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This thesis hap been divided into the following

sectionsi~
Seetion I : The Dehydration of Ferrous Oxalate Dihydrate.
Section II: Einctics of the oxidation of Nickel Fowders.

gection III : Surface Area lieasuremente of Nickel Powders.

Sgetion rv 3 Heat of adsorption keasurements,

Section I is isolated and bearsg little relation to the
work repoertéd in the othor scctions. It is, however, part of a

larger programue of work on the chemigtey of metal oxalates

- undertaken in the Department of Chemiutry, University of Tasmania.

Sections II and III are related in that the work
deceribed in Section III‘falloWed ag a diredt conscquence the
results of Seetion II.q The work dsscrisad in both th@se
sectiono was eommsneaa under ths~d1reet supsrvision of
Dr. J.A. Allen, f@rmerly‘ﬁenier Leatufer in thﬁical Chemiatry,

University of Tasmania.

The choice ¢of a volumetric method and the use of

nickel powders in Zection II was made becaupe of the following:

(a) A high vacuus epparatus had dbeen constructed lor
previous work an@ could be used without serious modification as

a volunetric apparatus.
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(b) Previous work in the Chemistry Department, University
of Tasmania had suggested that nickel powders produced by the
thermal decomposition of nickel oxalate would be suitable

material for oxidation studies.

Section IV has been subdivided into Parts I and Il.
Part I describes attempts to design and construct a calorimeter
suitable for the measurement of heats of adsorption of gases
on finely divided powders. Part II is concerned.with actual
measurements of heats of adsorption of several gases on nickel
oxide. The work described in this section was undertaken
without direct supervision and all glass construction work,

described in this section, has been done by the author.
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SECTION I

THE_DEHYDRALION OF FERROUS OXALATE DIFYDRATE

INTRODUCTION : =
The equilibrium water vapour pressure of the system
; ) 5f —_— & ¥
i 02 OQ « 20,0 Hi 02 e, + 2&26
had been investigeted previously (i) in the Chemistry Department,

University of Tesmania. It was desired to extend this investigation
" to include the equilibrium vapour pressure of the systiem

e C />  pe ¢ i
at a series of temBeratures.

EXFERIMENTAL :

(a) Keagents:~ Stock solutions of strength U.54. were
prepared from analytical grade potassium oxalate and lerrous
sumonium sulphate respectively. Zgual volumes of the aolutieha
at 25%C., were mixed and the ferrous oxslate dihydrate allowed to
precipitate cvernight. The precipitate was washed free from
extraneous ions,dried in an air oven at 60°¢c, and stored in a

desicecator.

(b) Apparatus:~ The apparatus used to measure the
equilibriﬁm watér vapour pressure is shown in fig. Y. It was
originally designed as a differentisl tensiometer for comparing
 the vapour pressurs of nickel oxalate dibydrate with that of

&

snother calt hydrate with a known vapour pressure curve. o
salt hydrate with suitable characteristics (high temperature of
dihydrution and high heat of dissociation) could be found and

the measurements were wade abeolutely against vacuun.
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The apparatus in this form worked well for nickel ozalate (1)
and was, therefore, used as such for the foryous oxalate

investigation,

The apparatus consisted of a manometor (L) containing
a4 butyl phthalate (L.G. 1.0465 at 19°C.} freed from volatile
impurities by heating in vacuum at 200%, Bach limb of the U
tube wag connected through o flexible glass tubing coil ()
through & cone and soékat,(a) to an L shaped tube (A}, The
ferroues oxalate Qihydrate was ploaced in the right hand tube and
the left hand tube was continuously evacuated through Tap T..

A Tap T. connocted the two limbe of the manometer. The system

could be opencd to the aliy through Tap Tj

«
.

The two L anaﬁeﬁ tubes fitted into rubber sie@ves (R)
on the vapour bath, fig.(ib). This was lagged with asbestos
tape (i) and the thermomoter (B) fitted into the side arm (D)
end wag level with the bottom of the tubes (&), A return
condenser (H) was lct into the side of the vapour bath, which
was of all glass construction. A breather tube (¥B) ensured
that the liguid in the bath boiled at atmospheric prossure.

The cones and gockets were gealed with apiczen W
black wvax and were shiclded from tike heat of fthe burner by an

gshestos gheet.

The liguids used in the vapour bath are listed below.

Apart from initial fluetuations the boiling points, although



different from the literature values due to partial decompogsition

of the organic liquids, remained constant during the measurcments.

Liquid Boiling ¥t. © ¢, Liguid B Pt.° g,
H-Butyl Formate - 4095 Ethyl Carbonate 125
volucne 140 E “thylene Chlero

, Hydrin 127
Heimyl /A lcohol 15 , »
iso-2ryl Acctate 2]
Acetic Acid 1164 H
Cyoelo Hexane 1hk,

(¢} rIrocc@ure:~ The dihydrate was placed in the right hand
tube and loosely packed with glass beade to .ensure uniform heating
and to facilitate out-gassing. 1ff this precaution was not taken
the dihydrate, during the out-gassing, blew up the tube and into
the coile. Ag a farther precaution against material entering
the coils and possibly the manometer, the top of the tube was

loosely packed with glass wool.

with the appropriate liquid in the bath, the tubes
were slipped into the sleeves and thoe coneg and sockete sealeds
The apparatus was then evacuated for 10-45 hours with Tap T? open,
the sample being heated a number of tines Tor short periods o
remove adoorbed gas. The vapour bath was then heated until
the liquid weo distilling frecely in the condenser, Tap T, was
then elosed and & plot of manometer reading against time was made.
The equilibrium showed up as a flattening out of thie curve.
The heater was turned off, Tap T1 opened and thc whole system

evacuated for thirty minutes, The heater was turned on again,
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Tap T1 closed and a second reading of the equilibrium obtained.

The procedurs was repeated until the charge of the
dihyarate had becounc exhausted. The first equilibrium pressure
was a little high, pﬁéﬁumably due to adsorbed gas. The second
-and third measurements were rcadily reproducible with a fresh

charge of dihydrate,

At the highest temperatures studied, af'ter the first
two or three mewzpurements, decoamposition of the salt was sufficient

to render equilibrium'measurements impossible.

Becouse the manometer was at room temperature measurements
could only be carried out up to the saturated vapour prescure of

water at room temperature.

The poesiblity of correcting the pressure read at room
temperature for themomplecular flow was invesiigated. This
correction is zerc in the pressure range studied (2) if the glaes

wool does net act as a poroup plug.

Comparative blank tests with and without the glass wool

showed that no correction had to be applied.

RESULTS:
The average results over 8 sminimum of three independent

measurements at sach temperature are shown in Table II.
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TABLE II
Temp.oc. Presss PemmeHZ IOB/TOK. 1.oge Po
| 10
10540 3443 + 0.1 2,644 0.495
:10.0 3498 * 0.1 2.609 0.599
115,0 5.10 + 0.05 2.576 0.707
11645 5.0 £ 0.05 2,566 0.733
125.0 Ba11 Tt 0.1 2.511 0.909
127.0 8.91 * 0.1 2.499 0,945
131.0 10.74 + 041 2,474 1.030.

The results tebulated above were plotted in Pig. (2)
where 1og.; P.mm.Hg. is plotted against the reciprocal of the
absolute temperature.

The equilibrium vapour pressure over the temperature range

investigeted is expressed by the equation -

mmelige \ )

from which the heat of dehydration is 14,200 cels./mole,

' DISCUSSION

The high heat of dehydration is comperable with the
value of 14,050 cals./mole found for the dehydration of nickel
oxslate dihydrate (1). This is interpreted' to mesn that the
weter molecules sre sssocisted with the oxalate groups, possibly

through hydrogen bonding.
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PREPARATIOR OF ANHYDROUS FERROUS OXALATE

INTRODUCTION:

It can reedily be shown that some decompesition
(apart from dehydration) takes place when ferrous oxalate
dihydrate is heated for severasl days st temperutureé greater
then 105°C.  The colour of the sample changes from
yellow to brown, presnmably due to the fonmation cf iron oxides.
If it is assumeavthat equation (1) holds for'teﬁpefatures lower
than thé temperaturé range over which méasurements were made,
then the calculated vaﬁéur presgure at 87°C. i&s lces than 1 mm.Hg.
1t was decided, %herefbre, to conauét & vecuum dehydration at 87069

on .the dihydrste in the hope of preparing aenhydrous ferrous oxelste.

XPERIMENTAL -

(a) Apperstus:~ The vacuum pistol wes of the usual design (3)
conteining phosphorus pentoxide ag the dehydrating asgent. The
pistol was comnected to & “"lense Hyvae" rotary oil pump via =

liquid air trap.

(b) Qracedgregé Ferrous oxelste dinydrate was weighed
directly from the desiccator into s weighing bdttle and then
placed‘in the vacuum pistola A 70-30% mixture of p-prooyl
slcchol 2nd water wes heated to give e vapour temperature of 87%.
The salt wes continouély evacuated at 87°C. for several days until
constent velght was obtsined. This welght, was, however, greater
then thetcorresponding to anhydroue ferrcus oXalate end was
presumebly due to traces of water which conlé mnot bBe removed at

that temperature, If any dscomposition
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of the oxalate had taken place then the final weight would have

been less than that corresponding to anhydrous ferrous oxalate.

The procsdure was repeated at»95°c. and again constant
weight obtained, ilowever, this welghi was, within gxperimental
error, identical with that expected for anhydrous ferrous oxalate.
(e) Apaiyels:- errous oxalate dihydrate and the product
forwed by dehydration of the salt at 95%C. were analysed fow
ferrous iron and oxalate composition. The details ol the

analytical procedure are given in an appendix to this section.

RESULTS:
Table 3 gives the average results of four independent

analyses on both the dihydrate and anhydrous salte.

_ Table III
Ferrous Oxalate Dihydrate Fe Cp O) « 2H50
Percentage Composition

e ++H | | T o vt ‘
| Fe Gy O, | H,0
31,05 | 484 93 | 20,04 | Caleulated
30,92 | 48,90 - Observed

Anhydrous Ferrous Oxalate Fe Cj Ou
Percentage Composition

+ + -~ ¢ ws g

| 38.82. T 61418 | - “Calculated

Pe

-

38.80 | 63,10 } - 1 Obaeréeé.



DISCUSSION:

The analytical results are sufficlently close %o the
theoretical valucs to state that anhydrous forrous oxalate can
be prepared by vacuum dehydration of the dihydrate at 95°C.

The material so prepared is a brownish yellow amorphous solid.




APPERDIX

¥errous oxalate dihydrate and the product formsd by
dehydration of the salt at 95°C, were analysed for ferrous

iron and oxalate composition by the following procedure.

A welghed pample was dissolved in dilute H Sg&vana

made up to 250 ml. with bolled out distilled water, An
aliquot of this stock soiution was evaporated with concentrated
HQ&Q& to decompose the oxalate present. Dilute HCL waes added
and the irenm reduced to the ferrous state by stanmous chloride,
sercupric chloride was afded to roact with the ezxcess ﬁnClz

and "Zimmerman Rhinehard” solution added. The solutian-was>
titrated against Kﬁnoh standardized against AJR. ﬁaglczgu,

This titre gave the total iren pr@éent in the sampic.

A further aliguot of the stock solution was titrated
directly with potassium permanganate at 60%, thus oxidising
both the feprous iron aﬁa the oxalate present, The latter
titre wag exactly three times the titre required to oxidize
the iron elone, indicating that no decomposition of either the
ferprous oxalate dihydrate or the anhydrous moterial had taken

place prior to analysis.

To check thie result an aliguot of the stoek sclution
was titrated directly with standard potaseivm dichromnte.
1%t wee thought that only the ferrous iron would be eoxidized
leaving the oxelate unaffected. The results were inconsistent.
9?0 test whether this was due to the indicater used (diphenylamine)
repeat titrationp were followed poteniometrically, using a Hullard

magic cye poteniomeler titration unit. Hatursted calomel and
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. and & bright platinum electrodes were used throughout., ‘“he

results were «gain inconslistont.

o In order to prove that the inconscistencles were due
to partial oxidation of the oxalate ions, test titrations were
done on solutions of ferrous ammonium sulphate containing
increasing amountes of oxalic acid. The results are shown in
Fige (3). This clearly indicates that partial oxidation of
the oxallic acid takes place, the degree of oxidation being a
funetion of the total ozxalate concentratiom. in addition, the
reaction was alow in cold selution, the value of the btitre being

& function of the time taken to conduct the titration.

Titratiorsof the stock gelutions with potasslum
pormanganate were also followed podenlometricelly. The
£ F, inercased steadily up to the point corresponding to
the complete oxidation of the ferrous iron. Further additons
of the reagent cauged a very sharp increase in E,i.7,, character-
igstic of an end point, but on standlng aﬁia ifell o almost the
original valuc. Purther addition of potassium permanganate
caused gradual increasce in H.i.F. until all the oxalate wes
oxidized. At this point further additien of the reagent
caused o large Ilncreuose in H.ML.F., indicating that oxidation

wag complote,
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SECTION II
KIRETICS OF THE OXIDATION OF NICKEL POWDERS

LITERATURE REVIEW:-

In recent years the immense technical uses of metals
sub ject to strong oxidiging conditions hes led to consideradle
vresearch into the extent, rate and possible theories of oxidation
of metalse Until 1953 there existed a lsrge mess of uncorrelated

1li terature, but in thaet year'a comprehensive review was published(4).

%While it is desirable from the suthor's point of view
to summarise the existing publications, these have been covered
so sdequately in the sbove review thet no deteiled summery will
be aettempted, Rether, certain idees and theories which fom &
baeckground for the present work, together with some recent

pertinent publicetions, will be mentioned.

Several impirical oxidstion lsws have been found to
hold for pure metels. These are most conveniently given in terms

of weight increases Am snd time. t.
They are =-

1 Linear Law:

4m s K b= e = memem e (1)

1
where k, is a constant.

2 The Power lews:

@m? = k.t =--=--=x----(2) simple
P parabolic.
P parabolic.
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(Am)2-+35¢0m = Ryt == ==~ (4) guadratic.

3 -
Bm)” = kit mm e mm - - - - o(5)  cubics

Of these the parabolic are the more important.

3« The Logarithmic Lawg:
am =k, .log. (8.t +1) wememcmesaemneen(6)

where a end k, are constante.
The oxidation time relationships are shown in Pig. (4).

A given metal may follow different equations depending
on the conditions. fietals which form protective oxide coatings
usually follow some logarithmic plot at low tewperatures, but at
higher tomperatures this ususlly gives way to one orxr wmore of the power
lawa., Vernon et al (6) have shown, for example, that the oxidation
of iron follows the @guatian - |

om = k. log (a.t +1) + b below 200%. but fellows the

parebolic equation -~

(am? - k.t above this bemperature.

Similerly, copper has been shown to follow logarithmic,
cubie and parabolic lawe in succcesion (7) (8), while aluminuinm
follows a logsrithmic law below 300~500%. (93 (10), but a

parabolic law above this temperature.

Various logarithmic squations have been employed to £it
experimental data, These may be simple, &8 found by Verneon et al

(44) rfor zine, or more complex, ac suggested by Lustman and iehl (12).
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it may be pointed oul however, thet almost any process
which tends to come to a standstill sfter a while would
approximately conform to some kind of logarithmic equation, the
degree of it depending on the number of constants invoelved in

the equation,

Theye are seversl factore whiloch play an iuportant
part in influcncing the type of oxidation law which a given metal
will follow. These have bYeon adeguately covered eloovhere (4j

and will only be briefly menticned,

One Tactor involved is the type of compound whilech the

metal can form under the given set of conditioms of temperature,

pressure and conposition of the gas phasge. The possible
compoundes wili not only be those that are thermodynemically
stabie, but also those mefastable compounds that have small
positive free energies of formation, These must be included
because the energy states at the interface differ considerably
from those in the bulk material, Thus metallic compounds whieh
are normally unstable in the bulk or siandard staie may be
formed on suitable swrfacess  Nickel, foé e Xample, fofmb only
one stable oxide Ni O, but ﬁia 03 may be grown on surfaces of
Al 05 end Hi0, on TiQé (13), |Wustite FeO is normally unsctable
below 570°C. but Gulbransen (14) has é@teetca it an films at
temperatures ag low as 400%., In this regard it may be noted
thet the nickel powders used in thic investigation are quite

different from nickel in ite standard state.
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The rates of most surface oxidation roactions vary
with temperature according to an eguation analagous to the

Arrhenius equation -

kK = A e - /&%

whereg the_terﬁ activation energy is retained for ¢ and A is a
constant of dimensgions depending on the dimensions of k.
The equation ic avplieable to resctions following parabolic (45},
linear (16) and iogaﬁ&hmic {17) aquatioms. In some cases there
is a breek or bend in the graph of log kv corresponding to
an equation of the form o

ko= 4, e ~ G /RT +hy e T Gy /R
suggesting that two processes of different activation energics
are rate'ﬁeterminingt in two different tcmperature ranges.

such iz tho case in the oxidation of copper (18):

Gulbransen (49) has attempted to apply the Eyring
reaction rate theory (20) tu oxidation proceosses and in the

case of parabolic oxidation obtained the following equation -
N o= 2L @ os?iﬁfe S
where kp is the parabelic rate constauat,
k.is'th@ Balﬁzman-eonstanﬁ,
h is Plank's constant
and 4 is the closest eatien.diatanee in the oxide, assuming

cation diffusion is the rate determining step.

Aﬁsx and AEK are the entropy and heat of activation

respectively.
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Hoore (21) has evaluated values for Af:%" and OB

for some pure metals. However, the interpretation of the
fluctuastions in 45 is gonfusing and it is dobstable whether

this more detailed approach it at present warronted.

The effect of pressure on the rate of oxidation has
yielded some information om the mcchanism of oxidation (22, 23,
24, 25) but generally speaking the position is confused, especially
at low pressures, HNo satisfactory explanation exists for the

Yeritical pressure” of Wilkins and Rideal (26) (27).

The preparation of surfaces prior to oxidation is
of speeisl lmportance. The effect of contamination of the
surface by polishing asgents, the influence of annealing
temperature and the effeet of repeated reduction with hydrogen
on the oxidation of metals ie well known and is adegualely
discusgsed elsewhere (4). ‘The effzot of pores, cracks and
blisters on oxidation rates has been noted by many workers,
bui lintle'ayst@matic work on this aspect of thé subject has

been undertaken because the effects are hard 1o roproduce,

The terture, structure and orientation of surface
films hae roceived considerable attention in recent ysars.
However, the experimental cbservations are not siways in
agreement (28)(29). A more detailed investigation in this
agpeet is required before theoretical.anﬁ,practiaal resulis

can bg correlated.

Disagreament also existe betwaen resulis on the rate

of growth of oxide Films on different erystal faces,



- 6 -

Thue Rhodin (30),end Gwathmey snd Ybﬁng (31) have observed
different rates on difforent faces of copper, but Bgeinka.
Polling and ﬁharlesh& (32) do not observe this difference in
the ease of aluminyum, However, no satisfactory correlation
of the variation (if eny) is possible in the absencé of

e¢osential data on interfacisl energies.

The purity of the metal has been ghoen to have a

pronounced effcet on the oxldation rates,

Kubeschevwsky and Von Goldbeck (33), in reviowing
the publications on the oxidatien of nickel, note a difference
of one power of ten in the oxidetion rates, the less pure
gualities giving the higher rates. They suggest thst
mangenese ané. to a loseer oxtent iron as iﬁ@uﬁiti@s are
responsible for decreusing the resistansce to oxidation.
VWagnep and Zimens (34) have altered the oxidution rate of
nickel by sdding impurlties of difference valences
Such experiwments have vcrifiea the prediction of Wagner, for

metalé forming layers of metal deficit semi~conductors,

On the othor hand, the mechsnism involved in the
oxidation of =zinc is the reverse of that of nickel. Hauffe (35)
has predicted end observed that high purity zine is oxidized
faster than material of lowsr qu&liéy. Generally spesking
impurities that are chemicslly similar to the base metal have
a smaller effect than cheémically different impwities. Thuse
Jatter im?uritiea,'evan in small smeunts, wmay have z prouounced

efiect.



The theoretical position, with regard to the

oxidation laws, is fer from complete.

The parabolic law to which most wmetals eonform at
high temperatures hae been accounited for by the Wagner theory (36},
At low temperaturee the Hott Jabrera, theory (37) has been
partially successful, but in some reepcets has been shown to be
incorrect (38). At intermediate toupersitures aifferent metals
obey various rete eguations but no comprehensive theory exists
for this temwpersture range. bome aopects of the major theories
will be briefly discussed, but no detailed summary has been j

WAGNER 'S _THECRY

Wagner's theory (36 )(39) of oxidation of metals is
confingﬁ'ﬁe surface rééctiens that obey the paxabczie time law,
and for which ¢anaeguen£1y a true dilfusion préceas 0% ions
in the oxide latbice is rale determining. Thne theory, summaries
of which aye inen”in severzl papers (40 Xb1) (42), is based on
the model of ionié and semi-~conductors, which is discussed at
length in the r@Vi@% previcusly mentioned (4). Uagner derived
rate cgustions involving lnown or umeasurable guanﬁitiea |
(transport numbers, decreases in frce engergy etc. ) and was able
vto caleulate rate constante. ?he'agreement betweon the
calculated and observed results is sxcezle#t (4), indicating the
espential correctness of the Wagner wmodel. In recent years

the basic Wagner theory hos been extended and improved, the




most notable contributions being those of Hauffe (43) and
Grimley (L4). Radlo tracer studies have recently provided
further confirmation of the Wagner model (45): Various
experiments have been conducted to test the validity of the
theory by adding iupuritics of different valence to that of
the bape metal and observing the change in the rate of
oxidation. Without oxeeption the resulys have been in
aprecment with tho theoretical predictions {(LE)(L7I{L8).

THE YXOTT CABRERA THRORY

It hae been ghown experimentally, thal mainy moetals
when exposed to oxygen or alr at room temperature oxidize
veory rapidly, but after a8 few minutes the rate drops to very
low values when g fikm 20-50 i thiekvhas bean formed. The
rogion of thin film formation in which a limiting thickness
is not exceeded may extend to higher lemperatures, At low
témperatnras meotal oxides, in general are good insulators,
and iT the il grows as a result of diffusion of metallic
ions and electrons, then the Wagner wodel cannot explain the
oxidation at low temperatures. lott (37)(49) has provided
an explanation which accounts for some dbut not all of the
results. Mottt suggests that ag the ions cannot aiffuse
through the £ila at low tenperatures, the cliecirons passg from
the motal to the oxygen adsorbed on the surface 6¢f the Film
either by thermionic cmmission or more probably by the tunnel

effeets



By a development of this ides iott and Cubrera bave
qualitatively acecounted for the growth up to a limiting
thicknese. Theece authore have also extended the theory

to consider what happenc at somewhat higher teuwperatures
when oxidation lows other than parnobolic have been found

to hold. Allen (50) summarising publiched and unpubliched
work writes "Scveral aspects of the ilott Cabrera theory were
subjocted to experinental test:~ the limiting thicknese
critical tampeorature for grouth without limit and caturation

pressure were in saticfacltory agreement with the theony".

Recently Grimley and Trapuncll (54} have sugpected
correctvions to pome of the asgumptions cambodled in tho
Hott~Cabrera theory, These asuthors have shown that certain
extonsions of the Hott theory, to account for the differcnt
Agrowﬁh laws found at higher temperagtures, are inéorrect and
have given alternative equations. These modified ecquationa
arc in better agroement with recently published work (52)
(55) than the opriginal Mottt equetionss

The tunnel sffast mochanism nropogel by tott hag
recently been revived in a2 new Torm by Haulffe and Ilschner
{54} The work of Gohewdles {5%) on nickel snd Hart (56)
on aluminium provide experiwmental proof of the predictions

of Hauffe and Jlschners

The'appraach to the problem Instigated by Hott

cortainly deserves attention and DTurther &Zabsratien should




contribute esnsiderably 3o The full thoory of exidation of

i} Aal Loty

Bvans {(57) has spoponed & gencral covetisn whon
she onidstion sate iv contrsiled purely by movewment through
she il Pwo Limiding ocacses of tho goneral oouabtion exiol,
she chuple parsholic law ond the inverao logopidthade 1aw.
wwhen other faé@orm auah a6 boungery reaetiong have puptisl
or vompleote conlyol; these cguationy eare nodlifizd to give
the m&xe@_yara&ul%c and roetilinesy Lowd respootivedy. <“haon
she effcetive aspas vories vith tiaw $hore ure othor chonges
lovadins to vorious lognrilhule lous. The Zyang approach
is caticfeobory in cxplaining come of the espoelowasal

rosnlbte bub iv iwdoguabte In other CALCR.

s

Ve may cumwarisg the propent pooitlen s Lollows.

A% high Seeporatuwess the parebelic lovw holde fop
aluses oll meitala, Thoorsticc) arpaments, ctarding Lrom
Gitferent gpondsos, vig., Sugner and Yeans, provide an

intevpratation 2f the meghcenlens

A% low seupoeraturcs tho Liottd Uabrors Tauorys
togosher with the meditied form cuggested by (rimley and
Trarneli, doocribe sowme bub not all of e expevrisentol
rooulto. Fhe opprocehk by Lvans oloe wrudoins oome

prporiswnbal fastors.

4% insermodieto tempsrabuior ooww gonfuolon exisle
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The Wagner mechanism does not hold and the Kott theory,
together with modifications, is inadequate in a number of
capes. Lvansg can account for some results and has even
puggested theoretical equations for which there are no
gxperimental resulte (58)s In other cases no satisfactory

theoretical oxplanation exisie (59).

Purther work, both theoretical and e¢xperimental,
is reguired, especially in the moderats temperature rangce.
it was hoped that the results of this investigetion, as well
as boing an addition %o the experlmentel dabta, would throw
sOme 1igh£'$n the mechanlism by which wmetals are oxidized at

noderate temperabturets



EXPERIMERTAL

1. Reagents
(e} Hickeliw
Reament grade nickel oxalste dihydrate was
decomposed in situ at 330°C. to vield finely divided nickel
powders, Previous work had shown that the only other detectadle
product of decomposition was carbon dioxide (60), The actual

procedure used will be desceribved elsewherc.

(b) Oxygen:-

This was was prepared by the thermal decomposition
of potassium permanganate, The salt wase packed into a long
thick walled tube connechied to the vescyum system via a liquid
air trap. The tube wap evacuated for onc hour, being gently
heated dQuring this time to remove adsorbed coocs Oxymen genepation
wae then c¢ommenced until & pressure of 20 cm. lg, wereg developed in
the systen. This flushing gas was then pumped away and gereration
centinued until the ctorage bulb was filled to a.preaaure of

approximately 70 cma. Hge

2. Appargtus
A aiagram of the apparatue is shown in fig. (6.
During the investigation the apparstus was modificd considerably,
A desoription of the modified apperatus will be given under a

separate heading.

The oxidation apparatus was similar o that uaed

‘to study the thermal decomposition of nickel oxalates It
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consisted af a wide bore glasss tube, the leower end of wvhich weas
fitted with a cone and socket (8). The upper portion of the
tube was surrcunded by a ten inch furnace, dogeribed under a
geparate headiing. The sample was suspended in a glass |
ampoule (A) by a thin platinum wire wound round a winch Qu)

at tie top of the chamber.

The vo;uma‘af oxygen used in an oxigdation run
was measured at constant pressure by a 0-50 ccs. water jacketted
burctte {B)., The level of mercury in the burette could be
varicd by means of A mercury resepvoir (i) suspended by a cord
pagsing over a pulley (¢) to a winch(H; attached to the bench.
This winch cculd by sept in any position by a pin waich
incgried into an& one ol a seripe of holes bored into the winch

axla,

The presesare in the systen was kept consiant by
using the levelling device in conjunction with a differontial
01l manometer (i) containing apeizon olls The system could
be gvaeuated through tap Tﬁ by a pumping system consigting of
a rotary oil pump, mercury diffusjon punp and a trap cooled
in liguid esip. Thig systen was capable of attzining a vacuun

a5

of at least 10 = Uilils. Kifs A Kcleod gauge and g Piranl gauge

were aloe ilncorporated in the system.

| The voiume of oxygen adwnitted %o the reaction
chamber could be varied by means of a small bulb (0] which

could be isolated from the rest of the syeten by tapsTB and Tug
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The volume of this bulb was meesuared vefors attaching to the
system by weighing the volume of mercury it contained, This
volume of oxygen at a pressure recopded On & mereury manvistey

could be ¢xpanded into the oxidation apparatus,

The volume of the oxidasion agpparatus 9as
caloulated by ellowing a known volume of nitrogen at a
measured pressure %o expand into the cvacuated system, the
fingl pressure beinp recorded. The volune aversged overfon

determinations was 232+1 ces.

Ampoule dgsien ¢

Soveral different itypes of sapoules were developed
as %he worl progreseod but vimally they reuwained the sames
They consisted of thin weallcd piyrex tubing drawn down into a
strong ¢apillery at one end, which was then bent in the form
of a hook. A loose plug of glass wool was packed into bhis
cohetricted end, the pample welghed into the tube and shaken
down towards the consiricted end. The walles of the tﬁb@
were then cleaned with s pipe clesner and the open c¢nd sealeds
In later exporiments the glass wool was omitted and as a further
moGification the ampoule size was incrcased and the bottom face .

blown flat. Pige (5) illustratos the ampoules developed.

Furnace Uesign and Control Unit

The ten inch furnace (¥ (fig.(6)) consisted of
& nichrome winding on a wide bore silica tube. In later

experimente the silica tube was replaced by a steel tuve of
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larger dlametor, The furnacs could he raised or lowered around
the reacticn chamber by means of two clamps plgidly attached to
the furnace and sliding vertitally on a metal bar attached to

the frameweork of the vascuum 8ynictis

The temporature of the furnace vwag controlled by
means of s platinum resistence control uvnit. The platinum
reslstonce wire (B} of 20 Chis. resistance at room temperature
wap non inductively woumd on a wicéd etrip, protected by two
further mita strips and placed in the furnace tubes  The
control unit was designed and constructoed by the Slectrical
ngineering Vepartment of the tUniversity of Tasusnic. The
operation was saticfactory for severzl nouths ad & time, but
ocoasionzlly the unit broke down with drastic resulte. A
Sunvice Control Unit was used in later experiments, with
gither control unit¢ the temperature inside the Lurnace could

be maintained at +1¢ . over Hhe range ?OS*S&OGG,

The temperature gradient inside bthe furnsce was
maaoured with & thermometer suspended at various helights up
a wide bhore glase tube placed in the furnsce tube. Fig. (7)

illustrates the results. At a point about mid«way up the

't

furnace the tenperature gradient wag leps than 170, over a

length of one {nobh.

buring an oxldation experiment, when the furnace
wos raised up into podtion, the ampoule was wound up inside

the tube such that 4t was in that geetion of the furnace where
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the tomperature gradient was leact. The temperature at thi.
lovel was meseured by a chromel - p - alumel thermocouple
pushed up inside the furnace %ube. The thermocouple, with
cold junction immorsed in a dewar veesol ¢ ontaining crushed ice

was connected $o a Canbridge Vernicr potenicmeter

© The B.M.¥. could be read o 0.00001 volie.
The thormocouplie was calibrated ageingt an accurate

thermometer, tho calibratien graph being shown in £ig.(8).

Hodified Apparatus i
Because of the inconeistency of $he results
obtained with the apparatus just described it was decided to
modify the epparatue and technigue. It wvas desirable to
construct an apparatus capable of esurfaoce area measurements as
well es kinctic vork. Therefore the following modified

apparatue was constructed,

Fig, (9) illustrates the appapatus, 1% consicted
gocentially of a éample'bulb (&) of spproximately 10 ces.
capacity sealed %o %h@ en@ of a capillary tube. Two burettes
By and 32 vere included im thoe oystenm, Bq‘heing reguired for
surfacc arca moagurcments and B, replacing the 0-50 ccs. burette
used in the kinctic work. Burotte B, wae ¢ alibrated bofore
connocting to the oystem by weighing the volume of mereury
containcd betveen works on a graduatod scale attached to the
reay face 0f the buratta. The mercury loevel in the burctte

epuld bo varied by the winch ond pulley syotem described carlier.
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The differential oil manometer was replaced by
a mercury manometer (M).. This manometer, which was desighéd
primarily for surface area measurements, was fitted with two
platinum'éontacts'(c1 and c2) gpot welded on to tungsten. .
seals through the Wallé*bf‘tﬁe"manometer. ‘These contacts were
wired tc a 2 velt supply such that when’ the mercury was in contact

with the top platinum wire a smzll lamp (L) was illuminated.

The volume of murcary in the manomuter could be
varied-from the reservoir (G L With such an arrangement the
mercury level in the left hana limb’ of the rianometer could be
adausted to exactly the saile level cach timn a pres ure

reading was made.

The volume of the tubing ' connceting the burettes

‘and ‘sample bulb was determined as .before, by measuring the

drop in pressure when'nitPOgenﬂwaé alloued to expand into

the evacuated system.

Experimental Erocedure.

The actual . procedure é&optéd was different for
the modified'apparatusféﬁdﬁtﬁéféforé'will.be discussed under

a separate sub~heading.

{a)- Ampou1e Aﬁpara£ﬁé
The émponié5ééﬁﬁainingvasﬁeﬁghea amountmof nickel
oxalate (= 0,05 gms.) was attached to the platinum wire and

woubd up into the lower section of tube. The cone and socket
were sealed with apiezon grease and the apparatus evacuated
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through tap Tqb After outgaseing for a miniuwum of thirty
minutes the {urnace was placed in position and the control
unit adjusted to give a temperature of 240°%C. in the middle
seotion of the furnace., This teupcrature had been shown
previouely (1) to be suitable for the rapid dehydration of
nickel ozalatc dihydrate. The ampoule was wound up into
the furnace and brought {9 rest at tho point of minimmm_'
teaiperature gradient, Th&ﬁcowreepaﬁdea to eighéeen‘half
turns of the winch aftor the ampoule hod passed the bottom

adge of the cone and socket.

The temperature was maintaincd at 210°C.,
until dehydration was complete, usually about two hours. The
tewperature was then raiced to 330%C. At this témperature
decompogition of the nickel oxalate was fairly“fapid (60,
and was complete in three hours. This was checked by iseolating
the goystem and closing tap TQ of the differential manometor.
IT the manometor renmained stationary for ten minutcs the

decomposition was Juldged completo.

The ampoulc was then wound down into the cold
scotion of the tube and the {urnace switchedoff, The lower
portion of the tube wae then immersed in a Dewar vesecl |
containing liquid oxygen. Two hours were allowed to elapse
for thermal equilibrium to be cetablished and then oxygen, at
a known pressure, was ¢xpanded from bulb (0) as slowly as
practicable into fhe oxidation chambor. After uaiting another

hour the liquid oxygen was premoved, the ampoule hrought back



to room temperature and the eguilibrium oxygen pressure recorded.
gince all volumes and pressures were khown the velume of oxygen

absorbed by the nickel sample was readily calculated.

The oxXygen pressure in the systen was ﬁhen'adjusteﬁ
to 5 cma.lgs , %his figure being used in all runs, The
furnace was placcd in position and its temperature controlied
to 500°G; The ampoule was wound up into the furnace and tue
time when the ampoule entered the furnace was nNotod. ,The
reaction comuonced lmmedlately as indicated by a rvise in the
level of the left hand arm of the differential manomcter.

The mercury lsvel in the burette wae raised a notch or two

on the wineh until the manemeter fell to below its equilibrium
level, The time when the manome ter level again reached the
gore mark was noted and simultancously the volume rcading
taken f{rom the burctte, The oil mancmeter eould be read

to about %,n‘m-. 04l, 1,0. about 0.04 mmlig. Readings were
continuea'fer about one hour, the reaction rate being very
slow after this ftime had elapscd.

(b) Uodified Apparatus Frocedure

A weighed amount of mickel oxalate dihydrate ( 4 gmns.)

wae placed in the unaeaied bulk (capacity 10 ces.) attached to
the end of a capillary tube. A glass bead wae inserted in the
capillary entrance thus‘pr@vgnting the powder falling into the
capillary. The sidgs of the bulb were then cleaned and the
bulb sealed. The bulb was thon righted, the glaog boad falling
back into the mase of powder and the eapillory attached to

the appapatus at point X fig.(9). The sample was outgassed
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for several hours and then the furnace placed in position 6o
that the bulb was in the zone of winimm temporature gradient.
The oxalate vwas dehydrated at 2¢10%, for twentyfour hours and
then Gecompone@ at 330°C. for a fusther twentyfour houre., In
later cxperimento, as a result of the purface arcos measurements,
the decouposed samples were sintored at 500%. for siz hours.

At tho ¢nd of this heat treatment the furnace was removed, the
bulb allowed to cool and then imnersed in a dewar of liquid.

0Xygens

Surface arca measurements were then conducted
uging nitrogon as the adserbate,  These measuroments will be
dezcriked in detail im Yection IIX. A% thé»oampl@tion of
these measuroments the evacuated bulb was again imnersed in

liquid oxygen.

The sample was equilibrated with oxygen at
«183%:, by sdmitting a known volume of oxygen into the bulb.
The liguid oxygen wag removed and the bulb allowed te return
to room temperature in the preagnce of a {inite proescure of
OXTEC. The equilibriumﬂgresaure wan recorded and thon oxygen
in the gas phasce wap pumpaa»:’i aWaAYe Fprom the lmorm volumes of
the app&ratu&,‘tbge%her with the Qecrease in pressure, the

volunie of oxygen adsorbed by the nickel was caleulatod.

The Tuvrnace was plaeced in positlion and the
temporaturc of the camplemaintained at 300°9C. 'Tap'fk was

ghut thus isolating the covacuated bulb and the burettc oyctem



was filled with oxygen at about 5 om.Hg. pressure. The
mercury level in the mencmeter was adjusted such thet the
light (L) was flicking on &snd off due to the vibration of
the mercury surface in contact with the platinum wire.
Tap T, ves opened and the time noted. The pressure in the
system fell, dbut this wasopunteracted by raising the mercury
level in the burettes The level was raised until the light
wae just extinguished. The time when the lamp agsin beceme
illuminated,together with the burette reading, was noted.

The level in the burette waes then raeised by enother notech on

~ the wineh and the procedure repeated.

In later experiments the furnsce wes replaced by
& vapour beth similar to that shown in £ig.(1b) snd kinetic
measurements were undertaken st 18000., the boiling point of
aniline., | |

RESULTS ¢
f—— T e Sty
The results have been divided inte two Zroups ;-

" (8) EKinetic Results,
(v) Modified Apparatus Results.,

Kinetic Results
| Teble (4) lists data relevant to some twenty
kinetic runs. - The results are plotted in £ig.(10) end fig.(11).

Modified Apparatus Results

These results have been further subdivided into

two groups :-
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(1) Surface Area Repults,

(2) Oxidation Results.

(1) Surface irea hesults
Details of the surface area measurements are

gdven in Yection IIT but some relevant results will be mentioned

here,

(i) The nhermgl.ﬁecOHmositien of nickel oxalate at
3309C, ylelded nickel powders the surface areas

of which varisd in the range 22 ~ 11 w2/ g, fid

{4i) An increase in the time of dGecomposition at constant

temperature resulted in a deercase in surface area.

(1ii) 4n increase in the temperature of decomposition

reduce@ the surfase arca.

(1v) ldentical runs as rar asweight of nickel oxalate,
time and temperature of dehydration end decomposition

failed to yield identical surface areas.

(v) After sintering the nickel powders at 500%. for
six hours the surface ares was reduced to zmg/gm.ﬁi,

a figure which was reproducible from run to run.

(2) OUxidation Results

. Aceuralte kinetic measurements were not obtained
with the modificd apparatus because the reaction was too fast at
30000. “he temperature of oxidation was reduced to 180°u., but

the rate was still oxceasive. The volumcs of Ooxyyen used,



v

together with other data, including somec surface arca results,

are given in Yeble (5).

BIGOUSSICN

The discussion of the results has boen subdivided

under the following headings:-

(a} ikodifications made to improve the Reproducibility,
(b) Burfece Area Results,

{¢] Pyropvhoric Cheracter of the ,owderss

(8) pojirications made to improve the Reproducibility

A glence at Table (4) and fig. (10} end fig.(14)
indicates imnedlately the inconsistency of the results. Various
steps were taken from pun to run to gtandardize or eliminate
factors thought to be effeoting the ra#e of oxidationa, These
stops have been summurised under the heading “Remarks” in

Table (4) but will be discucsed in greater deiail.

(1) Preliminary Saturation with Uxyeen

Admission of oxygen at room teuperature to the fresh
nickel powder produced s bright red glow in the matériale.
This vigorous ozidation varied in extent and intensity
from run to run. In an effort to standardize this
irregularity the nickel was saturated with oxygen

at =i83%, and then brought to room remperature
under & finite pressure of oxygen. This t reatment

apparently masked the pyrophoric character
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TABLE (5)
- ] e . : A . el ‘Tote - %- 8.A. Remarks
* Piing Time ©  Time Whe - Wt. - S.A. 8.4, vol.[ S.4.  Vol. ” . 2 v -
R;g t o and - “apd  NiC.0, Hi ' Fi Wi 0, at Uxid.  Ni 0, oxid. 95 Gx1G. 03;?.
" femp.  Temp. Tenp. gyd . Before After  pp0;, = 8%, arfer 1%90. at,  ~ per )
of of - of - 280 sinter. uinter. ot 20%,  20°%,  189°C. 480%c. Gm.mi
Dehyd. Decomp. Sinter. : Gm.ﬂ%"’ Uxid. ggfgi
1. 2,4 h. at 2}4 h- a% -, . 1.085 O.BQB - - §9.u9j 20.7 hed 1‘?2-5 58-9 151‘502 86.8 -
202%. . 330%. ~ I '. L
2, 21 he at 165 h. at -~ 3-906 1254 20.7 T 16}‘33,1. - 8. 66 '39963\ b3e3 22,69 59.63 31.24 19.7 ,
2030c,  312%. | | | o | £
5. 24 he at 16 h. at - 44056 1303 . 19.7. - 2117 & 14,09 © 17.28 82,63 10348 Shel 13,2
© 2030q,  323%., ‘ o 3 » ‘
4. 22 h. at 16 .ot 286%C,  L.495  4.321 5.3 - 6u53 - 3eb2. - 45,83 27439 14435  33.91 47.77  16.7
' 796°c. 24 h.at 330°C. | | R - | |
' ) A ) . . L 5 ‘ qiee Ly . o . -
6. 22 h. at 24 h. at 6 h.at L4299 1.380 45,0 2.0 - 2.99 . 56 2 lo lik 1:57 . A7.43 9.43
© 296%,  330%. - 500, c ‘ . .
. . : ) ‘ ; L Te 52 - 1L§ 09 . ,..” 8 -1 .C ' s -
7. 24 b’ at 30 h. at 6 h.at 4,50 | q.u45 - 2.4 2.89 . o ! ; 1639 8.90
210%.  330°;, 5007C. B ' o
, . o o | I - - 32.77 7,17, . 36.19 18,96 =
8. 24 h. at 42 h, at 3 h.at 4.28 : 4.37 .- 2.0. 3 li2 179 EEEERAE e ol
2129 3459, 500°c. i o | ' ’
CoL . . C o Sy : Burette £, off.
De 23 b, at 23 h, at - 6 h.at 1.136. 0.37 - - Se l45- 2.86 - 784 41409 © 83,9 L3.9 - DD :
. . 20800 3“600 ro5o‘ . - . : 02 sdamitted in
T e . H27C. : , tvo lots. ¢ min.
| L ; ' : { | . | ’ between admissions.
10. 8 hi at 24 h. at 6 hoat .15 = 0.374 - - 3.3L§~ 10 75 - 55667 29.15  58.99 30.91 - B, off. 0, admitted
210, 3u5%, 505°C. : - in two lots. 30
o - { ‘ m;n. between.
- 220%c.  352%, 503%¢. i together. Thermo-
T , 3 . _ . couple rise 150°C.
: 3 F .. . e & i e 47 . f.""’v Lod - Jw -F-L‘%’ : ‘3. .'v’; - -JA' - -i' ¥ - : I3+ Ce - ' U\
:12.‘2L gf:at %gﬁgé.at gﬁgag? Ae137 - 0365 Sehith el 89441 L6658  92.6. 48.5 B, admitted Theramo-

couple rise 100°%,
B, aamitted after
10 min. No temp. o
change. ;




‘gund M53 B JIB3JE DOUODUBGE S8R 100A

gs813 pue 88918 punodd yioq JO VN BYJ 08 UOTIBOIITDOM IOULTS
UITA PSUTBIAO €8 L£OUSSTIU0O ul juowsacxduy on

| *s8nid

1005 23818 omy ussagen UT POBPan sem ‘ose1d Punosl YITA POXTW

‘orduss oUY Jaasés TTUY - BZTRIYDUBLS OF 40330 UR ug ‘und 09 UNJI

MOIT ATQBTIBA sBr Furasuns JuUnowWBR ayy, ‘pOZININO A16%07d00

- sen anotod uy ofuwvys oys 4q 8utﬁpn§ pus pesaadagp Liourly

g8n zosﬁ oy g 03 Fuiaoupe Jopacd ToxoTu ouy ‘srnodwe syl
UT pPosn sem (ock gse1d yo 8nyd suoc Atuc usun

~31t1004 savtd Jo sinyd oay (q)

*UOTITT0dmonsp 0% aofJdd H3BaDAUIP BILTEXO TONOIIU OUg
UM TA POxTW uem sgeld punoad Jo sunioa Tuabo uy

~189918 punoxd uyzta Suixinr (@)

*DOTAS BIOM SPOUZHW

aadayy, *usdAxo 6Y3 J03 98800H JO[9Ee JuUrmoTie snys Jepaod oy
93a0dSTD 03 DPLPTOS) s8A 3y *a1Yy UBYS ©807 yonu LT78NSN pue
og qua.aaqwaaﬁ J040u sEBA UOTIEPIXO 8fsjuoddod syl 3BYY 108y
oyl £aq porzodans 8y STUT  *DIZIPING ATSATSUSSXR Suteq TEM
uotlrod dog syl L£1ue 4vyl poqo8sns 3TYL *XorTq £17e0850 aun
t0%30q AUT OTTUA ‘anoloc ul ystdead uorgsaod dog Syj pemous

UOTABRIY0 J033W axopmod 3yl JO UOTIEUTWBXF

JUTHOBI y9TM POIETI0SEY 8407981 (IT)

pEché 13 119 ur poqdope sks sanpsscad sTyy
*2141Be DOIBRINIESAI4 ‘POLENIBAS HY] 09 POJITUDE SBm ‘Qooz 4@

us84ixo Jo £14dns ysesI v uUsUA DPOAISESQO SEM KOT8 PO ou asnvoaq



- 25 =

(¢c) Larger ampoule:=-

The size of the ampoule was Increased by a
factor of thres and the powdor was spread out in a thin
layer on the floor of the ampeuloc. &lthougﬁ the dlgperscion
of the powder was good no in¢rease in reproduclbility was

evident.

(b) Surface Area Results

It had been assumed that the thermal dcceomposition
of nickel oxalate undor identical conditions would yield nickel
powvders possessing the same properties. lowever, becauge
efforts to improve the consistency of the runc had beoen
futile it was necessary to check whether such an assuuption
was Justified. Thus, the apparatus ﬁaa modified and the

gurface asreas determined.

Although the surfacce areas could not be
reproduced exactly from run to run it is doubtful il the variation
is sufficicnt to account for the poor kinotic resulis. In the
case of the sintercd samples, although no signifivant Kinetic
results were obtained the varistion in the percontage oxidation

(Table (5)) would suggest that kinetic plotes would be variable,

1t may be seen from Table (5) that the velumesof
oxygen consumed per gramme of sintercd nickel at -183%° ana zoog.
are approximately of the same order of nmgnitude. This may be
contrasted with the resulte shown in Table (4), where the camples
were not sintered. This improvement in censistency may be
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due in part to theelimination of the surface srea variable

in the sintcred samples,

(e}

Twaiimpor%ant facts may be seen from the reculis
shown in Table (5) espccially runs 9 - 12, |

-

(1) The extent of axi&ation_waa a function of the volume
of oxygen which could be admitted in the first inetsnt,

(11) If two burettee comtaining oxygen were opened to the
sample together, then a greater veolume was adsorbed than if

the second burette was opened one ninute after the first.

]

These results suggested that the preéaturation
of the nickel at =183 and 20°c, 614 not elimivate the vigorous
oxidation due to the pyrophoric nasture of the powdsrs. In
order to test %his suggestion a erude ocalorlmeter was built to
measure the temporature rise of the sample when oxygern was
admitted at 300%, | 4 oopper congtantan thermocouple, made
from fine wﬁre,.was cemetited to the bottom face of the
adzorption bulb, yhen a large yvolume of oxygen was éﬁmitte&
at 30900. to thé presaturated sample the thermocouple indicated
& rise in teuperature pf’@Ech. - The temperature rise waa
proportional to the volume of oxygen adinitted in the first
instant. Becauge of the poor thermal contact, the temperature
rise in the sample»waa probably much greater than indicated

by the thermocouple,
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These few experiments clesrly indicate that
although presaturation at - 183° ang 20°. aid reduce the
effect due to the pyrophuric nature of the powders it did
not oliminate this fuctor. Further moro, the elimination
or control of the other factoras thought to influence the
rate of oxidation did not enhonce the conaiotency of the
reeulte. These facts suggested that the pyrophoric natuve
of the powders played a dominating rele in influcncing the

ratec of oxidation.

In view of thig evidence, there im little
neeld to comment on the kinetic plote given in fig., (10) ana
fig. (11). Presumably in thc cage of runs 7 and 17, where
a fast reaction occured, the oxygen was readily available teo
the ma jority of the sample and the temperature rise was
probably considerable. In the other rung wvhere slower ratcs
and somewhat similar plots were obtained the controlling
factor was probably the passage of oxygen into the mass of

the powder,

As no method of eliminating or controlling
thie pyrophoric factor wap evident it was deeided to

terminate the kinectic otudios.
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INTRODUCTION 3

As indicated in Seection II at a stage in the eoxidation
investipation it was decided to measure the surface arcas of the
nickel powders. These powders were produced in situ by the
thermal decomposition of nickel oxalates It was desirablc that
the surface area measurements would not contaninato the powders
rendering then unsuitable for subsequent oxidation. The
obvicus method was gas adsorption at low teugeratures. Hefore
describing the experimental procedure s diccussion of the
varicus igotherms will be gilven. The literature devoted to
this subject is, however, so vast that a detalled revicw will
not be attempteds Instead an examination of some of the more
important papers will be made, with a view to asceossing the

relative merits of the several isotherms,

Literature Survey:

At the time of writing there arc four gencrally
ccepted accurate methods for the determination of the areas

of finely divided solids by ges adoorptions They ares-

te The absolubte method of Harkins and Jura which is based

on sound thermodynamics (61)s

2, The method of Hrunsuer, Fmmett and Teller (D.Z.T.)
based on kinetics (62).

%, The Huttig method based on kinetics (63)s




]

B The relstive moethod of Harkins and Jura based on the

charactoristics of condensed films (64}

Of these methods the absolute m@thndvnf Harkins and
Jura ig perhapo the most accurate and hao s sound theoretical
bagis. However, it is experimentally the most dirficult and
cannot be used with porous or coarse powderass Its useful\ﬁema
lies in the fact that it can be and 1ls used to standardise the
other mothods, For oxample, the m;E.T. and Huttig wmethodo
tbemselves cannot glve the ares of eny solid whatover, since
from the adsorption isotherm only the nuuber ¥ of molecules in
vhat is pupposed to be a complete uonolayer can be obtained.

The area ef any solid is given by -
S = Ha

wherc ¢ the mean ares occupled per molecule in the complote

monplayer is unknown,

Emmett ond Prunaver (65) have given a geometricdal
method fdr calculating the value of ¢ They assumne that the
molecules are spheyricsl and that the packing in the wmono=-
molecular £ilm is tho came as the wmolecules of the solidified
oo in thelr plance of clogent packing. The oquation which

they use is -

2/3
(6:866) (o)
vhore I3 = the wmolegular weight
i

A = Avagadro's Fumber
" §g = Gensity of the psolidified gas.




in oordain cagos & is roplased by §, tho dencity
ot $he lisuidiiied gae whore ovidoneo tends 4o pupport the
iden thad the €11lu 1o liguid conduased and ast solid

condenscis

331 (€6} givoo an aluernative uethod of celouloting
¢ baoed on vap dor baal's eguatien. For scverni gases the
lattey mothod gives values 10 Yale acrcouwcnt with the mom

aenally scocpted Rrunsuer drmzett valucd.

Hariine and Jupa on the other hand prafor o
ogloulate the valus of by cospuring the .47, suwrince dreap
with thooe meacured by thelr abgelute wetheds  They have
gpiculatod the "eorpect" suriace aren of a sample of enstase
using thoir oboolute metheds  Adeorption ileoinoras of
geveral differont vapours walo ﬁhm: deterained and tho surface
archs ¢oléulated by tho - 5.T. mnothed, The o valucs Doscesary
to pive apprecnunt 9ith the “corrcet” durlede ares wWare
caloulated and coupired with sho values obioincd by the
guotstriecl mothod of Prunsucy and fmmotds  Chey conclude
shat the Sronsucs Dmnott volueo become move groodly o ovior
ab the vapouy melocule bogomus largsh. in thu aace of nitrosen
the gas cooh com.only uced in surface apea mLuasurynents, he o

valucs are Lhe sote by olthor ethods

Siokoping ang sokoetvon {(57) have meocured $ho
phvelicnl odeerptlon of N, kp, 4, ©O and 04, ona soaple of

anatene hoaving o gurface aren of 1340 tﬁﬁ/mu. ao Gederai odl by



the absoluie method, From the results they calculated o
values which are in poor agrecment with liguid density

measuremente in ccntnast to the resulte of Harkins and Jurs.

Livingeton (68) has measured the éasarptien
isotherme of nitrogen, water, propanc and heptane on four
Tinely divided aoliﬁe; e ealculsted avalues for water,
propane and heptane to give agreement with the nitrogen
surface arca, However, in order tc obtain values which were
in agrecment with valuecs determined by density, X ray and
£ilm belance techniques it was neceesary tp choose & value
of 45,2,£9 instead of 1642 & 2 (the value usually accepted)

for the mean ayes occupised per nitrogen molecule.

_ The uncertainty in aceepting thé Drunauer Smmett
method of calculating¢rva1uea is further emphasized by the
recults of Deecbe, Beckwith and Honig (69). In a paper in
which they introduce the use of krypton adsorpiion for
surface arcumeasurements on materilsls of low adsorblve
capacity, Beabe et al £ind it nccesgary to assume a value
for the mean area per molecule of krypton greatly in exzcess
of that calceulated by the Brunsuer Zpmebtt method, in order
to obtain agreement with the reoults obtained by the Harking
Jupa absoluie methods This reauit is supported by later |

work of Yevie and Dewitt (70).
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TG PRUNAUER ZUNETT TELLER (B.F.T.) ISOTHER

The B.Z.T. theory of @hyéical adsorption was the
Tirst and is still probably the best and moét ugcful theory of
multimolecular adsorption, covering the corplote range of
pProssure. This is not to say, however, that it is really
a satisfactory theur&. The asewaptions upon which it is
baced are wrong in come cases and crude in others 'but they
are still sufficiently‘goa@7to contaln a number of important

gualitative feoatures actually observ ad cxperimentally.

Brunaucr Ommett and Teller gave a kinetie
derivation (62) of the B.E.T. eguation which is really a
genoralization of languuir's kintetic derivation of the
Leagmiir isotherm (74). The devivation invelves a
balaneing of the evaporation and condensation phenomena in
adjacent layers with the assgumnption that only the energy of
atisorption of the Lirst layer differs from the cnergy of

condensation, The final equation is =«

P - 1 G -1 P
] D s el + i " P - iy
- iy c 9 |43
V(Py =P) Y Vi © “o

in which V is the amount of gas adeorbed at the cguilibrium
pregegure P, Po ig the saturation pressure and.vm the quantity
of gas required to form a monolayer, C ia a constant whieh
is a fungtion of the Aifferenco botwesn the energy of

adsorption in the Tirst layer and the energy of condensation.

4 plot of _3," U) againsct d should give a straight line
V(y,  ~E o
o o



from the intercept and slope of which tho cenetants'V@,aﬂﬂ C
can be calculated. If the average area g occupied per
molecule in the monolayer is known the specific arca of the

s0lid may be caleculated,

Gaesie (72) and Hill (73) have provided a statistical
deduction of the B, 2.7, egquation, The usefulneses of a
statietical mechanical trcatment lico in its explicit
provision of all congtants, paramcters etcs in terms of
molecular properties. In addition the question of particular
kinetic mechanisms can be avoided, it being necesgary to
consider only the variouws possible acceasible states of the

syatem,

Theoretical Considerations

The B.#.T. theory has beeon seversly criticised
becauss of the several unscund assumptions upon which it has

heen baged. Harkine (74) lists five unsound essumptions.

i, The latersl intoraction betwcen molecules in the

first layer can be neglected.

2. Inhomogencltics of the surfece of the solid have &

negligible effecte

B The energy of interaction of the second layer with

_the material underneath it dogs noy differ from that of the

nth layer with the n =1 layer vwhere n is large.



. The surfacc energy of the film can be negleetods

5« The energy of adsevption in a layer le indepandent

of the amount already adporbed in that layers

Harkine has also pointed oul that 1t is poesibdble to
descrive the solubility of ammonia in water at 20°C. by a
ByE+Ts equation, A it of czperimental data to a B, 8.9,
equation ie not evidence that the phonomena under discussion

is even one of adsorption,

H41l (75) hee attempted te compensatc for the
neglect in the theory of the horizontal interaction cespecially
in the first layer, but has met with only limited success.

Hlaloey (76) has discussed the imperfections of the
B, E.,T. theory to some length. He cencludes, however, that
refinenents to tbe actual theory appear to destroy rather than
enhance the ability of the B.E.T. cquation to fit lsotherm
datas |

Smith and Pearce (77) have suggested that the whole
basic model of the B.E.T. theory is incorrect, They beolicve
that;inateaa of being cssentially of uniform asctivity, the
surface of a eolid 1is composed of regions of varying astivity.
This approach gaing support Ifrom cglorimetry studies on heais

of adsorpbion.

Pierce, #iley and Smith (78) support the idea that



capillary condensation plays e much larger role in sdsorption
at 16w relative pressures than is generally accepteds They
base this conclusion on adsorption wmemsuremenis of several
vapours on chapcoal, If this is so then the Vm‘valuaa are
incorrect and the surface area values as generally given

~apre much too large.

Eractigal Considerations -

Despite the theoretical limitations the H.E.T,
eguation: has achiceved considerable practical success Iin
recent years. Nevertheless a number of modificationg to
the basic B.E.T. equation have been susgestad, In all cases,
however, they are designed to extend the range over which the
equation will rit% exparim@ntal data, The original B.E.7T.

equation is only operative in the range 0.0&451_(.0.35.
P : .
o
Outside this rasnge the neglect of various factors in its

derivation appear to render the B.L.7. eguation invalid, .
Anderson (79) has modified the B,1.T. equation by mutiplying
the relative prescure p/?o by & factor less then one. ¥hen
this factor lics ﬁeiwéen-Ogé - 0.7 the eguation is found to
give a straight line up to & relative pressure of 0.7. The
constant, slthough impiricsal, has been interpreted to mean
that the free energy of adsorption in the second to tenth

layers is lese than the frec energy of liquefaction,

Picket (80) has slso suggested modifications %o

the B.E.T. eguation in order to exuvend the range of it of



experimental data. The modification necessary is found by
trial and crror and once found does not alter the values of
Vm or U, but simply eatends the numbsr of pointe through

which the straight line way be drawn,

Cooke and Dole (B1) amongst others have made sewmi-
impiriecal modifications which have led to anr improveorent in
agrecisent with ciperimental data. Provided a straight line
ie obtained Tor & portion of the isetherm (0.0§<?/ya< 0435)
the B.B.7. equations either as such, or modified, gives values
Lor Vm which are reprodueibls and sclf-consictont with difforent
Zasei. If a reasonable value of ¢ ie used the surlace areas
calculated from the V, results are in good agreement with

other methods,

TH8_HUTTIG EQUATION

Huttig (63) has derived an adeorption isotherm -

”%“’ . ( 1 +--§~ ) = Yo -
o Vm © Ve

where € is the B,E.T. congtant, by a fundamental modification
of the H.,i.7. argument (62).  Huttig assumes that the rate at
which the nunber of molecules in the scgond layer increascs

is propértional to the nnmbeé of mnéaverad first layer molecules
(in agreement with the B.&.7. @orivation) and the rate at vhich
thio number decreases 1s proportional to the total nuuber of
moleceulen in the second layer (in disagreement with the B.E,7.
theory which ueses ingtcad the number of uncovered cecond layer
molecules). Other-wise the assumptions of the two theories are

identical,
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Rose (82) has esaminod the theory in some detail
and Pergusson and Barrer (83) have glven a statistical
mechanical derivations Hill (84) has ecriticised the
equation on theorotical grounds and has alec pointed out the
fallacy in the statiatical argument of Fergusson and Barrers
The numerous criticisus of the 3,%E.7. theory cau egually well

be applied to the luttig isotherm.

From the preotical point of vigw the Huttig equation
ic suecessfuls Rope (82) hes shown that the Ruttig cquation
vill give 2 linear graph up $o a relutive pressure ol 0,85,
which may be compared with the B,E.7. upper limit of Q.35
This means that more pointe are availsble and hence a line
can be fitted with greator case and accuracy. The BokeT,
and Huttig equations yield V values which are approximately

equal for a given get of lsotherm data (85).

Corrin (86, has compered the B.%.7T. snd Huttig
eguationsfor the case of nitrogen and argon at -195%, on
several carbon blacks. The author concludes that the B.H.T.
eguation is superior teo the Huttig giving more sell oconsistent

regsults for diffurent goses on the aame‘adserhanﬁSa

'‘Schreiner and Kemwball (87) have found, on the whole,
gouod agreement between the Huttig and b.%5.T. surface areas

of suveral metallic oxides using different adsorbates.

BSarper, Hokenzie and ficLeod (88) have cowpared the
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B.E.T. and Huttig surface areas using a value for the mean arca
per molecule of nitrogeon dAerived from the Harkine Jura absolute
method, In addition these workers have developed a series of
B E.T, tyve'multilayer isotherms which have also been testeds
Agrecment boiween all methods is only fair, a reésult which
raises the question of absolute as against comparative accuracy
of swriace area measurements through adsorptions “he authérs
conclude that it ig not enough 0 determine the eurface arca
always by a single tyve iaatﬁarm,.but rather to cuploy a group
of isotherme to check the areas obtained with each against thoge
obtained with the others, This could give 2 better 1&53 of

the probsble absolute accuracy of such deteprminations.

THE RELATIVE MuTHOD OF HARKINS AND JURA

This method is similar to both the Huttig anﬁ
B. B, T, mcthoas in that it must be standardized by the absalute
Hariins Jura method. Its success depends on the propevrties
of condensed films. A film is ssid to be sondensed whensver
it exhibits o lineasr relation between surface pressure /7
and the mean area ¢ occupicd p@f toleeule,

i¢€f T = b =ac where o snd b are constants.

This may be tronsformed with gufficient acenracy inte -~

102‘1 /1,:.0 B ”'%-2"

iIf, therciore, log. P/¥, is plotted against %,2 a linear graph
is obtained when the film ie condenseds, It was shown by

Harking and Jura (64) that ss the area of the solid inecreassed
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the numerical vaiue of & also increased. They were able to

show thet the surface ares & was related to 4 by the equation -

s = Xk ﬁk.%

-

The value of A is coniputed fron the linear plot of log. P/F0

~ -1, andk is calculated. Harkins snd Jura have
v
calculated a value of k¥ for four adsorbates, but these have
veen extended by other investigators. #With different

adsorbates or different temperatures the value of k is different.

The major aiﬁficulty in the Harking Jura relative
method lies in evaluating the constant k. The Harkins Jura
absolute method has been confined to a sample of anatase
and the "correct” surfsee srea computed. A value of k to give
the same area by the relative uwthod is chosen snd the assgumption
is made that K is constant and independent of the adsorbents
In a2 number ol cases with different adsorbents it was found
necessary to alver the valus of a'wiéh k conetant to obtain
surface arecas which would agree with B.L,T. and Huttig values,
these latter methods having previously been standardized
against the absolute methods This aspcet hee been investigated
at length by Corrin {89). He concludes thal the vlue of the
constant k is not always the same, especially in those casos
where the plot log P“"%Z gives two or wmore linear portions
of different olopcs. Undexy these circumstances 1t 1s necessary

to take the ratio of the Bguare root of the slopes of the differont
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linear portions o decide which velue of kK to uses whon
enly one straight line is obtained it is impcssible to decige
which value to tale. To overcome thies it is ncceasary to
caleculate the surface area by either the absolute method or
the B.W.7. or iuttig eguations and choose the &pprovria%@

valuc of' k to give agrecment,

Harkins and Jura (90) havo considered in detail
the manner in which tho drca occupicd by 2 mwlecule of
nitrogen varies Tor different adsorbonta, In this tremtment
they have sssumed that & bBas alvuys the value obtalmed from
the absolute method on the anatase gsample. Por over nineiy
different adsorbents the constante for the llarkins Jura
rélative and B8.5.7. equations were dotermined, The specific

gurface S was calculated from the sguation =

using a constent value of k, andgwss calculated from the
gquation -~

S = NV /Y

where I is évagmﬁ?o'a pumbey and V the velume ocoupled per moles

hHo smmett (94) and Livingston (92, heve pointed
out thore ls no need to asgume k constent and ¢ variable. 1%
secme plausible that k may vary from substance to substance and
yot o remain constant. Thisg latter alternative, however, docs
not gainvsup@arz fyom the fuct that freguently it is necessary

to agoume different values of o for the same gag on different
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adsorbente in order to obtaln sgreement beltweon B.B.T.

computced surface areas.

Joyncr and Smmett (93) have'compared the B.i.Ts
and Harkins Jura relative methods for nitrogen on several
carton blacks at « 205, ~195 and -QBBQG‘ reapectively. Thoy
have used the Harkins Jura value of k at =195 and from the
reoults calculated the correct value of Kk to glve consigtent
areae gf the other temperatures. The variation of k with
temperature is in approximate sgrecment with the prediction

of Davic ond Dewitt (94), that for a given adesorbate the

constant k should be proportional to f%t .
. ' LL

Joynsr and Emmett (95) have earried out similap
calauniations Tor k on porous glass bui do not obtain agreement
between the kX values at ~205° cin porous gl non-porOus
materials, Thic sugpests $¢hat the teaporature coelficlient

of k may be different for vorous and non-porous substances,

Comparision of the B.,B.T. and Relative ilothods

Bespite the uncertainty in the cholce of constants
the agrecment between the surfece aress caleulated by the
Hepwine Jura kelstive and the 5,2.T. actiods te goeed (93)

(), (95), (96)s As Livimgston (97) pointe out, however,

taie is to be expscied sincs when the 2.4,%. constent v. is

in the raage 25 - 250 the two eguations boih glve satisfactory

fits to the same sdeorpbion data {¥8), (99), (92) and Harkine
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and Jura (64) have chosen their k values to be consioctent with

the 8,5.%7. adsorption results obtained with anstase,.

Agreement, however, is not always observed. Porous

adcorbents that form multi layers only o few wmolccules thiek

do not give adsorption fdata that agree with the standard
B.B.T. equation, However, they do agree with the B.E.T.
"n" equation which i similar to the ordinary B.B.T. equation

but contains exponential n termg in which n equals the |
maximuz number of molocules in the monolayer at P = 2.
Joyner, Wienbergor and Uontgomery (100) found that when n
was small the Harkins Jura method could not be used, Smith
and Bell (101) have shown that this result would have been

predicted from a mathematical treatment of the “n" equation,

The relative merits of the methods whieh have been
diseugsed appears to depend largely on the significance
placed on the ourfaco arca values. It is doubtful if any
of the methods will give the abeclute surface area, This

is unlikely because of the following points:-

1, ‘The uncertainty in allotting a value for ¢ at a

definite temperature for a particular adsorbate.

2. The unknown influence of capillary condensation and
active centres on the formation of & monomoleculay film with

a subseguent uncertainty an.an¢ value of vm.

3 The unsound assumptions upon which the B.E.T. theory
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is based and the fact that the theory deviates more widely
{rom experimental data when refinements to the basle
assumptions are incorporated in the final equation.
S4milar argumenis apply in the case of the IHuttig squation
begause the baslic assumptions are identical to those in

the B.HK.T, egﬁation with one exception.

In the cage of the Harkins Jura relative method
the uncertalinty involved in the value of k renders the
complete ecceptance of surface areas by this method open

to Goubt.

Only in the case of the Harkins Jura absolute
method can complete écliance be placed in the values obtained.
Unfortunately the experimental difficulties are such that
only a few measurements on a single sample of anatase have
been completeds As indicated, both the Harkins Jura constant
k and the value of ¢ used in the B.E.T. equation have been

selected to give agreement with the absolute result.

Thie agreement has not alwaye been found with some
other adsorbentg, in the first plaQe Hariins Jura absolute
results are lacking end secondly the B.E.T. and Harkins Jura
relative pesults vary from one adsorbate to another for a
given adsorbent. This voriation has been attributed to a
change in the values of k and geither singly or together,
but it may in fact be due to capillary condensation,



- 47 -

active centres or some other complicating factor, It is
aeéirahle that the¢ absolute measurvements be cxtended to other
adsorbents and the results compared with the E-E,T.,Euttig
and Harkine Jura relative values, By this means it would
be possible to determine whothey or not the values of ¢

and k are in fact different for various adsorbents.

In the absence of.ﬁueh comparisons one io drawn
to the conelusion that complete acceptance of surface arca
values by eny one method is unwise. For conparative studies,
eppeeially with adcorbents of identiecal or similar chemical
composition, the velues obtained by the three methods taken
together should indicate differences or changes in surface

aresy

Adsorbates

Little wention has been made of the type of adsorbate
ugsed in surface area measuremente. - The most convenient are
nitrogen, argon, kKrypton aund carbon nenexide at ~195° or »18306,
Other vepours, including carbon dloxide, water, propane,
butane, ethylene, etc., have been used at various temperatures
but generally speaking these vapours reguire a more

ecomplicated adsorption apparatus.

Beeck (102) has criticized the use of nitrogen as
an adsorbate following heat of adsorption measwrements on
evaporated metal Tilms. He showed that somw chemisorption

of nitrogen took place and thevefore V;; values as usually
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determined would be in error. Such criticism has not been
substantiated in surface areca resulte; supggesting that the
 effect 1s of minor significance in most cases. ' Hevertheless,,
the adsorptién of krypton and argon appears now to be more

generally favoured.

Brunaver and Emmett (103) have indicated thaa it
is possiﬁle to obtain agrecment in surface area measurements
despitc chemisorption. They have ;nvestigatea the case of
carbon monoxide adsorption on an iron awmnonia catalyst and
provided the volume of chemlscorbed gas is subtracted from the
total volume of gas adsorbed, then satisfacgory sgrecment
is obtained with surface area results using gases in which

chemisorption is absent,

In the present investigation on nickel powders
it was decided to include measurements with gases where
chemigorption was absent, slight and approciabdle, The
apparatus wvas &eéigned for nitrogen adserption but was
equally suitable for the adsorption of argon and carbon
monoxide at ~183°C, It wao hoped that the results could be
plotted according to the various isotherms thus allowing a

comparison of the mothods to be made.



EXPER THENTAL

(a) Reagents
1, Hickel rowders:=-

These powders were prepared by the thermal
decomposition of nickel oxalate. Petails of ths preparation

are given in Section II.

2. Nitrogen:-

In the initial surface arca measuremenis “purs”
cylinder nitrogen containing about 1% oxygen was purifiecd by
passing through pyrogallel ané'cver‘hot freshly reduced
COPPEY BaluGe This system was satisfactory for preliminary
measuremenis quring the oxidetion studies; but was inconvenient
and subject to leakage. It was decided therefore to
incorporato an all glass purification trainm in the apperatus.
It was similar to that uved by Heprington and Martin (104) and
ie shown diagramatically in £1g.(12) and in the photograph
fig. (13).

It consicted of four adsorption towers, each
about 40 cmis, in height and 30 mm.»in.aiamaters The first
two contained & 1311 solution of concentrated smnenia
(@ = 0.88) and saturated ammonium carbonate solution with
a be& of tightly packed fine copper gauze, sapérated from
the lower part of the tower containing the solution by glass
rods. These first two towera wore to absorb oXxygen. The

noxt two towers contalned packed beds of Raschig rings with
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a solution of 25k stoh to adsorb ammonia in the third tower
and a 1%0% solution of NaOH to absorb carbon dioxide in the
last tower. The gas leaving the towers was then bubbled
through concentrated sulphuric acid and then through

drying tubes containing caleium chloride, silics gel

and lastly phosphorus pentexiae; The nitrogen was stored

in a litbe resespir, thé pressure being recorded by a mercury
manometer of the atmospheric “blew off" type. The syctem
worked extremely well and was easy to operate. Tap T, was
used to isolate the drying agents frowm the wet towers when

the system was not in use.

3 Q_@I’bﬂn_ Ei_ﬂn@x i&g L

Carbon monoxide was prepared by dropping aif
free forml¢ acdid on to concentrated sulphurie acidg at
120 = 150°C, - The purification train is shown in Tfig. (14).
Flask A ccntains concentrated sulphuric acid heated by a
glycerol bath net shown, B ig & dropping funnel containing
formic acid, freed frow much of' its dlssovlved alr by shaking
in a flask which was continuously evacuasted. D and E are
scyrubbing towers filled with 50% KOH and a mixture of one
part 30w pyrosalioi and two parts 50 KOH, P and ¢ are
drying towers contgining GaClz and Pao5 respectively. H
is a liguid air trap.

The train was evacuated for one hour before
gas generstion was comuenced, the glycerol bath on & being

heated to 150°C, Quring the evacuation. Gas generation was
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then commenced and the preesure allowed to bulld up to about
20 oms. fig. This Flushling gas was then pumped away end the
generation eontinued until the storage bulb was filled to a
. pressure of about 70 e¢ms.igs The only iupurities leaving A
in the carbon monoxide are carbon dioxide, acid spray and a
little air, The aésorption towers will remeve the carbon
monoxide, acid epray and uoisture together with the trace

of oxygen present from the dissolved air,

4o Inert Gases:i-

?

Krypton and argon were suppiied in sealed flasks
i'rom the British Oxygen Company Ltd. They were labelled

spectroscopically pure.

f)q O?S ¥ g&n:’ -
This was prepered as deseribed in tection II by

the thermal decomposition of potassium permsnganate.

(v) Apparatus
The odsorption apparatus, a photograph of which ie
given in fig. (15), was almost identical %o that used in the
kinetic studies: As indicated 1n £ig.(92) two gas burettes
were incorporated in ths syctenm. buring kinetic weasurements
burette B1 was isclsted, all measurements being done with
buretie B.. However, dn the surface area nmeasurements bureite

By was isolsted.

Burette 31 congisted of six bulbs joined by short

lengths of capillary tubdbing, mounted verticelly in order of
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decrevaing volume, the whole being water jacketted. The volume
of each bulb was determined before attaching to the apparstus
vby welghing the volume of mercury it contained, Yuplicate

measurements of the volwne of each bulb agreed to 0.005 cca,.

The mercury manometer, with platinum contacts
C'and aa, has been described previously. The level in the
manometer was adjusted so that the mercury in the left hand arm
wae just touching the upper contact (€,). The difference in
height of the two armc wag measured by means of a cathobonater.
The average deviation of a given height when a series of readings
wore taken wag found to be less than 0,005 e The apparatus
is similar to that deccribed by Harkina (74) differing only in

the manometer arrangement.

The velume of the tublng conngcting the bureite
end the adeorption bulb was determined by measuring the change
in pressure in the system when successive bulbs in Bﬁ were
filled with mercury frem the reservoir. Pop one system the

volume of the tubing wae 16.25 * 0,05 cce.

The dead space in the sdsorptlion bulb was doubly
checked. It was first determined by messuring the drop in
pressure in the system when nitrogen was sllowed to expand into
the bulb. It is more usual t0 use helium aé the expanding gus
but this was not available, It was felt that the use of nitrogen
was open to error owing to the possibility of chemisorption at

room temporature. A8 a second check the dead space wae



meagurcd by cutting down the cvacuated bulb above tap T1°
welghing, Tilling with water and reweighing. From the inercase
in weight the volume of water £illing the dsad svace was

calculated. The two wmeacurements were in good agroement.

(e) Progedure fop Iitrogon

The adsorption bulb, secaled to the end of capillary
tubing, was ©illed with nickel oxalate using the glass bead
technigue previously describod. The tube wao sealed to the
apparatus at point X in fig. (9). Carc wog necegsary in the
initial -cvacuation of the bulb to prevent the powder blowing

up intoc tho capillary,

The sample was outgasesed for two hours at room
temperature and then the furnace dogeribed in tection II was
placed in position ond ite temporature controlled to ZiQOC.
behyaretion of the eample was allowed to proceed for twentyfour
houras, sfter which time the temperature was ilncreased to 33000.
and Qecomposition allowed to continue for o further twentyfour
hours, thie time usually being sufficient for complete

decompositions

The adsorption bulb was imuersed in a large dovar
vesuel containing liquid oxygen and two hours allewed to clapse

for thermal equilibrium to be estabdblliched. Taps Ty, TB’ Tﬁ

and T, (£ige.(9)) were then shut and the mercury adjusted to the
mark at the bace of the lavgest bulb in the buretie. The



burette system vas then filled with nitrogen via tap TS to

a pressure of approzimately 5 cins.Hg. The wercury in the
panometer was adjusted until the lefd hand level was juct
touching the platinum contact Q, and the pressure was

accurately measured with the cathetomeley, Tap Tq wac then
opened and mercury forced up into the bureite until it wos

level with the mark at the bottom of the second bulb. At

leant one nour was allowed to clapse and the equilbrium pressure
recorded, The mercury was then forced up inbo the sccond bulb ,
another hour allowed to clapse and a second equilbrium pressure
’racarded. This procedure waes repeated until an eguilbrium
pressure of 50 cms. had been roached, thic being the maximum

measurable with the cathetometer.

The 1iguid oxygen dewar was then removed and the
samule evacuated overnight at room temperature. The a Gsorplion
measurements were thon vepeated at -4183°C.  AtY the completion
of the adGsorption meacuremente the evacuated bulb wae cut down,
filled with water and from the increase in weight the dead spacc

caleulated.

Prom the known volumcs of =
(é) the bulbs In the burette,
(p) the connecting tubing ond
(e) the dead space,
together with the equilbrium pressures it vas possible to
caleculate, froum the gss laws, the volumes of nitrogen adsorbed

at cach pressurea. The volumes were not corrected for deviations
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frow the gas laws as suggested by Brunsuer and Emmett (405),

Procedure for Carbon Konoxide

The experimental procedure in the case of carbon
monoxide was identical to that described except in ons aspect.
Carbon monoxide was Tirst as@mitted %o the saumple at room
tamperature. Cheulsorption was allowed to procsed and, when
complete, the adsoprption bulb was evacuated for one hours
The bulb was then immersed in liquid oxygen and the phyaiéal

adsorption determined as Loy nitrogen.

Procedure for Iners Gases

Unfortunately the argon etorage bulb was broken
while attaching to the apparatus. Rather than delay the
gurface area measurements while waiting for a replagement it
wae declded to use krypton insteaé, a flask of this gas being

available,

The saturation vapour pressure of krypton at
~183%, is approximately 20 mmeHge (€9)s  In order to obtain
experimental deta in fthe prange 0.0%@% “0. 55 (suitsble for
B, B, T, plote) it is necessary to messure equilbrium pressures
in the range 0.10 ¥ <0, 70 cms.Hgs  This @ressura range is
above the upper limit measurable with the piranl gauge available
ané almwost below values which can be measured accurstely with
the mercury manometer. 'Tb@ HeLeod gavge attached to the
vacuun syetem was not suitable to measure pressures higher than

3% 10 1, Hg.



The solution to the problem was to consiruct a
Hoieod gauge of suitable dimensiong such that pressure
measuroments could be made in the desired range. It was
deciged, however, to defer conatyruction to a later stage, A
few measurements, using the mercury manowmoter as the pressure
indicastor, were conducted. These measurements, hovwevor, lay
outside the range sultable for the B.,E.T. eguation bui they
were plotted according to the Huttig equation and the surface
areas galeculated. The cxperimental procedure was identical

to that described for nitrogen.
RESULTS

The results have been divided into two groups.
The results in the first group,which arc pertinent to the
kinetic studies described in Section 1I, were obtained with
nitrogen alone. Thoee in'she second group are Tor the

three adoorbates studied on the zame adsorbent sample.

Table (6) gives the meults of the first group
and indiaatas the varistion of surface area of the nickel
powders with the time and temporature of decomposition of

the nickel ocxzalate.

Table (7) lists the resulte of the adsorption
of nitrogen, carbon mpnoside and krypton on a single sample
of nickel powder, After these meacurementis vere comploted

the nickel sample wae exidized at 300°C, an@ the surfuse area
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Table (8) gives the values of the constants used in
evaluating the surface areas., These values are based on the

results of Pickering end Bokstrom (67).

TABLE (8

GAS | remp, Kk -

N - =183 e 33 17.72
GO - ~183 - LaO7 16425
Kr -1 83 | 6.28 21.73

Pig.{16) and (17) show the Harkins Juras relative and

the B.E.T. plots respeciively of the results given in Table (6).

Figs.(18),; (49) and {20) illustrate soms of the
B.E.,T., Huttig and Harkines Jura plots respectively, corresponding

to the results given in Table (7).

DISCUSSION

Examination of able (6) reveals that the surface area
of the n&ekél powders decreases with an increase in both the
time end temper:tideof decomposition of the parent salt. This
change is evident in all three methods and therefore can be
accepted without qualification, In the case of the Harkins

Jura relative method two linsar portions were obtained in the
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v
the plopes which gave the closest agrecment with the B, HE.T.

plot 1og.P ~ = schown in fig.(16): 4B suggested by Corrin (89)

results were chosen as the correct values, The significance
of the variaotion in surface area with the history of the sample

has been discussed previously.

Examination of the resultoc given in Table (7) reveols

the following points:~

1« Agrcement between the threc motheds 1s good.
2. Chemisorption nag 1ittlc effcet on the final result
provided it is allewed to proceed prior to the low temperature

phycical adsorption,

3¢ The krypton resulis are not in agrcemont with those

of nitrogen and carbon monoxide.

L. The Harkinse Jura relative results are the lezst

satigfactory.

5 The surface agrea of the nickel powders decreased ao

the result of oxidation.

€+ The surface arcas values for nickel oxide are somewhat

higher in the cas¢ of carbon mynoxide than the nitrogen values,

7. The agreecmont between dupliecole measurements as shown

in fig.{2i) is gooda

e may coxamine these points in geeater detail.
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1a This resalt requires little coument as fair agreement

was anticipated in acgordance with moot published work.

2 This result confirms the findings of Brunauer and
Emmett (103) on the iron ammonia catalyst, Chemigorption in
the case of nitrogen has a negligible effeoct upon the final
result. The error involved in ipnoring such chemicorption is

probably less than the sxperimuntal crror.

3. The poor peeult in the case of krypion may be due to:-
(a) Insccurate pressure measurements using the
mercury menometer, This is eupported by the insbility to
obtain a straight line in the case of the Harkins Jura method.
A linear plot in the caze of the B.E.P. method was not expected
as the @rasmura-m@asurementa vere Hutside the range accepted for

the B, E.T: icotherm,

(b} Insufficient tiwe beltween pressurse moasurenents
to sllow true equilibrium to be e stabliched. The relative
pressures used were much higher than those uvsually accepted and
it hos been noteld by neny suthors that equilibrium 1 attained

slowly wvhen approaching the saturation pressure.

(o) The value of o suggested by #ickering and
dekstrom (67) and used in the calculstions ie considerably larger
than the values suggested by either Davis et sl (70} or Boebe
et al (69). If the value cuggested by Beebe et al wae used

mach closer agrecment with the other results would be obbaineds



be Of tho three_mathods, that of Harking and Jura is
the least satisfactory. Agreement between different adsorbates
is poor and the spread of the pointc about the straight line
(£1g.(20)) 1s greater than either the B.E.T. or futtig plots,
Ae already indicated there is some doubt in accepting a given
»Galue of k as a constant indepcndent of adsorbents. For
example Fickering aad Hekstrom (67) suggest a value of
k = 4e33 Cor nitrogen at =183 while Joyner and Emmctt (93)

gupgest @ valus of L.47.

5.M The resulte cleaply indicate that the surface areas
decreaced as a regult ol oxidation. This is in contracst %o
that found by Dell snd Stone (106) on sintered samples.

It is sugpected that during oxidation at 500" a certain degree
of sintering takes places This is supperted by the e¢arlier
results showing s decpease in surface arca with prolaﬁgad
heating at 330QG. Furthermora it is probable that upen
agmiesion of oxygen the tewmperature rice iu the gample is

considerable, thus enhsncing the degrec of sinicring.

6., The gomewhat larger result obtained with carbon
monoxide adsorption on nickel éxiae may be due $o0 incompleie
compensation for chemisorption. It has been shown {107)
that the room temperature chemisorption of carbon moroxide is
slowv. It igprobable that ingufficlent time was allowed for
complete equilbrium to be estadblished before procecding to

the pﬁyaieal adsor,%ion.



- 32 -

7o The good agreement between duplicate meassurements

is a generally accepted fact and needs litte commens.

Before concluding this section a few results of
surface area measurements on nickel oxalate dihydrate and
enhydrous nickel oxelate zare included. These are shown
in Table (9) and the corresponding B.EK.T. and Harking Jura

plots of some reecults are given in Tigae. (22) and (23).

TABLE (9)

Surface Area mg/gm.
SABPLE : B.u. T, Harkins/Jura
Anhydrous Nl 02 Oé - 107.5 : i 1404 9
b (£ig. (22)) - {fig.(23))

‘fhe results obtained for nickel oxaelate dihydrate
are in agreement with values found using ailx psrméabilixy
and phote extinctlon tcechnigues {(108). The high value found
Tor anhydrous nickel oxalate is in Reeping with surface areas

of samples prepared by dehydration of parent mlte (107).
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SECTION IV
BEAT OF ADSURFTION MEASURMMINTS

INTRODUCTION

In recent years the advances in solid state physies has
intensificd the research in heterogenous catalysis, The effect
of semi~confuction on catalytic activity has roceived considerable
attontion and several excellent revicws have been publisghed
(109) (410)s The adsorption of simplc elcetron donor and
glectron accepitor gases on transition wmetal exi&os ig intimetely
connocted with thelr semi-conducting proporiies and hence with

catalytic activity,

Recently Tolchner and Herrison {407) have investigated
the adsorption of oxygen end carbon monoxide on bulk nicksl oxides
The results obtalned are in contrast with the work of Dell and
Gtene (106) on nicsel oxide films formed on underiying nickel
POWGCrs. The resulds are alse dillficult to reconeciie with

those of Hauffe and bBngell (411) and Lrauss (112)

In order that a complete comparison of ithe a@sorpt&en
properties of bulk nickel oxide on the one hand and nickel ozilde
films on the pther can be made, it is neccepary to pocsess data
on heats of aedeorption. The data existe for pickel exide filmo
(106) but is absent in the casme of bulk nickel oxide. The alm

of this invostigation was to correct this anemalys
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PART I
DESIGN AND TESTING OF CALC

LITSRATURE SURVEY:

A survey of the literature reveasled that both isothermal
and adiabatic calorimeters have been used with varied success to
measure differential heats of admorption of gases on powdered
adsorbente. The isothermal ones are limited to adsorption at
one temperature and the adisbatic type have proved the more
popular. This brief review will be confined to adiasbatic

calorimecters.

The aasorptian of gases such ag nitrogen, ergon and
hydrogen ai -~183 and -155°%, on: many finely divided solids has
been extencively investigated in recent years (4§13, 114, 115,
146, 417, 118)¢ It ie now generally accepted that differential
heats of adsorption fall steadily with an increase in the volume
of gas adsorbed. In much of the olfer literature mazxima oceur

in the curves, These waxima have becen attributed $o the following:

(a) Poor thermal contact betlween adsorbent and the tompersture

sensitive element,
{») Poor thermal transference throunh the adsorbent.
(¢} Non uniform adaorption,

The last facter is the most serious when differentlal
heat messuremsnts are required, but is not of such importance when

a large volume of gas is admitted at one instsnt and the average



heat of adserption is recorded.

Two types of errors are encountered in non uniform
adsorption., The first type oacurs whon heat is liberated in

a restricted arca rather than uniformly. This can be avoided

by providing effective means of heat distribution, , Alternatively,

it may be overcome by having ihe powder aufficlently disporsed

to allow the whole mass of powder to react at the one instant,

The second error arises becsuse of the pressnce of

active centres. If the pow@er is not sufrficlentily disperased,

“then the first addition of gas will react with centres of

differing sctivity over a limited region, rather than with the
most active centres throughout the material, The heats thus
reasured are then integral heats of auag&saiva\Layers ratnér
then differential heats Tor the whole sample. The only way

in which this error can be climinated is to have the adeorbent
in a layer infinitely thin. The nearest approach to this ideal
is in the case of evaporated metal filme. In the case of
powders the effect can only be minimised by the use of perforated
tubes down the ceéntre of the powderz or similar metholds of
inereaﬂing the dispersion. Honge, for powders, in the initial
measuremenﬁs of a series, adsorpiion ig probably not uniform
and the first values represcent integral heado over a limlted
region rether than differential heatsover the whole masa'of
povder. Tho initial heats ore not enlircly due to adsorption

on the most active sitos and arg thorefore lower than would be



truo if the adsorption process were uniforu.

In this regard it is intercsting to note that Beeck (1493)
obtained smch higher initial values for heats of adsorption of
nitrogen on evapebateﬂ metal f£ilms than provicusly found with
powdors. This was attributed to chemisorption of the nitrogon.
It is probable that the lover valucs obtained with powders wereg
dﬁe to non-unifora adeorption which would result in lower initial
values but would not greatly effect later values. The lack of
cleanlineos of the powders coupored with evaporated metal filuws

would be a contributing factor.

Several workers have deviscd calorimeters to climinate

or minimise the offects mentioneds

Bull, Hall and Garner (114) placed the powdor in a
gauze vessel suspended in a glass bulb. They used a theymocouple
placed in the middle of the powder as the temperature sensitive
device., The results were founhd to vary with the depth of
immacrsion of the thormoucouple (415). In loter experiments the
gae distribution was improved by incorporating a central gausze

tube.

Beecbe and Wildnepr (1416) have investigated the variation
in the heat of adsorption with the depth of imucrslon of the
thermocouple. - As a result of this investigation, %together with
rocearch extending over tuenty years, Decbe and co-workers (117)
have developed an adiabaotic calorimeter which eliminates as fap

as pocsible ervors invelved in eaorlicor designs. The powdsr is



placed in a silver container to which is voldered a single
junction copper constantan thermocouple, The middle of

the container holds a perforated plat&num'tube and to aid

heat distribution there are several vertical vanes of copper
foil placed inside the silver cylinder. Fine copper shot

was intermixed@ with granules of the adsorbent, The silver
cylinder which was joined to the glase inlet tube by a glass to
metal seal was completely surrounded by a glass bulb which was
cantinmeusiy evacuated during a heat measurenent, Beebe and
co-workers have used several calorimeters of this basic design

and they work extremely well.

Carnsr and Veal (1419) have devoted considerable time
to the study of calorimetry design and the elimination of errors
in esrlier models. Recently Garner and co-workers (120) have
used & calorimeter similar in design to that developed by
Beebe (117). The work of Horrigon and Los (118) in calrimetry
design in recent years has been outstanding. However, the
elegant calorimeter used by these workers is beyond the
technical capabilities of the Chemistry Department, University

of Tasmanis and will not bc considered further.

| Beeck (421) has devised an ingenious cslorimeter for
heat of adeorption weasurements on cvaporated metal films.
This calorimeter incorporates a platinum resiatance #inding
as the tomperature sensitive element., Taylor and Kistiakowski
(122} also used s platinum resistance thermemeter, but their

results were later shown to be incorrect due to poor thermal



contact between the adesorbont and the thermometer. Houever,
moat of the more pecent calorimeters using powdersed adsorbents

use a thermocouple as the tempsrature sensnitive devices

PACTORE ASSOCIATED WITH THRE FRESHENT INVESTIGATION

With regard to the present investigation 1t was
necessary to design a calorimetor which could be used in the
first instant for the decomposition of nickel oxalate and
nickel hydroxide. It was hoped to carry out heat of adsorption
measurements at “48300. ae weil as 20°C, Therefore, the |
calorimeter would hove to withstand temperatures in the range
~183° 1o 300°%. It was ﬁeaiyabla to use a ealopimcter of
the Beebe design (117) because these have boen shown %o work

extrevely well.

The greét disadvantage of such calorineters lics in
the glass to wetal seals, In the absence of esperience in the
fabrication of such scals it was decided to dispence with this
complication and to conatruct the inner»ealbrimater bulb of glaos.

This procedure imuediately raised the problem of where
or how to place the theruocmple. It could not be attached %o the
outeide of the inner bulb because of the doecrease in sensitivity,
due to poor conductivity through the glass. The bare
thermocouple could not be imuersed dircetly into the vawé&f
because of the possible reaction with the adesorbates and
also theo conductivity of the powdere. An olternative lay in

the construction of a thin walled pyrex finger dipping into the



\,—

w H -

the powder and sealed through the caleriwmeter bulb.

However, the major objcction to the use of thermocouples

lies in the reduced sensitivity st ~18369¢ In the case of the
Beabe type ealérimeter this is partially compensated by the
increase in conductivity and refuction in heat capuacity of the
metal cylinders However, these effccts are not of the same

magnitude in the case of pyrex glasse.

Another objection to the type of calorimeter used by
Beebe and ceo-worsers ig the introduction of foreign material
such as coppor foil and shots These materials were introduced
primarily to tranefer heat\frem the granules of the adsorbent
to the metsl eylinder and thus to the thermocouple. In the
abgence of a metal cylinder the precence of this foreign

material is not of such luportance.

Three calorimeter models were congtructeds They were
of similar Gesign having o platinum resistance vinding as the
temperature a&naitivé element. Boeh calorimeter was teosted in
turm by measuring the heat of aﬂﬁerpéion of nitrogen on nickel
powdera atb «18300, As a result of theee tests a Lourth
calorimeter was constructed, but this will be discusscd in

Part 11 of this section.

Colopimeter Mo, 1.

This ¢alorimeter is illustruated in Pig, (24a), It
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FIGURE 24,

(d)
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consisted esscntially of twe bulbs, A and B, Dulb 4, which
was thin walled, was sealed to the end of the capillary
inlet tubeo and houseod the adsorbent,  Bulb B, which
currounded bulb A, was continuously cvacuated during a

heat meacurement.

The platinum resistance thermometer congisted of
0. 004 inch, dismeter platinum wire wound in the form of a
long fine coils The ooil was threaded through a very thin
wallcd glass tube which was then bent in tho form of a spiral
Tig. (24b). Tho spiral was sealed inte bulb 4 and the
platinum 1cade sealed directly through the walls of both
bulbs. The adsorbent wag placed in the calorimeter via pip P.

This calorimeter 1llﬁs€ra%cé in fig.(24¢) was similar
in design %o that used by Beeek‘for ovaporated metal films (521).
The platinum wire wound around the outside of the inner bulb
was held in positien by a coating of sodium silicate,

Calorimeter Ho. 5

The esscontial difforence betwoen this calovimeterp,
shown in fig. (2&&), and Ne. 2 wab in the contral inlet sube,
The gae entering the calorimeter travelled down tho tube, passced
through a plug of glasé ool at the bottom and then travelled
up through the adsorbent. The force roguired to send the gmo
up through tho powder vesulted from the Qosd gpace vacuum on

top of the powder.



The platinum leasds from the eslordmcter wére sealed
to copper wires leading to a Cambridge Vernier poteniometer.

The following circuit was set up -

IAE'°
LA

i, amd Ey sre 2 volt batterica.
R, is the thermometer reocistance coil (L0 ohus, ).

Ry, 18 @ resistance to regulate the measuring current through

the ghermnmeteﬁ (500 ohmﬁ;}.

Rg is the resistance of the short period galvanometer (21 ohmo. )s

R3 anﬁ.Ru are the arms of the Cauwbridge Vernier Potconiometers

The eircuit is identical to that used by Beeck (421)
excopt that a variable resistance aeross ﬂq was elimiﬁateﬂﬁ
The pesiptance was usel to cgqualize smnll érifta of the tweo
patterics to allow the same poteniometor setting to be used for
;7 all mﬁaauréments. Thic wae found unmnecessary for the present

‘raquirements,'

Beeek (124) gives the following Tinal eguation for
¢aloculsting the heat of adsorption.




60,6 C (;+Rg) @

i = G\Rgns

4

where H < heat of adsorption in c¢als,/mole,

€ = heat capacity of the calorimoter
n = number of meoleccules adgorbed % 10 =18
a = t@mberaﬁdre coefficient of the platinum
and 8 = the sengitivity of the balanced eircuit, i,e. the

gelvanometer deflection d in m.m. caused by changing the

poteniometer 1077 volts off balance,

Such a definition of the sonsitivity & is mislcading.
The following proof of the formulae is given. In this proof §
is rigidly defined. |
Proof: |
Let B vblﬁs be the poteniometer realing when the

cireuit is balanced initially -
Ry

RR,

then &

"8

Let $' be the deflection (m.m.} of the galvanometer when the

balance is saifted,by'e volté, i.¢. when the poteniameﬁer is
¢ volts off balance and reads (f¥+¢) in place of B, Further
let k mm/amp. be the sensitivaty of the galvanométerg

How the current whiéh flows ap a result of the cireuit being
e volts out of balanae is fg
where R = ._‘*41- +..R2 é

»R&*RZ R2+R5

and furthep 8' = 58
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The poteniometer is again ﬁalanced on reading I.
The adgorption ezperiment is performed, heat ils svolved
angé the recistance R4 increased by A'R?. The circuit is
out of balance and the current which flows through the galvanomcter

is given by

Ea Rg AEZ,?

- .‘ - 2
R (RiFR,)

low 4f this flow of current gives a deflection of d m.o.
on the galvanometer scale then

SR A
k.;,a. R2 R g

g =
- )
R (R1+fz2}

.8 = ._ﬁ.._..g_.__a_z.__ﬁ Ry O, .
8" e (Ry+Ry)¢
. By Ry e o By oaRy

g
(R,,*Ré) Py R, '(I~31+£<22)

g'E R

A 2 il -—  * %3__ . Aﬂ. i

»;
-t

.

{

i}
ol
24
-

5
F



Y Ra
How AT = PR~k S
E«z 2

where AT is the tewperature increanse and a is the temperature

coefficient of platinum

: a (R,¥R,)
AT i
oA . 2
fa . SRy
»&.3.32

If n = the nunber of molecules adsorbed them the
heat evolved per mole of gas is -

. 23 |
6,06 x 1077 C d (R+R3)
a5 E,n -

H =

’ﬁ «Sia l}-
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This formulee is exactly eguivelent to that given by Beeck except

that the sensitivity is fully defined end unembiguous.

Such = circuit has several advantages.

e It is extremely sensitive.

2., The poteniometer need not be standerdized againsat a
standard cell.

3¢ E, and Ep ¢an be eny batteries within a safe range

end do not hsve to be equal.

in order tc take a3 measurement the following procedure

wes adopted.

1. Bslesnce the poteniometer so thet the galvenometer

deflection was 2€I0.

2. Admit the adsorbste notinz the time,

3. Record the gslvenometer deflection every 10 seconds.

lte Plot galvenometer deflection ageinst time and extrapolate
back to zero time.

5« Check the sensitivity of the circuit by putting the
poteniometer 2 x 10‘5 volts out of balance and noting the

gelvenometer deflection.

‘Fig.(25) is & typical galvanometer deflection plot.

This method of measuring the hest of adsorption was
sensitive snd sstisfactory. In leter experiments average

rather then differentisl heat messurements were made.
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In such cases 8 larger volume of ges was adsorbed snd the heat
evolved was considerably larger., - In such experiments it

wes found impossible to keeﬁ the galvanometer deflection on

the scale without'alterdng the poteniometer setting. Therefore
instead of recording the galvancmeter deflection with time it
waslfeunﬁ more éonvgnien; 10 record the poteniometer resding
required to keép theigalvenometar deflection on the zero mark.
This poteniometef reading wes plotted against time, extrapolated
to zerc time end the differénce between extrapolsted and

initiel resding csloulsted, = This difference in volts x 10~
was multiplied by the galvanometer deflection caused by changing
the poteniometer reédiﬁg‘10‘5 volts off balence. Thus the
sctuel procedure in recording the increase in resistsnce of the
platinum winding wes the same in principle as before except

that ﬁhe sensitivity was reduced. Fig.(26) is a typicsal

plot of poteniometer setting sgeinst time. The graph is
similar to that sﬁown in Pig.(25) and was easily extrapolated

beeck to zero time.

At -183°C. thié method of recording the hest of
‘ o,
sdsorption wes entirely satisfactory. Eowever, at 20 C. some
difficulty waes encountered owing to the hesting effect of the

measuring current,

For exemple with caelorimeter No.4 a negative heat of
adsorption was recorded when nitrogen was admi tted to the |

evaeuated'sampie. This enomelous result ¢an readlly bve
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gxplained. Before admigsion of the nitrogen therumal
equilibrium oxlste in the calorimeter. A steady state

is reached in which the prate of heat loss from the inner
calorimeter bulb is exactly counteracted by the heating
effect of the current flow through the platinum winding.
Upon admiseion of nitrogen the thermal conductivity ol the
mass of powder is increased. Thue the rate of cooling is
enhanced but the rate of enecrgy dissipation from the current
flow 1s econstant. Therefore, the temperature of the
bowaep will decrease until a new equilibrium is established.
This lawering of the tenmperature ssuses a decrease in the
rosistance of the platinum which is interpreted as a

negetive heat of adeorption.

In order to ovoreome this effact:é tapping key
wes placesd in the circuit to prevent $he flow of current
when measurements were not being taken.  when taking a
measurement the circult was momeniasrily closcd and the
galvanometer dGeflection noted. This mcgsure was most
effective in controlling the heating effect and no further

trouble was encountered.

Heat Capacity of the Calorimester

The heat capacity ¢ can be ealeulated from the
kxnown weights of materiale comprising the calorimeter,
This was the methed used by Beeck (121). However, in the

calorimeters ueed in this investigation it is impossible to
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know how much of bulb A is involved in the temperaiure incresse.
An epproximstion can be made, but the final result msy be in

errore

Wehbe end Kemball (123) heve uscd the pletinum
registence wire as a heater to calculste the hest cepecity

of & calorimeter similsar to thet used by Beeck (121).

Howaver, these authors used s different cireuit to

meseure changees in resistence of the platinum winding.

The following is a preoof of their method modified to

suit the present circuit,

ERQG\:~

It hes alveady been shown (pege 11) that

d (Rq+Rp )
Rz & »8

at

therefore ifOxis the galvenometer deflection (using the
netation of Wahbe and Kemdsll) corresponding to a change in

(e]
o temperature AT G then

o 0% » (Re+Ro)
Ravc 8 ¢ 3

AT

AT. & fu X P
. ax o . SoRd
(Ry+Ry)

If the celorimeter is immersed in & themostet and

8 c¢onstant voltage E applied to the platinum wire, then
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after some Lime a steady state will be reached when the loss
of heat from the calorimeter at Tf C to the thermostat at

Tf C. 1s balanced by the rate of lnput of ceclectrical energy.

i’c»eo_ 132/1&.18 R;{- = x’(To - Tno)
where E = the voltage, R, the resistance of the platinum wire

and r = the rate of loss of heat in cals./deg./sse.

After mllowing sulficient time for s steady state
to be reached the heating current is swiltched off asnd the
platinum wire switched back to the measuring circuit and the

galvanometcr deflection followed with time.

Newton's law of cooling states that -

& - ke
l.€s © = 08 -kt
where o = the excess temperature at time t
and g,= the excess temperature &t time ¢ = o
I'. e = T‘t - T«,
and @, = ‘2’0 N
. . (e o Ry+Roy
- .  R.+R

Now In 6 = 1ng, -kt
. & ‘
- lne = Kb



<9

.'-17-’.

s L 1n 2 I
(Xf,’ - xaj r
. = &!a— . t

vhere r = rate of co\o‘lii‘ag in cals,/deg. /sec.

C

t

heat capacity in calo./deg.

and ¢ tive whenthe hesting eurrent is swiﬁehad'off.

Thercfore a plot of 1n (%, - x, )~ t should be linear
if Newton's Law of cooling is obeyed. The slope of such a

line is g, and the intercept gives (xo - x,,).

Kmv'i“ T ----------.---.-.----““‘2 .
St e T a;,n&u{‘"i”

. R,+R ne “

Ro@.S 418 R, ¥

Ea»v_ 2 48 Ry

L4e18.R, ., (ﬁ#ﬁa) |

o~
]
!
b
8
Mgt
]

2 . .
B%s A+ 84 R G,
' C s 4 &= iAot * . 2 . "
¢ o (XQ xoo) Hv 18 Bg r (R1+E:2) { x—."}
2 L .
¢ 3 8 & U s F bt
¢« o C = M S \'2. .( = )

LoiB B, (g = %o (Rithp)
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All the terms in this expressidon are known or

measurable and therefore C can be evaluated.

If the above expression for the hoat capacity ie
included in the formulae derived for the heat of adsorption

then the following expression is obtained ~

52, 6.02 x 10?2 g
4.48 Rﬂ (xO - X,)n

C

This expression docs net contain, a & or R#. Thus

it is not necessary to know accurately these constants.

Fig. {27) illustrates a plot of log.(xt - XxJve for
calorimeter No.4¥. This graph was reproducible and gave a
valuc of C whicii was in agreement with a value calculated
from the weighte of materisls comprising the calorimeter.

Thie method of evaluating C was good at ~483°C. but less
saticfactory at 20°, At this latter temperature difficulty
vas ex@eriencea in adjusting the applied voltage £, so that
when the platinum winding was switched back to the measuring
eireuit no adjustment of the poteniometer setting was necessary
$0 keep the galvanouwster deflection on the seale, This
difficulty was overcome by making & sosicwhat larger. when
the platinun resistance was switched back to the weasuring
¢ircuit the potecniometer sotting was gltered te keep the
galvancmeter deflection on zero, A plot was made of
log. (pot.t - pot,) against ¢ whére pot. indicates the

poteniometer setting required to kKeep the galvanometer deflection

MTE TS .
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Pig.{(28) illustrateé three typical plots for ecalorimeter No.lh.
From the intercept the value of (pot., = Pol.e) Was calculated.
This figure expressed in volts x 10‘5 was oultiplied by the
galvonometer deflection cauged by putting the poteniometer
5077 volts out 0f balance and this value was used in the
caleulation of C. As indicated in Fig, (28) excellent
agreement in the csleulation of C was obtained for three

independent runs.

s R YA

APPARATUS

The apparatus used was almost identical to that
already deseribed in sSection IIX. A rminor differepee was the
inclusion of a Pirani gauge head at a point above dap T1 in
Pig. (2). A large storage bulb and a di butyl phthelste
manometer, beth of which could be isolated when not in uge
were attached to the rirani head. The calorineters were
secaled to the systenm at peint x in fig. (9) in place of the

adsorption bulbs.

BXPERTMENTAL

Heagentsi~
(1) Hickel Powders:

These were prepared in the calorimeter by the
thermal decomposition of nickel oxalate dihydrate. The

actual conditions were identical go'%hnse previously dGascribed.

(2) Hitrogen
This gas wes purified as deseribed in Section III.
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(3) Erypton:
British Oxygen Company lebelled spoctroscopically

Purc.

FRODEDURE :
The following ig the procedure used to test each of

the calorimeters.

\

A weighe@ amount of nickel oxalate dihydrate (X410 pgms. )
was placed in the calorimoter thraugh the f£illing pip P and the
calorimeter attached to the vacuum systeu, The sample was
decomposed as previously described and then the calorineter was
imsersed in a bath of liguid oxygen. Three hours were allowed
to clapse and then the outeide buld B was connected to the
vacﬁﬁm line and continuously evacnated. The Pirani head
(volume = 30 cus. ) was Filled to a known pressure{O. § cms.Hg.)
with nitrogen, isolated from the system and this volume of gas
admitted to tho sample. The galvenometor deflection with tine
wée recorded and a groaph drawns From the extrapolated value
the actual heat evelved was calculated. The final ecuilibrium
pressure in the oalorimeter was wmeasured with the Pireni EQUugee
From the Inown valuméa of the bulbs and connecting tubing the

velume of gas adsorbed was calculated.

Several sdmissions of nitrogen were umade in this manner.
hen complete the liquid oxygon was romoved, the esample evacuated
and then heat of adsorpiion measurements of krypton st ~183°¢,

were detormined in a similar wmanner.
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The squilibrium pressures recorded by the Firani gauge
were corrected for thermomoclecular flow where necessary (2),
The dead space in the calorimeters was determined by the methods

previously described.

RESULTS

e Calorimegter No, 1 -
Table (10) lists the heat of adsorption, vo;uma of gaé
adsorbed and extr&pélateé gaivanometer defleetions for nitrogen
and krypton on nickel powders. The heaﬁ of adsorptions values

ere plotted against volume adsorbed in Ffig. (29

2. Calorimeter No, 2:-

Heat of adsorption results for this calorimeter are

listed in Table (14) and plotted in fig.(30).

- 3. Celorimeter No, 3:-

The results for thig ealorimeter are given in Table (12)

and plotted in fig&(ﬁ?)s

DISCUSSION

APy

Before discuesing the results in detail m@ntipn will
be méde of the method adopted to improve th@ congistency of the

result s,

Examination of fig,(29) showe that there iz considerable
geatter of points in duplicate memsurements. This scatter way
be due to errors in reading the initisl pressure in the

Pirani bulb with the mercury wanometer. A slight srror in




TABLE ‘!0!

CALORINETER NO,.4

Ext&pelaiea Volume of Totsl Volume Heat of
Gelvanometer | Gas_Adsorbed of Ges | Adsorption
peflection Cms.] S.T.P./Cml.Ni Aggorbed | K.cels./mole
1 ~ Cms.”S.T.P./6m.N
H, 263 1.3 x 107" 143 x 10 7.75
184 149 ° 2,92 * 5419
218 1.29 " 4e13 © | 7.69
117 1.08 ® 5.21 " | .73
100 1,05 * 6426 * Le17
381 3.05 9431 - Sel2
' H2 Repeat l
200 134 x 107 134 x 107 6.81
160 132 @ 2.66 " 5435
104 1.25 © 3.91 ° | 3.56
156 1.58 5.49 © | b9
123 1.31 " 6.80 " | a7
80 1.38 * 8.48 v - 2.49
Er 214 154 1.54 | 5.9
162 t.15 2.69 - 614
257 1.89 458 5.85
195 2403 6 .61 419
136 195 8456 3406
116 1405 9.6 8479
07 190 11.51 3436




contee

. TABLE (10)
Kr Repest |
) 138 1.13 1.3 5,09
78 1.04 2.17 6.48
196 730 347 6.50
236 768 5415 5«74
170 7.76 691 A
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TABLR (12)
CALORIMETER NO.3.

~ Extraps Vol,., of Gas Total Vols fleat of
Galvanometer cms.” 4,T.P./GmeBi  Adsgrbed ' Adsorption.
Deflection : © oms.” B.T.P./Gma N3 K.cals/mole
Né_ 208 0,127  ou127 : 3.8
1tk 0.109 0, 236 315
4214 0. 404 Q. 31 2:70
484 - 0. 101 O, 2 4409
202 . 0+099 0.542 e 8
N, 180 - 0.152 0u132 5,2
150 . De151 0. 264 2,69
480 . 0,428 0. 3592 36 3t
200 . 0.123 0.516 3. 83
176 | 04121 | 0.637 3441
176 04118 04755 3¢ 53
Kr 176 O 254 04 255 1463
156 0. 242 0, 50k .48
164  o.eu3 Op 747 1459
209 04237 0. 984 2,03
208 0. 226 C t.211 | 2.38

252 D224 B 1e43 2,66




= x Krypron.
: @ NITROGEN,
X X
158 x o
& ¥ x
2 c’e. | F.
[+
Es— /GORE lq.
:%__ o
A -
< S’ fo)
Q Ox&
L8
¥ o
¥ | X
T 3 X
© : ' .
A 2 ‘ 4 6 F 4 /0 . /2 4 %
Vocom 1 :

€ ADSORBED ce. [Gam N; x 10l



yorx N wyn /[ 3> (39v9sey

v 10 IJw0r0p

el

W > 7 / : [
o f ¥+ —F—F—
. —{o
S
y 3yn
om O\K "
-
\ 1=, -
~A%
X mV
- d
X b4 N =
x o —z} >
x X % o 83
X o ° -3 SN
0 , @ 2
o © N 1€ ©
' ‘N 9313w Y0TV)
‘N IIOVLIN O |
'NoldAvy X —
-$




, ¥ %N wvs [ 2o

€o0VoSCy WO IO  3wavey

9 3/ 20 o/ 3 I, 4 ‘0
I | 1 | I | |
TE 3IVYnoiy /
X X
< % ~
a
s
N
. :
o | @ 0 n
£
0 Q
o 0
Q
T o4 YIi3wivoTy) (o] K4

‘NIoOYWL'N O
‘Noldhyy x

NvosdYOSQY d0 LVYIMH

S



*PBTBXC TOVTU SU3 JO w0l iscdwosdy

Butany sumyoA UT UOTISBJIIUCO BYL 0% Oup JISPHOE U JO BARIBU
ponord £105007 ay3 Jo 06NEROsq LJUSEOLOUUN CUR UOTSTACZd B YoOng
1517 PonNase usey P8y 471 *wotTanqratetp e8f 9s(oer of ulitosp
IO 3UTICTTD SYJ UT @@am u9aq poy uorgracad ow 20YL @@gﬁyaaaaée

gon 57 woisdJaosps MIoITUn uou o4 pavdor UIIa

*I0JIUBIL §BAY J005  °2
201 34J03P8 WXoITUN won YL
- QT 9511 Argeqoad uorsnwuwntivre oy *t109GLax
JO OUBD Sy Ul QUBPTA® ATrwinedos ST €Tyl vumiurxem qySiis

2 Jo aoucsodd Byl $190A0d (62) 1Y JO UOTIRUTHBRY

"L *ON J33DWEL0TR0 YSTM

pBurelqo 9oy Furpnrox? eguamaéaa@aﬁ.tte Uy POSN U8R DPOYZew 91uy
*saajomounn ALnoaewm oYy pue esureysud TAina IR Sul yroq jsutele
poNosus 9w a uorqdacepy o4 Jortxd 4raq TUBSls 6u3 wp 2Jusesad
180308 @Yy  *Panggogd TRTLIVL SUUS By JT0WIv 38 g pruom
ucizdIoups [RIJULIDIITY USEDS 1BYJ juBam STUy  *ednssdad

1181040 oY% 209310 A£1380a8 q0u PIP uwogidIespe (PIIUSIBIITY

yorno J03 posocmoa sel Jo sumioa TIBUR By) juyy o8 £3108dBd
JUATDTIING JO 68M qIng o8rJS098 Syl *gTng TUBITL oYl 09

pausdo pus sJanogedd DHINSESY B 48 S8Y YITA POITIJ 88M qIhg Suy

wpgeds oyug ur A371oudB0 usouy JI0 41ng 28wI038 OBaRT B OpUIoUT 0%

PODTOGD SBM 3T WOTYSTIBA STUF OACAdWT ©3 330379 UE UY

sIVNTBSE HOIFAIEIPE JO 2BHY OUY UC 1H0IIP DO¥JIEW

© APy DPINGA (*SE'SWS G0 JO JI0PI6 oy JO) Sangsexd 81yy Jurpuad

S
¢ — . . e~
R



-23 -

If poor heat transfer is the explanation then the
results should vary depending on the pesition of the platinum
coil. It was deciced to test this explanation by placing
the platinum wire on the outside of the inner bulb and
observing the sflect. It was for this reason that

calorimeter Fo. 2 was constructed and tested.

Discussion of the Roeults of Calorimeter No. 2

Table (II) and fig.(30) show several interesting

Teaturea.

1e The spread of the results in duplicate measurements
is much less than those obtained with calorimeter lio.4. This
indicates that inaccuracies in initial pressure meagurements
were in part at least responsible for the inconslsiencies

previously mentioned.

Ze The overall values are consicderably smaller
(espeeially the first few points) than those obtained with

calorimoter Noe 9.

3 The values are approximastely constunt but there
exiests s definite tendency to increase, the lavger the volums

adsorbed.

be The shape of the plets are in complete contrast

with those generally accepted f'or physical adsorption,

The probable explanations of these results are:-
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1e rYoor thermal conduction through the glaess walls

of the innepr bulb.

2 Ppooy heat transfer through tho powder,
3+ HNon uniform adsorption dus to the inability of the
gag to penetrato eas&ly and quickly to the bottom of the

powder mass.

It was deoided to test the third explanation by
improving the gas distribution with a central inlet tube.

Calorimeter o, 3 was therefore constructeds

Dipecugsion of the Resulte of Celorimeter No,3

The results shown in fig.(31) are very siﬁ:lér to
those obtalned with calorimeter Ho.2, This msans that an
improvenment in gaes distribution is of minor conseguence in
this type of ¢alorimcter. This would suggest that the
dominating factor is the pQOP-therﬁﬁl ceonguctivity of the

glaeg wall of the inncr bulb,

General Conclusions

The results obtained with calorimeters No. 4, 2 and
3 are not good, o satisfactory differcntial heat mecasurcments
were obtained at ~133°G, Qf the three calorimoters tested
Fo.7 was the most promising. An obvious lmprovement in design
would be the inclusion of a perforated inlet tube to improve

gas distribution. the design and teeting of a ealorimeter
possessing this addition will be discussed in vart Il.
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PART_II

THE ADSORPTION OF GASES OF NICKBL OXIDE

INTRODUCTION

As mentioned in the intradua%ory'paragraph to this
Section the aim of this investligation was %o mcasure the
differential heat of adsorption of oxygen and carbon monoxide
on bulk nickel oxide at 20°C. Iou the investigations doscribed
in Part I have indicated that non uniform adsorption of nitrogen
at-*?aﬁoﬁ. on nickel powders plays an important role. It is
doubtful if thio efleet could be completely elimimated in the
the type of ealorimeters designeds

Now from the rosults of Dell and Stene (106) on
nickel oxide filme, it was enticipated that cach suall addition
of elther oxygen or carbon monoxide on bulk nickel oxide
would reoact with the upper layers of the powdor whatever
provisions werse made for uniforsi gas distribution, It wae
decided, thercfore, to restrict measuremonts %o integral or

average heat of adsorption rather than differcntial valuss.

Calorimetor No.h

Thic calorimotor,illustrated in fig. (32), was similar
in design to No.1 buz’in addition poasessed & ceantral inlet
tube. This inlet tube was perforated with o number of holes
and loosely packed with glasc wool %o prevent blochkage during

outgassing and decomposition. The platihum loads entered the
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¢alorimeter bulb by way of small dianeter capillary tubing of
sufficient length to allow the ends to remain clesyr of the
liguid oxygen bath. With such an arrangement a satiasfactory

seal could be accomplished with apiezon black wax.

BXPER IENTAL:

Reagentg ~
(a) Hickel Oxide:~

Bulk nickel oxide wass prepared by the thermsil
decomposition of nickel hydrozide, The parent salt was
prepared by trecating a solution of reagent grade nickel nitrate

with an excesns of smmonia folloved by steam distillation.

This methed has been shown to yield nickel hydrozide in a state

of high purity (124), Teichner and ﬁerrlsen (107) report
that decomposition af nieckel hyﬁroxiaeext 210%., i papid, the
produet of decomposition having the composition ¥ i c. 1 6H,0.

However, continued heating of the product at 850 C. or higher

~at pressures of the order of 10 -6 wny Heg. 1@& te a blaok oxzda

which had lincs characteristic of metallic nickel in its
X ray pattern.

In ghia investigation the nickel ﬁy&roxi&e { 10 gms.)
wae alacéﬁ in the éalorimat@r and decemposed at 230%.,
However, several days continued decoumposition vere nocessary
before gas evolutlon fell off appreciably.
} (b) Oxygen, Carbon Honoxide snd Nitrogen:-

The preparation and purification of these gases has

been described olsewhere in this thesis.
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Apparatus
The apparatus used was identical to that described
in Fart I,

Frocedure:
| (a) Testing Calorimeter Ko. U

The calorimeter containing nickel hydroxiGe wag
sgaled in position snd evacuated continuously for seventyitwo
hours at 230°C, hen cold the calorimeter was immersed in a
bath of ligquid oxygen and after three hours the outside bulb
continuously ovacuated. WNitrogen wap admitted in large doses
80 that the egilibrium preesure in the caloriueter coulé be
measured with a mercury manometer. The temperature rise of
the powder was recarde& and from the knoon volume of the burette

system the volume of nitrogen adsorbesd was calculated.

(b)° Oxygen snd Carbon Monoxide Adsorption at 20° C.

The calorimgtor containing the. freshly prepared
nickei ozide was placed in a large water bath maintained at
room temporature (20%2,)e The adeorption of both oxygen and
carbon monoxide was thon studied, the heat of adsorption being
recorded, The gases wore admitted, in most ceseg with
gvacuation at‘20°G. in betwveen admisgion in iarge amaﬁnts froui
the burette oystem so that the couilibrium presaureé were

pneasured with the mereury manouoter.

The nickel oxide was evacuated at 200%C, and the

measurcments repeated. The weavureuments were also repeated
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on fresh samples of nickel oxide.

REBULTE

The results of the heat of adsorption wmeasurencnts
of nitrogen at -183°Cc, on nickel oxide are given in Table (13)
and plotted in £ig.{(35}.

Adsopption of Oxygen agnd Carbon Louozide on

(b) The
‘ Hickel Oxide

These results have been divided into four groups
given in Tables (14), (15), (16) ana (17).

Table (14) gives the results of successive additione
of oxygen, ¢o the pressure listed, with intervening evascuations

where indicatod.

Table (15) gives the results of similar exporiments

with carben monoxide,

Table (16) shows the conseyucnce of adding succossively
oxygen, carbon monoxide and thén.oxygan, with intervening

evacuations as indicatedi.

The final results given in Tsble (47) are for the

sequence carbon monoxide, oxygen and carbon monoxide.



TABLE

TESTING _ OALGi&I?&ETER _HQ.. L
Wte nickel oxide = 9.51 gms.
- Suriace ares = 140 mg/gm;.
Total Volume N, Hegt of adsorption
Adsoprbed ¥ cals./mole.
cmg.? 8,7, P, /O
81 65 1e 98
19:. 77 1el3
23,01 1470
\ 284 24 4 ¢ 54
\/
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TABLE (16)

W.H10 = 9.51 gms. S.A. = 140 nf/gm.

| Press.after  Velume “TTAH
Step 10 @min. (em.” 8,T.%.) K.cals. /mole,
cma. Hgs co 0y

Y

1. Evacuation of Ni0 at 360°C, for 48 hours.

2, 2.9 - 2425 17:78
%s Xvacuation at 20°C., for 12 hours.

e 3485 - «23 5els
5. Hvacuation at 2000. for 1 hour.

- G 0.16 42 07 - 52.9

7t 9;7“A M¢95 - 2456
89 : 20&7 2965 bl 55008

9, =vacuadtion at QOGG. for 12 hours.
10, 2433 - ' 1.85 5546
11, Lo l41 - 2,16 8,9




TABLE (47)

Wte NI0 = 9.51 gme. S.A. = 140 m%/gm.

Press, alfter Volume | AH

Step 10 min, {em” 8.T.P. ) K.cals. /mole
cug, Hg. GO 02

1 Evacustion of Ni0 at 200°C, for 12 hours.

2 0406 e 31 - 524 9
3 D413 2. 64 - 27.2
4 - 0. 92 Se 34 - i7.8
5 THvacuation at 200&‘3, for 12 hours.
6 1410 - 2,87 .3
7 Evacuation at 20%, for 1 hour.
8 5¢ 38 - 0.45 6. 33
g Evacuation et 20%3, for 1 hour.

10 Q4 32  3.69 - 29.2
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DISCUSSION

(a) Testing Calorimeter No, L

It ie difficult to compare the results given in Table

(14) and fig.(33) because of the absence of suitable published
data. fiost investigations on heats of adsorption have been
confined to evaporated metal filme. Following a suggestion
by Beeck {115} these films are su.posed to be completely
covered at a pressure of 0,1 m.rn,Hg. and all ueagurements

have been confined te pressures below this figure (113)(123)
(125). In 81l such cases the values fail from initiael high
values at low coverage o approach the heat of liguifaection H

as the coverage —> 1.

In regard to powdered materials Deebe and co-workers
(117) nave etudied various adsorbents but not nickel oxide.
In all these investigations, however, the heats of adoorption
fall to approach E as w%%~;€>1m Prapnell (126) has vaéently
compared results fop pow&gveéﬁm@ﬁala andl cvaporated Tilme and

hes noted that the powdered results zre invariably lower

The nearest approach to the present werk is that of
Zingston and Aston (127) on the adsorption of nitrogen on
anatase at ~195°¢,  They found that the heat of adsorption

fell from 5 K cals./mole. down to @ value c¢leoso to B at V_ = 1.5

In the present investigation, it should be noted that

the values are integral and not differential heats of adsorption



.'\—

- 30 -

and arc therefore lower. It may be seen from fig.(33)

that the valuos approach the value of €  as ¥ — V.

The fact that values of the right order were

obtained indicateos thet the calorimeter was saticfactory

in its opepration at -ﬁ&SQG‘

Oxygen and Carbon ilonoxide ddsorption

Before discussing the resulis in detail a few

goneral polints pmy be made.

1a The majority of both the oxygen and carbon monoxide
adgmitted to the oxlde at 300Uw wes adesorbad rapldly but in
¢ach case thore was 2 sinller slow uptake extending over

several hours. The carbon wmonoxide adsorption vas

somewhat clower thon that of oxygen. The pressures listed

in the Tables are thope recopded after ten minutes adsorptien
and do not represent equilibrius values. [eat of adsorption
readings werc takon for ten minucs andaiter this time the
pressure was measured in ér@@r to calcoulate the volume of
gas adsorbed up to this time, a fipure necesegary in

evaluzting the 0i valuss,

20 Carbon monoxide wae adsorbed to a wmeh greater
oxtent than was pIygen. Thig is in conitrast to vhe results
of Jell and stonc (106} on nickel ozide f£ilme bub in general

agpecment with Teichner and lorrison (107}«

3 The nickel oxide conta minated by several
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adsorptions could be regemrated by heatipg in vaCuo

at 200°¢, Thic observation is in accord with the results

of Tolchner and Lorrison. However the o xtent of regcn§?3§§99
was found to be dependent on both the time and tgmpaxstu?e

of cvacuation,

PEPAILED DISCUSSION

n—ag———

(a) QOxygen Adsorption
| The results given in Table (14) possess several

intercoting foatures,

G The integral heat of adsorption of the first oxygen
aﬂmitted'is 9.5 K eale./mole, which may be compared with a
value of 43 . calp./mole found by Dell and Ltone (106 .

This lower value was, however, exgected because in the case
of nickel oxide filmes there is almost ceortainly someo reaction
between the adeorbed gas and the uﬂderlying nigkel metal.

This suggestion is confirmed by an observation made during the
kinetie studies described im uection III. It was noted

that nickel powders supposedly saturated with oxygen at BﬂOOG.
after some days stending in vacuo, reacted with further |
oxygen at room temperature. ‘resunably, Guring evecuation

fresh nickel metal became exposed.

This explanation is confirmed by stepe 13 and 14
in Table (44). Teichner and Morrison (107) have noted the
appearanco of metallic niekel when the bulk oxide was

) O Yoy < o :
evacuated at temperatures gbove 250 Lo Fresumably in step



- 32 -

13 this occurred se that when oxygen vwas admitted in dbpyiu.
the nickel was oxidized giving rise to o higher integral heat

oi adsorphtion.

2, The effect of time on the regenoration of the oxide
by evacuation at 200°S. is ghown in steps 9 - 15 in Table (14).
Owing to the large wass of oxidc used ( > 10 gme.) it was
aifficult to completely remove adsorbed gas oven with

evacuation overnight.

3s It is difficult to compare the volume of oxygen
adeorbed with the resulie of Teichner and Lorrison because
these authors failed to record the equilibrium pressuroes.

They state that each gac was adsorbed to saturation,

In the present investigation the a&&arptiﬁn'af DRyLen
was studied up to an eguilidbplun greaéurc of’ 40 cmo.ig., bub
this was not the saturation pressurc. The values have not
been given in detail as they do not conform %o any of tﬁé
well kEnown isotherme. The nagnitude of the effeet of
pressure on the volume of oiygen sdoorbed at 2000. can be
gauged, however, from steps 41~ 5 in Table (143 It must be
realised, howcver, that the pressures listed are those
measurcd after ten minutes adeorption and ars gomewhat higher

than the cquilibrium valucs.

(b) Cardon lionoxide Adgorption
The rapid adsorption of carbon monoxide glving an

integral heat of 53 L cels./mole was reproducible to 1.

@
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Houever, the hoat evolved in the slow>reaeﬁion (cxtending

over soveral hours as Judged by the pressure drop) wae
aiffieult %o cvaluate., This slow exothormic rcaction siowed
down the normal rate of cooling. Thus the galvanouwctor plots
were Llattor than those unuolly obtained and hence the
extropolated values and, thorefore, the heats of adsorption
are lover than would e cxpected in tho absence of thie
sceondary reaction, The values of 36 %, cals,/molo, faﬁm@

for latter additions arc probably lovw because of this factor.

The value of 53 K.cals./mole is double the value

found by Vell and Hitone {106},

(e} ueguence ~Uxygen, uarbon ionoxide Gxygon

The results obtained for this couuonce are in

c¢ontrast to those found by Dell and Stone (106).

1+ The second lot of oxygen (step 10 Tabie (46))
was adeorbed with a heat of 36 K.oals./mole. which is
eonsiderably largor than that found for the first adsorption,
Bell and Stone (106) found, however, cimilar values (43 h.cals./

mole. )

2, The hoat of adsopption of aarhon.mﬁnoxiﬂe
is the same (53 L.calg./molo. ) whother the ozide i cloan
or prescaturated with oxygen. Thié is in contrast to Deil
and utonc who found a higher valuc for the prosaturated with
OXygen Tul. the present results seem more likely bucouse 1t

has been shown (107) (112) that freshly prepered nickel oxide
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contains an excess of oxygen. Therefore the conditions with

regard to the presence of oxygen are the same in elther case.

In the case of nickel oxide films on underlying
nickel metal, when freshly prepared, any excess oxygen would
react with the underlying nickel. Therefore the ennﬂiiiéﬂ@,
at least in regard to the presence ol adsorbed oxygen, would
be different in the two cases and hence the difference in the
heat of adsorption of carbon menoxide observed by Dell and

Stone is not swuprising.

The results are sgain different in magnitude to those

found for oxide films but certnin features are common, thuas

1e The heat of adeorption of oxygen on the
pxide saturated with carbon monexide is considerably higher
than on the clean surfsce. Thic same effect was noted by
Pell and Stone (106).

2. A further lot of carbon monoxide could be
adsorbed (step 40 Table (17)) as the result of adsorption of
pxygen on the oxide saturated with carbon monoxides The
heat evolved, however, was leoes than prévigwely found and
possibly is in error owing to the effect of the scondary slow

reaction discussed previously.
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GENERAL DISCUSSION

The results of this investigation while at variance
with seme findinge of Vell and Stone (%06) substantially support
the work of Teichney and ilerrison (107). Hovwover, in the
aboonce of aquilibrium.pr@séures in the lattor publication a

complete compsrislon is impossibles

The present work has shoyn that the adsorption at
20°C. ic a function of ‘the pressure., This finding 15 in
agreement with the work of Engell and Hauffe (i11), but would
appear to be contyapy to the vork of Telchner and Meorrison
vho mention adsorption up to saturation. In twe precent
investigation no saturation was observed up %o amn o3ygen

preseure of LO omo. Hgs

The inability to thoroughly out-gas the large masg
of pouder used in this investigation way be an explanation of
the fact that the voluncs of gases adsorbed were sualler
than those preoviously reported (107).  However, the lack

of eguilibrium prescures confuses this lssue. It may be
noted, however, that the prevent results are mope in accord
with the work of Krauss (142) than are those of Teichner and

Morrison (107)s

The present investigation hop ewnfirmed the findings
of ingell and Hauffe (141) that two pate processes arg

involved in the cdsorption of oxygen and carbon monoxide,
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However; in both cases the heat associated with the fast regetion
only was measured.

Although the present results Giffer somewhat in
megnitude from those of Telichner and Morrison (107) theré ave

two features in commong<

(1) Carbon wonoxide is adsorbed to a greater extent than

is oxygen.

{2) Both oxygen and carbon monoxide can be removed end

M§§g qxi&e_rﬁgenmta%aa by evacuation at Bﬁﬂﬁ*, Both these

findings are in contrast to the résults of Dell end Stone (106)
on nickel oxide films. 4n cxplengtion might be the probable
presence of metallic nickel in the oxide filme., This conid

algo e¢xplain the differences found in the heats of adsorpiion.

vith regard to the rageneration of the oxide by
cvacuation at 200°C. it is doubtful Af the carbon monoxide
adsorbed with a heat of 53 H.cals./mole.cpuld be removed at
thie %emparatﬁr&, This is supported by the Tact bthat
regencration was slow a8t 200%:. but enhanced at higher temperatures.
It is probable that at 200°¢, or higher the ¢arbon monozide wmay
enter the bulk of the oxide, thus effcetively rogenepating the
purfoce., This aspect requiree further investigiation before

definite conelusions can be made,
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Dell and Stone (106) suggest the formation of &
complex of the type CO,, but this is challenged by the work.
of Teichner and Morrisen (107). The present investigatien
would tend to support the contention that a complex existe,

but direct proof as to the formulas is not available.

A criticism of the present work is that the nickel
oxide could not be completely outgassed at 200°C,  Such s
critic;am can, however, be levelled st all investigations
involving powdered matorisls, whatever the tomperature of

out-gassing,

A further criticism i the non-inclusion of a- - -
liguid air trap between the adsorbent and the buretie system.

A

Owing to the particulaP design of the apparatus

-used the inclusion of such a trap was impoesible and th@nafore“

the present results may bhave been affected by the presence of

MErCREY Vapour.
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