very litc¢le work has been done with
the last method., In the present work the conclusions from this

free energy function are compared to those of isosteric heeats

and =sntropies,
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EXTERINENTAL

Materigls and Apparatus - The nickelr semple furnished

oy the International Nickel Company had a rerorted purity when
first oprepared creater than 99%; and a particle size range from
2 to 25 microns, The sample was passed through a 400 mesh sieve
before use to remove large particles,

Hieh purity tank areon and helium were used, The
argon was furtiier purified by passage throush fine copper gauze
heated to 500 and dried with magnesium percnliorate, Helium
was purified by passage through a chercogl trap immersed in
liquid nitrogen.

Tank hydrogen, 99.8% pure, was passed slowly through
a Baker Deoxo Unit, containing a pallacdium catalyst, and then
through a drying train consisting of two magnesium perchlorate
driers, a phosphorous pentaoxide tube and a cold trap immersed
in liquid nitrogasn., FPrevious work in this laboratory showed that
water diffused into the reduction system 1f rubber connections
were used, Therefore, the reduction system was of all-glass con-
struction with Tygon tubing connections,

An Orr type (5) apparatus wes used, Apiezon B 0il which

———— e e e

(5) W,J,C, Orr, Proc, Roy. Soc, (London), 1734, 349 (1939).

had a very low vapor pressure and did not dissolve measurable
amounts of the gases studied was used in the menometers., FPressures
as low as 0,005 cm, Hg, were measured with this oil, However. the

heipght of the manometer restricted pressure measurements to about




L

L.
5 em, Hg, To incre ¢ trne range of the manomgter, a back dressure

was enplied to the vacuum side of the manometer for pressures

greeter than 5 cm. g, In this weay, udsorption pressures =s
high as 20 zm., Hg. were obtained,

It was shown previously (€é) thet sampleswith an area

{6) J.J. Chessick, Ph, D, Thesis, Lehigh University (1952).

2

as low as 0,5 m“ could be stuuied with precision with this appa-

ratus. Nevertheless, in this investigation sufficiently large
sambles were teken so that the total area ranzed from 3 to 7 cm2, '

Pretrestment of Semples - The unreduced, polycrystalline

samples were first washed with absolute alcohol to remove any or-
ganic film. They were then degassed at room temperature for at
least 12 hours to an uliimate pressure below lO'smm. Hg, before
adsorpticn me=surercnts vwere made,

Reduction of the surface oxide which had formed on the
nickel powders on exposure to moist air during storage (1), were

carried out at 350, The hydro=zen after thcrough drying was

passed slowly through 1he samples 2t atmospheric pressure. The

]

reduction times are list

I

»d in Tsble 1, Two nickel samples which
di ffered slizhtly in zrea but were obtained from the seme batch
were studied., The first samvnie was subjected to four reductions,
After sach reduction the sample was degassed at 25° to lO'Smm. Hg,
for 6 hours, then argon adscrption isctherms were determined at

-195%, The second 3zmple was studied primarily to substantiate

T AN AT 4T
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the results found with the first sample as well as to obtain some
additional data for the adsorption of argon at ~183° sad -195°,
After the desired sdsorption measurements were made, the samplies
was again subjected to hydrogen treatment at 3500, Since the
reduced nickel was never exposed to env gas except non-reactive
helium e&nd argon after the first reduction. the second and sub-~
sequent hydrogen treatments were not strictly reductions, Rather
they were ccnducted to allow a study of the change of the surface
properties of the metal as sintering progressed; they are labeled
reductions merely as a convenience, The hydrogen was used to
provide for any accidental contamination of the metal by ailr during
the course of the adsorption measurements,

No effort was made to remove sorbed hydrogen fram the
rcduced samples by derassing at elevated temperatures, since the
primary objective of this investigation was to characterize two
different suriaces - the oxide-costed and that produced by reduction-
by gas adsorption methods, However., to leteimine the effect of
this sorbed hydrogen on the reduced samples on the adsorption of
argon, a separate sample was reduced under the usual c¢onditions and
degassed at 350° for 3 hours, Large amounts of hydrogen were
evolved, Isotherms reduced to unit surface area for this sample
and other samples which were reduced but not degassed at high
temperature were found to coincide exactly above monolayer coverage
indicating that in this region the argon adsorption was independent

of any hydrogen presorbed, Beeck (7) also found that the adsorption

(7) O, Beeck, Advances in Catalysis, Acedemic Press. N.Y,C.
Vol. IT (1950 p. 160,




of krypton on nickel films was indcpendent of hydrogen pre-
sorbed in his sample.

Procedure - One of the cften unreccgnized difficulties
in adsorption studies at low temperatures is the slow cttalnment
of equilibrium at small adsorption pr=ssures, Spurious rates or
heat curves have been shown to result when insufficient time

nas been allowed for equilibrium (6)(8). To accelerste thermal

I3

(8) F,C, Tompkin, Trans, Faraday Soc., 34, 1469 (1938).

equilibrium in the low pressure region, it was found expedient
to precool the sample in the presence of helium at the adsorp-
tion temperature for 2 or 3 hours before adsorption measurements
ware made, The system was then degassed for 30 minutes at the
adsorpticn temperature and argon adsorption measurements begun.
As 2 recult of precooling, equilibrium at pressures below 0,1 mm,
was atlalned within 15 minutes. At high pressures adsorption

was complete within 5 minutes,
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RESULTS AND DISCUSSICN

Adsorption Isothemmy - Arpon azdsorption isotherms

meesured at -195° on unreduced, oxide-coated nickel and on

this sesmole after each of four successive reducfions at 350o
are shown piotted in Figure 1. The shapes of the isotherms
indicatad a marked difference in the behavior of argon adsorbed
on the wunreduced and reduced powders, Contrariwise, iscotherms
for argon adsorbed on the recuced nickel samples were found to
be very nearly parsllel in the region above monolayer coverage
altnough they showed a d3:cresse in the amount adsorbed after
each raduction., This decrease, which exponentislly approached
a i1imiting value, resulted fram s definite incresse in particle
size of the metal powder due to sintering at the reduction tem-
verature, Confirmation of these initiel results was obtained
when s3imrilar studies wsare conducted on a new sample of lower
initial area but obtained from the same batch of nickel powder,
Furthermore, the temperature dependency for adsorptiosn on this
second sample was determined et -183° and 195° ard isosteric
heats of adsorption were calculated,

Some tentative conclusions concerning the natures of
the nickel surfaces before and after reduvection were possible
from a knowledge of the prehistory of the nickel snd a visusl
inspecticn of these isotherms. First, since the metal was poly-
crystalline, it wes reasonable to assume that the surfaces were

heterogeneous. Further, it was concluded that the distritutions
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of cdsorption energy 3ites on the oxide-coated and reduced
metal were quit2 different, Flnally. it appeared that wihile

a new type of surface resulted after reduction of the oxide
f1im, the effect on this new surface of sintering at high tem-
perature was to cause a decrease 1n area without drastically
chenging its site energy distribution, particulerly et higher
coverages, Considerable evidence was obtained to substantiate
these findings as well as to yield more Quantitative informat ion
on the nature of these two different surfaces,

Adsorption Isotherms Reduced to Unit Surface Area -

Adsorption in the first layer, whether chemical or rhysical,

depends cn two factors: the extent of the surface and the cgner

Jelt4
OJ

of interaction between surface =né adsorbate. EBrunauer (9)

(9) S, 3runauer, The Adscrption of Gazses 2nd Vgpors. Princeton
Univ, Press, Princeton, N.J, (1943) p, 329,

designated the former the "non-specific" factor, the latter the
"specific" factor in adsorption, This delineation was, of course,
an oversimplificetion since the interactions between adjecent
adsorbed molecules can be an important aedditional factor., However,
1f phrsical adsorption were completely *non-specific", then surface
area elone would be controlling and isotherms for s gas adsorbed

on 211 types of surfaces would coincide if volumes adsorbed per
unit area were plotted ageinst pressure, This situation would

not exist, on the other hand, if surface "specificities" were

also importent, Isotherms of this nature were developed in order

to differentiate between the adsorption behavior of argon on both
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the unreduced snd reduced nickel samples. Jor this reason a meas-
ure of the specific areas of these samples was necessarya.

The values for Vp were cbteined by tne usuai BET
method and represented the STP volumes of gas required to cover
the surface of one gram of sample with one adsorbed layer, The
specific areas of the samples were celculated from these Vp
values assuming that the adsorbed molecules heve the same hexagonal,
close-packing as in the liqu:id state (10), Another method, the

(10) 1bid, p, 287,

"B" point method of obteining Vy and corresponding area values,
was to use the volum2 adsorbed at the bescinning of the linear
portion of the Type II isotherms. This latter method was adopted
here becsuse of the better agreement in area values calculated
from Vp values at -183° and -195° obteined by this "B" poiu:
metvhod, This agrecement is shown i1n the last column of Tabie I
for sample No, 2,

The isotherms measured for the adsorption of argon on
unreduced nickel and on this same sample a2fter each of four,
successive, high temperature reductions are shown in Figure 2,
The adsorption vaiues were reduced to unit area; i.e.. V/Vp values
were plotted wgainst relative pressure, There was no doubt that
the "specific" forces whether surface. adsorbete interaction or
both were different for argon adsorbad on unreduced and reduced

jckel., On the other hand, the coincidence of the four isotherms

for the reduced samples. although they differed in area by as much
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TABLE I
ADSORPTION OF ARGON ON NICKEL

Reduction Time BET "B" Point

No, (hrs,) Vm Area Vm Area
(ml./g.) (m</g., ) (ml./e.) (m2/g. )

Sample #1
-195°¢,
unreduced - 0,195 0,73 0,167 0,63
ik 2,0 0,168 0.63 0,155 0,58
2 35 0.119 Q. 45 0,413 0,43
3 2.5 0,107 0.40 0,103 0, 39
1L 3.0 0.100 0,38 0,098 0,37

Sample #2

~195°C,
unreduced - 0,154 05157 05033 @550
1 24scd 0,117 0, L 0,112 0,42
2 2,0 0,100 0, 37 0,098 0,37
-1.83°C,
unreduced - 0,152 0,59 0,126 0,49
1 2565 0,122 0,47 0.107 0,42
2 2.0 0,104 0, 40 0,095 0,37
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as 36%, strongly suggested that only emaii changes in these "spe-
cific" forces occurred as a result cf sintering at the reduction
temperature,

Free Enersy Chance of Adsorvtica - Graham (i}

developed a simple distribution function which he claimed
provided the basis for a clecon cut classification of physical
adsorption in terms cf the surfece properties of the adsorbent
as well as adsorbate interaction., The equilibriur. ccenstant
for the transfer of one mole of adsorbate from the standard

statc as a liquid to the adsorbed phase can be written:

0 )
L Ry (2

where 8 is the fraction of surface covered and X 1s the relative
rressure of the gas in equilibrium with solid. The free energy
change is simply given by the relationship

~-A F° - RT 1n X (

o

and constitutes a measure cf the strength of the adsorption
bond, In the ideal case involving localizcd, non-interacting
adsorption on a uniform surface, K is a constant, Therefore,
deviations of this constant from ideality can furnish information
concerning the factors responsible for non-idealiity such as
lateral interactions between adsorbed molecules and the hetero~
geneous nature of the surface,

The equilibtrium functions for the adsorption of argon
on the second sampie of the unreduced nickel and for this same

cample after each of twc successive reductions are shcwn plotted
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in Figure 3 as a function of ¢, The shape of the equilibrium
function curve for airgon adsorbed on the unreduced semple indi-
cated adsorption on a heterogeneous surface, Initial adsorption
took place on sites of high energy. Furthermore, these site
energies decreased merkedly with increasing ©. The equilibrium
function was found to be nearly constant between 6 = 0,5 to
@ = 0,8, the criterion for adsorption on a uniform surface,
However, a balance between cooperative adsorption and surface
heterogeneity, itself, was probably responusible for the constancy
of K in this region,

For the two reduced samples, the values of K were about
25 units gpart at 8 = 0,1 and became nearly egual as & increased,
This initial 4di fference was evidence for the presence of surface
heterogencities at low coverages which tend to disappear as a
result of sintering, Generallv, it appeared from the much lower
K values that the reduced samples were less heterogeneous than
the unreduced nickel, Consequently, interactions botween adsorbed
molecules and a subsequent increase in K began at very low cover-
ages, ca. @ = 0,2,

Isosveric Hegts of Adsorption - Isosteric heat values

obtained from adsorption measurements on the second nickel sample
ars plotted inAFigure L, as a function of the volume adsorbed,

The sharp decrease in the heat values at small volumes adsorbed
for the unreduced sample was of particular interest, A sharp
initial decline in the heat values was found also for the reduced

samples but over a smaller range of adsorption, Also, Hgp, the
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heat of adsorption at zero coverage was approximetely 1.6 kecals,
greater for the unreduced sample than foi this same sample after
onhe reduction, The rise in the heat curve and subsequent
maxXximum near monolayer coverage was attributable to cooperative
adsorption on the reduced surfaces, Almost exact coincidence

of the heat curves [or argon adsorbsd on the reduced samples
resulted 1f these values were plotted as a fuanction of surface
coverage © indicative of adsorption on the same type of surface,
However, at low values of © the heats of adsorption were less
after the second reduction, Tns equilibrium function and iso-
steric heat data indicaeted that both the unreduced and reduced
nickei: samples were heteroceneous agnd that these surface hetero-
geneities strongly intrluenced zdsorption in the region of small
6 for the reduced samnles and to higher values of coverage for
the unreduced nickel, Furthermore, the surface heterogenceities
on the reduced samples tended to smooth out as g result of
sintering at the high temperature employed in the reduction.

Absolute Entropy of the Adsorbed Phase - Hill (2) showed

that on a model of localized adsorption on 4 heterogeneous surface
without adsorbate interactions the configursticnal sntropy at

temperature T is given by the equation:

S

B 9
= k1 e
¢ n Ny 7 (By-Nj)¢ 94

where Bj represents the sites of energy i and Ny the number of
molecules adsorbed on the By sites, The maximum possible con-

figurational entropy Sy (T infinite) 1s expressed by the relastion-
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ship:

B ! /
Sm = k 1n NC B--NT:’.- L4

and is independent cf the distribution of site energies on

the surface. S; alsc gives the configurational entropy on a
uniform surface, Drain and Morrison (3) carried osut the
arduous alculations necessary to obtain the configurational
entropy from equation 3 as well c&s the non-configurational
entropy for the adsorption of argon on rutile at 85°K, A know-
ledge of the site energy distribution tor asrgon adsorbed onp
this solid at 0°K wes essential to their calculations and this
in turn was obtained from calorimetric reaesurements of the heat
capacities of adsorbed argon films down to verv low temperatures,
These heat capacity measurements prosabiy represent the only
method nresently available to obtain 2 distritution function at
0°K whe=e the surface sites fill striectly in order of their
ererglies,

Since it was impossible to obtain a proper distribution
fun~ction for the argon-nickel systems studied here, the rigorous
calculations of the type cutlined by Hiil couléd znot be carried
out, However, on the basis of the model outlined previously.
the integral molar configuraetional entropy is represented reason-

ably well by the equation

2 :
Se v R ._g. J.ﬁ

-— - b i
3 1n p

\n
S

Thie expression 5 is accurate for a site energy distribution

wide compared to RT and should not be in error by more than 20%
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even for a homogeneous surface below monolayer coverage (3),

In Figure 5 the experimental molar entropies, Sg,
for argon adsorbed on unreduced nickel and this sample after
one reduction are nlotted as a function ol surfsce coverage, 6,
The general shanres of the two curves were similar; i,e,, both
showed an increase in entropy with increasing adsorption in the
ranze of low © wvalues and then remained little changed .3 coverage
1ncreased, The absence of high entropy velues in the region of
small © was surprising for this adsorbate at thls temperature and
suggested that adsorpntion here took place on very heterogeneous
porticns of the surfaces with small contributions to the total
entropy due to confizurationa. effects and particulerly so for
the unreduced sample,

For localized adsorption on 3 heterogeneous surface,
confipurational entropiecs calculated from equatior 5 should be
valid tor the argon-nickel systems up to the voint where inter-
active adsorption begen, Calculated configurational entropy
values for both nickel surfaces are comvared i1n Figure 5, These
values were one to two entropy units lower for the unreduced
surface and supported the contention based on previous data that
thie unreduced surface was the most heterogeneous of the two
types studied, Furthermore, the configurational entropies for
both surfaces tended toward zero as @ O, a fact already deduced
from the shapes of the integrai entropy curves at low 0,

The calculated, Sg, curves increesed with increasing

coverage and eventually exceeded the meximum possible configu-

—————— e
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rational entropy, Sp. For the reduced sample. this took place
at 9~ C,2 and undoubtedly was evidence for the onset of ad-
sorbate interactions at unusually low coverages, The equations
developed by Hill (2) to treat adsorption on a heterogeneous
surface with nearest neighbor interaction were too complex to
treat mathematically even if a proper distribution function were
available, Thus it was likely that a model of localized adsorp-
tion on a heterogeneous surface without adsorbate interaction
was not valid beyond © = 0,2 and € « 0,5 for the reduced and
unreduced surfaces respectively.

In the presence of interactions a “Aivision into a
non-configurational and configurationai entropy becomes arbitrary,
Thus, 1t becomes difficult to intevrpret the essen*tally constant
entropy values at higher coveragec. These valuc 2Te very near

the entropy of liquid argon for both samples,
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A VOLUMETRIC CALORIMETER FOR
HEATS OF IMMEREION OF SOLIDS
INTO LIQUID NITROGEN

INTRODUCTION

Immersional celorimetry for the study of systems at
or near room temperatures has been well developed (1,2,3),

(1) ?,Eo ?oyd and W.D, Harkins, J., Am, Chem, Soc.,, €4, 1160
1942

(2) E, Hutclinson, Trans. Faradsy Soc.. 43, 443 (1947)

(3) A.C, Zettlemoyer, G,J, Young, J.J, Chessick, and F,H,
Healey, J, Phys, Chem., 57, 649 (1953)

and has lead to valuable data concerning the interaction
between surface and adsorbate supplemental to that obteined
rfrom za. adsorption studies, To obtain such information
from the immersion of a =so0lid in a liquid whose normal
temperature is far removed from room temperature special
procedures are reguired to dectect the minute tempberature
changes resulting from the wetting of a solid by the liquid,
A simple and accurate method has been develcped for
the measurement of the heats of immersion of solids in liquid
nitrogenr at its boiling point at -195°, This technique, the
measuring of the volume of liquid vaporized, requires none of
the elaborate and expensive equipment usually used in immers-
ional celorimetry and, in addition, can te applied to the

S.

T

immersion c¢f solids in other liquids at their boiling point
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EXPERIMENTAL

Low Temperature Immersionai Cglcrimeter: The low

temperature calorimeter is shown in Figure 1., Heat effects
are measured by the amount of liquid nitrogen which 1s

vaporized and collected as

[§)]

gas when a clean sample 18
broken under the liquid., The calorimeter consists of two
sections of a large glass tube joined by means of a L5/50
standard taper joint, A hollow tube, A, with a shield, B,

to prevent spattering of liquad nitrogen is scaled to the
upper calorimster section, The breaker rod, C, passes through
this tube and rests on top of the sample tube, D, A tight
fitting piece of rubber tubing is used to fom an air tight
seal between this tube and the breaker rod; the tubing allows
sufficient movement of the rod to bresk the sample tube, The
exit tuuve, E, is connected to a gZas burette by means of rubber
tubing, The calorimeter 1s immersed in a large Dewar flack
containing liquid nitrogen. Liquid nitrogen is introduced
into the calorimeter,; itself, through tube, E,

Sample Tube Bregking: The sample tubes are specially

constructed so that the bottoms have very thin walls, The
tubes rest on a formed rubber support with the breaker rod
immediately above the thin wall portion, A light tap of

the breaker rod is sufficient to pierce the sample tube,
Blank runs indicate that the heat effect resulting from
breaking in this manner is so small that it contributes only

from 5 to 15 ml, to the total amcunt of gas evolved, A cor-

18,
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rection of 10 ml, was applied to all measurements,

Rating Periods Once tempemture equilibrium be-

tween the calorimeter and bath 1s reached the amount of
nitrogen gas evolved each minute is determined by dis-
placement of water from a gas burette, The amount of gas
evolved was found to be constant for periods of 0.5 to

1.0 hours, and is a function of the puraty of liquid
nitrogen used and the barometric pressure; the most pro-
nounced influence, however, 1s that produced by the latter,
The rates veried from 20 to £0 ml, of gas evolved per
minute using commercial liquid nitrozen with messured vapor
pressures between 7% and 82 cm, Hz, ©No runs were made
using a particular liquid nitrogen supply if the rating
period exceeded 50 ml, per minute,

Procedure: For the results described below, samples
weighing 4 to 10 grams were evacuated under the conditions
iisted 1in Table I, then were sealed cff under vacuum aad
transferred to the calorimeter, Before joining the two
sections of the calorimeter, Apiezon "M" grease was applied
to the standard taper Jjoint, The entire calorimeter was
placed 1n a large Dewar flask and liquid nitrogen was added
to the flask until the liquid level was about one-inch above
the top of the calorimeter, After a few minutes 250 ml, of
liguid nitrogen was added to the calorimeter, itself, through
the exit tube, Rubber tubing leading to the gas bturette was

then attached to the exit tube and the displacement of water

19
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by the nitrogen gas evolved was noted. The mazximum time for
temperature eqailibriwn between the calorimeter and bath to
be reached was three hours, A time-gas volume curve was
followed until s steady rate of g°'s evolved was obtained over
a ten minute period, The semple was broken under the 1iquid

and the time noted, Time-volume read.ngs were ccntinued for

10-15 minutes after breakine, The heat of immersion was always

evolved within less than one minute after breaking, The
smallest volume of gas evolved was about 100 ml, (STP): the
average volume was about 200 ml,
The gas evolved as a result of the wetting process
was corrected for the height of the column of water in the
gas burette, as well as for the presence of water vapor, then
converted inrto ml, evolved at STY., The heat of immersion in
ergs/cmdo was cazlculated from the formula
g{' __ aV(ml.STP) | 1333 | 4187x10"
st) 22,400 | wt. ! area cm% /g,

where 1333 cal,/mole is the heat of vaporization of liquid

nitrogen,

Adsorption Measurements: Isothern data at 77.8 &and

72.3°K for the adsorption of nitrogen on magnesia "2642" were
selected from the results of a study previously conducted in
this laboratory; a deteiled discussion of these earlier ex-
perinental techniques has been fully described (47,

(4) A C, Zet:lemoyer and W.C, Walker, Ind, snd Eng., Chem,,
39, 69 (1947),
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Experimental Hesults 2nd Reproducibility. Values of
the heats of immersion for a variety of soiids from liquid
nitrogen are tabulated in Table 1. The average deviation
represents a measure of the reproducibility of the results,
The maximum deviation amounts to about 5% which is good
agreement because a combination of factors such as weighing,
pretreatment, activation and evacuation of the semples as
wvell as direct calorimetric measurements aftect these valuesg,
TABLE 1
Heat of Immersion of Solids in Liquid Nitrogen at -195°
Sample Specific Heat of Number of Activation
5 Area lmmersigu Determi- Time Temp.
n<./g. errs/cm?.  nations hrs, ¢,
Graphon '@ 83,0 -104+1 3 26 25
Silene (&r) (P 51,6 -102+1 3 24 25
Alumina (F10) (¢) 119,2 ~10L5 L 2 400
Magnesia "2642" (@) 112,7 -105+4 z 1 250

(a) Lot L-2739, Godfrey L, Cabot Co,, Boston, Mass; a graphitized
caerbon biack: the maximum amount of surface oxide has been
estimated to occupy no more than 1/1500 of the total area,
"Thermodyramics of the Adsorptior of Water on JSraphon", G,J.
Young, J.J. Chsssick, F.H, Healey and A.C., Zettlemoyzr, to
be published J, Phy., Chem. about May 1954,

(b) Ppt. Calcium Silicate, Pittsburg Plate Glass Co,, Pittsburg, Pa,
(¢) Lot 202, 8-14 mesh, Aluminum Co, of America, Pittsburg, Pa.
(@) TFurnished by Westveco Chemicals Division, Food Machinery

Corporation,

——— e e e .
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An important observation is the fact that the veluea of
the heats of emersion ere practically the same for these [our
different solids. Since the surfaces of these solids are con-
siderably different, especially the hydrophobtic Graphon, this
findineg suggests that the volume of gas evolved when one gran
of 8 clean so0lid is immersed in liquid nitrogen may be taken

as a measure of the specific area,
PISCUSSION

When a nonporous sci1id is immersed in a liquid, the
s0lid surface with ites energy disappears and is replaced oy
a solid-liquid interface. The heat of emersion (5) for the

£

(5) Beceuse of the convention established by W.D. Harkins,
the heat of emersion will be discussed in the theoretical
section of this vaper. Furthermore, the definition of
the spreading pressure ¢= Y5 - ¥sa. has been conventionally
eatabli: ned for the desorption process,

process is given by the relationships

f s "'["2’ Y, — 71/ ‘)%7'_ J%‘/e)f}ez ()

where bg and 3§L are the free surface energies of the clean
solid and the solid-liquid interface at temperature T, andz
is the surface area of the sclid, The value of éu_for the
emersion of MgO from liquid nitrogen at -195° was obtained
experimentally and compared to values calculated by two methods
using edsorption data., It was pertinent to inquire, alsc, into

the relative importance c¢f the contributions to the heat of
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emersion for this process by both the free energy and entropy
termns,

Calculated Heat of Emersion froiwm Isosteric Heats of

Adsorption: The difference in the i1nternal cnergy, Ep. of a
iiguid adsorbate in equilibrium with vapor at T. and the energy,
Ey, of the adsorbate molecules is given by the relationship (6)

(6) G, Jura end T,L, Hill., J, Am, Chem, Soc,, 7i. 1498 (1952),

—;:.“Ea, = ('ﬁsz-_fsf.t.)//\/d_ (2)

where ﬁSL and £5{.L are the heats of emersicn of a clean solid
and a solid with Ny adsorbed molecules, The term is related

to the isosteric heat, qgp. by an equation readily obtained trom
Equetion 31 of Hill (6)

(65 T,L, Hill, J. Chem, Phys., 17, 520 (1949)

"%u' fsf'/—- - [Ndfst A Vo~ A!?AHV (3)

where AHvis the moiar heat of vaporization of nitrogen., The

term ﬁSL- l?)g L Can thus be obtained by graphical integration

o
"
of a %srvso a Plot.
The heat of immersion of a solid; which has been exposed
to the saturated vapor of the liquid until the adsorbed film
attains equilibrium with respect to the vepor, is given by the

equation (7):




5

(7) W,S, Harkins, "The Physical Chemistry of Surface Films"
New York, Reinholid Publishing Co., 1952, ng. 274,

- —— e, et

,&' :_[(32 aT)am,B-l'Tf aum 8 Je] (4

SL

where ﬁiﬂis the free surface energy of the 1iquid and © is
the contact angle of the liquid on the surface, If © - O, then
the heat of emersion 1is

eset.‘[-af‘r#)j=£ (5)

&

Equetion (5) represents the heat content of the surface of

the 1liquid used, The value cf this gquantity for liquid
nitrogen (25,2 ergs/co®. &t 74,99K) was obtained from the sur-
face tension and temperature variation of the surface teinsion
of the :.1juid. The heat of emersion, hgy, of clean MgO was
calculated to be 110 ergs,/cm2° from a knowledge of hy and the
differences in the heats of emersion at saturation obtained
from equation (3). This value compares with the value of 105
ergs/cm?. found experimentally,

The calculated values for the heat of emersion of Mg0
are shown plotted in Figure 2 as a function of the volume of
nitrogen adsorbed. The heat values approach the value for the
heat content of a liquid nitrcgen surface only at high surface

coverage, ca. 10 moleculaer layers (8),
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t8) 1In contrast, heet values for the emersiocn of asbestos
from water apprcach the surface enthalpy of liquid
water very nearly aftor the comnletion of a mono-
moleculsr layer (3).

Calculated Heat of Emersion from Absolute Entropy Values:

The equilibrium heats of adsorotion,fé;'fﬂg and the corresponding
integral entropy values?SG"dehere the subscript, G, refers
to gaseous nitrogen in equilibrium with the adsorbed film, a,

7 were calculated for the edsorption of nitrocgen on MgO (G ,

(9) T,L, Hili, J, of Chem, Phvs. ., 17, 520 (1949)

The equilibrium heats were obtained from the Clausius-Clapeyron
equaticn at constant spreading pressureﬁqp° Thus it was necessary
to determine 99233 a function of the equilibrium pressures at two

temperatures from adsorption data by graphical integrstion of the

Gibbs equation:

=0-% . (T [T dbup (<)

whera” is the surface concentretion. The equilibrium and

isosteric heats uf adsorption are plotted in Figure 3 as a

function of the volume adsorbed,
When the contact angle of a liquid on a solid is zero,

) and, further, if the fiim formed on a solid in equilibrium with

the saturated vapor of the iiquid is duplex then

&5 = d5,+ oL 7)

m A A

e e
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and equation (1) can be written in the form
> . /¢§4%‘ . 1 Jd4
g;‘[‘fef‘i:’T(ﬁ./*T/;-:)] (f/

The temperature coefficient alfe/d‘r, of the difference in the
free surface energy of a clean -o0li1d a2and a film covered solid

18 related to the di1fference in the integral entropy term

¢3¢%731— ==-'/ML461&4.X'f'/k$ (ﬂf&l":i_} (qv

At saturation the relative pressure, X, of the gas 1in equi-~

librium with the adsorbed film is equsli to unity. thus
efor = Mp(S3-S,1 (10)

The term (SQ-SL) was obtained from the equilibrium heat of
adsorption at saturainion 2nd a knowledese of the entropy of
vaporizaetion of liquid nitrogen at 71“9‘9}(°

Table I1 contains velues for measured end calculated
quantit.es used to obtain the heat of emersion of magnesia
from 1iquid nitrowen. & value of 117 ergs/cm?. wass calculated
trom equation 8, The 8#;/57~ term wes oObtained from entropy
data (eqn, 10), This value of 117 agrees fairly well with the
value of 110 ergs/chh obtained from isosteric heat data
(eqn. 3) as well as with the experimental value of 105 ergs/cm2°
It is alsc evident from Table II that the TAS terr contributes
most o the heat term, tliat 1s about three times more than the
free energy contribution,
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* TABLE II
. Free Energy and Entropy Values
Terms Values
ergs/cm? deg,
dUs~¥se)/ OT SoPoaa
~1,22
@(xs‘asn.)/f)T °
”
errs/cm®
Y. 9.39
N yT 022
Ve 22.3
85,0
ﬂsa‘ ‘.Se,l_ 2
‘ 2502
SetL
. AF = Yo-¥s. 31.%
. TAS = T {5 - 5. for] 85,5
B
: 2. 117.0'®) 110.0(¢) 105 + 4 exp.
?ﬁ la) from eqn. 10,
= (b) from eqn. 8, based on entropy values.
: (¢c) from eqn, 3, based on isosteric heat values,
ii‘
5
o
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THE DETECTION OF HYDROPHILIZ HETEROGINEITIES
ON A CARBOW SURFACE

INTRODUCTION

The purpose of this investigation wes to study
the effect of surface heterogeneity on the adsorption of
water on a hydrophobic surface, The system Grephon-water
was chosen because Graphon possesses s well-defined hydrophobic
eand almost homogeneous surface with a very small fraction of

hydrophilic heterogeneities (1,2) which are responsible for

(1) Pierce and R.N, Smith, J, Phys, and Collcid Chem. 54,
784 (1950).

(2) G,J, Young, J,J, Chessick. F,H, Heaiey, and A.C, Zettlemoyer,
J. Fuys. Chem, 58, 313 (1954).

the adsorvtion of water at 1low pressures, It appeared possible
t0 jncrease the fraction of hydrophilic sites by ccocntrolled
oxidation of the Graphcn and to observe the changes produced in
the water adsorption isotherm and the heat of immersion in water,
It was of interest to determine the relation between the heat of
immersion and the fraction of suiface which was hydrophilie,

The application of the BET equation to the adsorption
of water on Graphon has been shown to give values consistent with
the thermodynamic criteria of a complete moneolsyer (2), Unpub-
1ished work in this laboratory with known mixtures of a hydrophilic

surface, rutile, and a bydrophcbic surface, Graphon, has demon-

— et -
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strated that the ratio of the apparen® surface ares de-
termined by water adscrption tc the total area determined
ty nitrogen adsorption 18 a direct measure of ithe fraction
of hydrophilic surface present in the m:¥ture, Accordingly
this retio has been used 1n the present work to characterize
the hydrophilic hetercgeneity of the Graphon surface before

and after oxidation.

EXPERIMENTAL

Materialis _and_Apparatus - The Graphon sariple weas

from the same lot, No, 2808, as used previously (2) and wes

supplied oy Godfrey L., Cabot. Inc, The area determined by
nitrogen adsorntion was 98 mnz/gn, and the freshly prepared
sample was reported to contain G.29% ash and 0,2% volatile
matter, The samples were not treated with hydrogen since it
was desired to preserve any heterogeneous surface sites,

High purity nitrogen, helium, oxygen and water were

used and further purified by procedures previously described (),

{3) A.C, Zettlemoyer and J.J, Chessick, J. Phys. Chem.., 58,
242 (1954),

Nitrogen adsorption and stetic oxidetion studies were made with
a BET type adsorption apparatus; water vapor adsorption measure-
ments and protedures using a modified Orr apparatus have been
described (2),

Drnemic Oxidgti Tank oxygen at 1 atmosphere with-

o
I

out further purification was passed slowly through ths samples

1
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at S30Y for verious tL . neriods iiisted in Teble 1), The
Gr-phon semple wes then coci*? to room temperature znd de-
cassad at 1072 mm. Hg, A portfon of the sample was used

£y ~ e
A a ‘uSC; pt

i)

e

cn measuremen

RS e ¥ 2

¢
et
[57]

and the rem:zinder sSubjected to
further oxidation under the sz2me conditions,

Statjc Oxidation - The samples were degessed at

rocm temdverature for 12 hours before oxidation, Moist
oxyegen, mede by mixing known volumes of water vzpor snd dry
Xyoein L0 obtain a relative humidity of ca., 0.5, was admitted
to the sample st room temperature =2nd the equilibrium pressur=e
recorded. The sample wes then heated to 530° within a time
interval of ten minutes, The total pressure a2t this tenpera-
28 epproximetely one atmnsnhere. The temperasture wag
controllad to * 5° throughout the cxidstion and any changes
in pressure were noted. After two hours the snmple was cooled
to room temverature znd the final equilibrium pressure was
reccerded,

Adsorption Measurements - About C.5 grams of Gravhon

was used for nitro-sn surfece erea determinations at -1950,

The surface areas were celculeted by the BET method using a close-
packed adsorbate =zrea of 16,2 22. Water vapor adsorontion measure-
ments were mede at 259 with 5 to 0.5 gram samples dependinc on

the extent of oxidation of the surface. 4n experimental deviation
of 0,005 ml, adsorbed wes observed at the lower pressures,

With one sample the weight chance caused by successive

cyidations was fnllowed, After each oxidation water vapor was

v DAl e WRR B G 4 "
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admitted to a relative nressure of 0,3, at which pressurs,

es determined by the voluretric measurements, the BET Vp
velue was remnched, The amount of water adsorbed was then
measured gravimetrically with a corivecticn made for the vapor
in the dead spsce, The results agreed with the volumetric
msasurenents within experimental error.

Heat of Immersion Measurements - The calorimeter

and procedure have been described earlier (4)., Heats of

{ =

(4) A.C, Zetulemoyer, G.J, Young, J.J. Chessick and F,H, Healey,
J. _Phys. Chem., 57, 649 (1953).

immersion in water were measured for Graphon after the various
types of treatment given below,

Treatment of Samples - Sample A was oxidized by the

dvnamic prncess. Sample B received the sta4ic oxidation treat-

ment with nitrosen and water vapor adsorption determined vol-

umetrically. & second semple treated and measured in the same

way checked the resulits obtained wiili Semple B. Sample © was

activeted at 900¢ for two hours with continuous pumping to

study the thermal decomposition of the heteroszeneous surface

sites present on the original sample, Sample D received the

same oxidation treatment ac semple B but weight losses on oxi-~

dation and water adsorption measurements were made gravimetrically,
When this work was initiated it was hoped that the

numver of surface oxide sites forme. could be directly mezsured

trom the oxidation data. However the complexity of the oxidation
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nrocess (5) end parti-ularly when water was nresent (6) pre-

{5) E.A, Gulbransen, Ind. En>, Chem., L4k, 1045 (1952),

(6) R. Smith, C, Pierce, 2nd C,D, Joel, J, Phys, Chem. 58,
298 (195L), =

vented any direct determinetion of the amount and nature of
the surfece oxide Tormed, A further complication was intro-
duced when it was found the Op, CO, =2nd particularly COz all
showed some physical adsorption on Grsphon at room temperature,
The isotherms were linear anéd at 20 mm, Hg, pressure the re-

spective volumes edsorbed were 0,0055, 0,0090 =pd 0,029 ml,/g.

RESULTS AND DISCUSSION

The apparent surface areas determined by application
of the BET equation to the adsorption isotherms ¢f watser vapor
and nitrogen on Sample A after various times of dynamic oxidatiow
are given in Table I, The spparent area available to water vapor
adsorption increased, as wss cxpceted, with increassing time of
oxidation. The nitrogen cr "true" surface area also increased
markedly, the final area of 181 m,z/g° being roughly dcuble the
original valwe, The ratio of the apparent water area to the
nitrogen area can be considered to be a measure of the surface
heterogeneity, i.e., the fraction of hydrophilic sites present
on the surface, The ratio may zlso be considered to be a measure
of hydrophobicity; the smaller the ratio, the more hydrophobig

the surfasce, The originsl sample had a surface with only about
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TABER T
Dynamic Oxidati~n at 530 - Sample A
Total Time of Apparent BET Arca (m.%/g. ) 2 Hp0 x 102
Oxidation {hrs.) Z H,0 2N, =N
0 @520 93.0 3,27
2 1.06 110,32 0.96
3 2.05 114,2 1.80
5 3.52 L300 2 L
10 12,45 152.,0 8.,2C
17 22,52 180.9 12.44

1/4L00 of the surface hydrovhilic; efter 17 hours of oxidation
ebcut 1/8 of the surface had become hydrophilic. In other
words abcut one-eighth of the surface had been oxidized oy
this treatment. At the same time a considerable pertion of the
semple was lost; the samvle weight used in the lest oxidation
0.4,2 g, and after 7 hours this weight had been reduced to 9,09 g,

The oxidations carried out in a static, moist, oxygen
atmospliere were much less drastic in their effect on the sample
as shown in Table II, The nitrogen surface area increased by
only 5% after 12 hours of oxidation compared to an incresse of
over 50% after ten hours of dynamic oxidation. Further, at this
point only about 1/70 of the surface had been oxidized.

- The sample ectivated at 900° showed only a slight

increase in the nitrogen surface area end a marked decresse in
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TABLE II

Static Oxidation - Sample B

Total Time of Apzparem, EET Area (m.%/g.) < Hp0 x 10°
Oxidation (hrs.) Hy0 N, >
0 0.26 98 0.27
2 0.50 101 0.50
L 0.64 103 0.62
6 0. 85 102 0, 83
g 0.96 102 0.94
10 il & 103 1.13
12 1.44 102 1.41
Sample C
Activated, 900°, 0.15 100 0.15
2 hrs,

the number of hydrophilic sites, presumably due to volatilization
of carton-oxygen surface complexes. About L45% of the hydrophilic
sites were destroyed by activation.

To demonstrate the effect of increasing the percentage
of hydrophilic heterogeneity on the adsorption of water, the
isotherms at 22° after the various static oxidetion treatments
are shown on the next page, It is evident that the Successive
¢xldations caused & continual increase in the volume of water
adsorbed at all relative pressures, The adsorption isotherm

reported by Pierce and Smith (7) for water on Graphon which hod

(7) C, rierce and R,N, Smith, J, Phys, and Colloid Chem, 5k,
795 (1950).

1["1!':: -
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becn treated with hyarazen at 1100Y would lie siighuiy above
the curve for the original ‘unoxidized) semple. Since their

gemvle had a nitrogen surface o-ea about 20% less than the

present Grephon, their surface must have still ccntained after
treatment a considerable amount of hydrophilic heterogeneities,
Recentiy it was reported (6) that ihe earlier Graphon contained
considerable more sulfur than more recent samples znd this may
be the cause of the greater water up-take,

The increase in the rfraction of hydrophilic sites
appeared to i1ncrease gvproximntely linearly with time of oxi-
dation elthough there was considerable scatter due in vpart perhaps
to the uncertainty in choosing the best straight line in the BET
plots used to obdbtain 2:HQC° The rete of apparent surface oxi-
dation, sssuming one molecule of hp0 adsorbed per oxide s8ite at
V. was 0,0019 + ,0005 surf-~ce sites per hour, With 3ample D
where the static oxidation wes carried to 20 hours and the water
pick-un determined grevimetrically the curve was shown to be
actually parabolic, and that furthermore, the sample showed a
considerable loss in weight, The rate of incresse in the fraction
of hydrophilic sites cannot, therefore be taken as s mezsure of
the rate of total oxidation,

Cne of the objects of this investigation was to study
the change in the nature of the water adsorvption isotherm as the
numser of hydrophiliic sites on the surface was increased, While
in the preceding figure it would appear that the isotherm on

the unoxidized surface was Tyve III and after 12 hours of oxidation

— e o e e ettt
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the 1sotherm was de: . nitely Type 1I, this avpearance 1is due
simply to the difference 11 magnitude. The two 1sotherms
are sctually identical in shape up to the highest relative
pressures messursé (0,5-0,6). Indeed., if the isotherms are
plotted 1n terms of 9(V/Yp) vs, p/py, all of the oxidized
samples as well as the unoxidized sample fall on a single
curve, The shape of the isotherm is therefore not influenced
by the fraction of the surface which 18 hydrophobic, If, as
has been postulated (1,2) the edsorpticn of water by Grzphon
occurs by & clustering around nydrophilic asites, it would avppesr
that on the original sample these heterogeneities were not 1iso-
lated and randomly scattered zbout the surface but rather were
grouped together in patches perhaps at the edzes c¢f the mgraphitic
plenes., Otherwise, 1t wcuid be expected that increased adsorbate
interactions would show up 1n the isotherm as the distance between
hydrophilic sites decreased. Even with Sample A where 1/8 of the
surface was made hydrophilic and the maximum distance between
sites could be only epproximately two molecular diameters, there
was no essential difference in the shape of the isotherm from
thet o1 the unoxidized sample,

The weight cliange of Graphon on oxidation as observed
with Sample D is shown graphically on the next page., The figure

is very similsr to the curves presented by Gulbransen and Andrew (8)

{8) E,A, Culbrensen and K.F, Andrew, Ind. Eng, Chem,ii,1039 (1952,

for the oxidation of artificial grephite at “735°  Curve I repre-
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sents the observed .-ss in weight of the sampie with increas-
ing time of coxidstion., Curve II is the cslculstcd geia in
sample weight due to the fomation of surfece oxide. This
curve was calculsted from the water adsorption Vp vsiues on
the basis of one water moliecule to erch CO surface site,
Curve III therefore represents the actusl welight loss after
correction for the gain in weizht due to chemisorbed oxygen.
The curves indicate thet the rete of formaticn of volatile
oxides is essentially constant over s period of twenty hours,
but thst the rate of stable surface oxide formation decresses
with time,

Heats of immersion in water were measured for a
number of the samples after the various treatments. Additionsl
samples not shown in Tables I and II were also used in this
study. These data are plotted in the next figure in ergs per
cm.2 of surface ags meagsured by nitrogen adsorption against

the fraction of the surface which wes hydrophilic (é%gzo ) .
2

If the heat of wetting of the hydrophilic sites, ho, snd the
hydrophobic carbon surface, hy, remained constant with increas-
ing amounts of surfasce oxide then a linear relation would be

cxpected secanrding to the equation:

Ay = (g_Hz_O ) ho + (1 ZHZO

ZNz —éNz ) he

where hl represents the observed heat of immersion, The best

straight line drswn through the voints weculd give hy = 21 ergs/cm.2

— e
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and ho = 730 ergs/cr. °. The latter value is not unressonable
althocugh somewhat higher than is usually obtained with hydrophilic
surfaces, Since the 6 experimental curve actually increases 1in
slope 3t would appesr that either hy increases or he decreases
or thet both occur as the percentage of hydrophilic =sites in-
creasas, A decrease in he could be e:plained on the basis that
the more energetic vorticus Lf the carbon surface would be most
readily oxidized, However, water would interact with the carbon
surface principally by non-polar van der Waals' forces and this
interaction would be smallest on tihws carbon atoms (such as edge
atoms) most readily oxidized. A more reasonzble explanation is
that hg increases due to increasing 2dsorbate interaction between
neighboring patches of hydrophilic sites. This interaction would
not show up in the isotherms except a2t relative pressures close

to saturation,
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WORK NOW IN PROGRESS

A cummary of current vork underitaken in the period
foliowing that covered in the »revious sections of this report
is as follows:

1. As part of our study of the interaction of water
with various types of surfsces, adsorptiocn and heat of immersion
measuvrements are being rmade with a bentcnite clay. Thermodynamic
calculaticns are to be made which should yield useful information
concerning the surface proverties of this material.

-— A | PO e P A RN - ~ PR
4 HAS A Dasi for the stud

4

r ¢f the inhibhition of cor-

»

rosion of mstal surfaces, low temperature and rocm temperature
oxidations of reduced nickel surfaces are being investigated by
gas eodsorption techniques,

3. A criticail survey of the current data and theories
of the role of various types of surfece heterogereities in cor-
rosion has been prepared, The materiel will serve as a basis
for a technical report to be submittzd in the future,

L., Currently, a study of oxide-coated and reduced
copper surfaces by physical znd chemical adsorption techniques is

being carried out. Further attention is tc be directed to the

1

* elecironic defects in metals 2nd in oxide films since

atur

<

0

1=+

o
»

this type of heterogeneity appears to influence strongly the oxidation
procass., Concurrently, the litereturec on orcanic corrosion inhibitors

will be surveyed with the view toward studying treated metal samples

by gas adsorption and calorimetric techniques,

———— e
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