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The chemisurpion of oxygen on activated Graphon was studied over the lempera-
ture range ~78% to IG0°C st an oxygen pressare of 100 millitorr. The Graphon was
aetivated by preoxidatinn to 16.46% weight loss at 625°C. The oxtdized sample had »
BET surface aren of 100 m*/gm. Prior fo adsorption measurements, the sample was
ondgassed st 1000°C ot residual pressures < orr. Adsorption was followed for
times up to 24 he. Plots of amount of oxygen adsorbed versus Tog of 1ime showed Linesr
regions. Ty all, five Hnear regions were identified, The nctivation energy (or chemi-
sorption changed little within a Jinenr rogion. However, it changed abraptly in going
from oune tinear region fo the nexi, inereasing overall from 3.1 keal/maole for the firsi
linear region to 124 keal/mole for the Iasi. It is conehuded that eneh linear region
represents adsorpiion on different diserete types of sites on the earbon surface.

1. INTRODUCTION

Chemisorption of oxygen on an uttraelean
Ciraphon surface al room temperature (25°C7)
and at different starting pressures of oxygen
{varving from 7 X 107 to 7.6 X 10* torr)
wis discussed in Part T ol this series.! Plots
of the chemisorption dala were discontinu-

onrs straight lines, indienting the existenee of

different kinetie siages. aeh of ihe kinetie
slages appeared alfer the adsorption of
definite amount of oxvgen {(whieh was inde-
pendent of pressure) nd eorresponded to
adsorption on a different group of active
sites, In all, five different groups of aetive
sites were observed in experimenis al room
femperatare.

Chemisorption of oxygen on the sume
sample of Graphon at different. temperatures
ean give additional useful information. The
data enn be used to culeulate the activation
energies of chemisorption on different groups
of aetive sites. Dafa at lower and higher
tempersiures ean also give useful informa-
tion about the possible existence of other
maore active or less aetive groups of sites,

Chemisorpiion of axygen at different tem-

peratures (varying frem 25° to 400°C) on
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different types of carbons has been studied
by a number of workers {2-12), Activation
energies ealeulated from the adsorption re-
stlts show wide variations. Several workers
23} interpreted their resulis on the hasis of
the Flovieh equation amd found that the
activation cnergye inereased  linearly  with
coverage. Flowever, there were instanees
where this relation was not found (5, 13,

Recently, Walker and  co-workers ()
studied the adsorption ol oxveen on well-
eleaned earbon surfaces and observed the
existenee of more than one group of aective
sites. The aetivation energy of adsorption
an the mere aetive sites was found to be 7.4
keal/mole. However, o detailed study was
not. made. The present paper deseribes the
kineties of oxvgen ehemisorption at tempera-
tires varving from —758° to [60°C ot n con-
stant starting pressure of oxvgen.

L ENPERIMENTAL
A, Materials. The earbon sample used in
{hese investipntions was the well-known
praphitized earbon bluck, Graphon, which
had u total metallie impurity condent of <15
ppm. The major impurities were ', Ca and
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S The partieular sample studied wis pre-
oxidized to 16.65% weight loss ot 625°C in
0.0 torr of oxyzen to infroduce a signifieant
zetive surface area, as previously discussed
{14}, The oxidized snmpie was the same as
used previously (1).

B, Apparatis and Procedure. The appara-
tus ated the procedure used luive been de-
seribed v detail (1), A brief deseviption s
given here, The apparatus is o combination
of an ulfrabigh vacuum svstem and an ulten-
sensitive measuring unit, 1t has been ns-
sembled  using stainless steel valves and
flanges. Incorpornted as part of the vacuium
system is o vacion pump. A vaeuum betfor
than 107 torr eoulkl be attained. The reactor
i= 3t double-walled quartz tube with the
sample suspended from a metal finnge ab the
top. The jacket of the reactor is evacunted
continuously to 1075 torr to reduce to o mini-
mun the inward diffuston of gas when the
recctor is at elevated temperaiures. A Pi-Pt,
104 Rh thermocouple is used to mensure
Lhe temperature of the sample inside the
renctor,

The adsorption measwring unit has o
residua] gas nualyzer, a Bamtron differentind
nunometer, aud o UHV  microsorption
halanee. The residual gas analyvzer is o mass
spectrometer (CIEC 21614, whieh has been
placed directly on the reactor so that it ean
monitor gas pressures down to 1070 torr,
The mierosorption balance (Cahn RG) has
been enelosed in o stainfess steel container
connected to the ligh vacuum portion of the
measuring unil through w stainless  steel
valve so that it conforms te the high purity
rectirements of the system. The balance can
measure aecurately weight changes of the
order of 2 X ) g,

The earbon sample (en. 0.1 gm) was hekl
in a uartz boat and suspended by menns of &
eprnrtz fiber. Outgassing ot 1000°C for 1012
hr was sufficient to reduce the residunl gas
pressure to 10 torr. After eooling to the
desired temperature under vaeuum, s known
volume of Oy was expanded into the renctor
aned adsorption was continuously followed
for times up to 100 min using a residunl gns
analyzer (mass spectrometer), o differential
manometer, or a microsorption  balanee
where applieable. Analysis of the gas with
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the mass speetrometer at different stages
of adsorption showed  that  insignificant
amounts of CO and COy were formed, indi-
enting negligible gasifieation of the earbon.
Therefore, the measured deerease in pressare
in the system was due to adsorption of oxy-
gen. Following an adsorption run, the syvstem
was first outgassed to o residual gas pressure
of < tore at the adsorption temperature,
and then the sample wis heated to FO00°C,
with the smount of oxygen desorbed as CO
and COw measured. In all cases, the amount,
of oxygen recovered ngreed very elosely with
the amount of oxygen adsorbed. Adsorption
was definitely chemieal and probably, from
otk previous studies, dissoeiative (Y-111,
FEE RESULTES

AL Rates of Chenrisorption. Oxvegen chemi-
sorption on the Craphon surfaee at en. 100
millitorr starting pressure of oxygen ol tem-
pernfures vurying from —78° to 160°C is
shown i Fig. 1. The eurves show the wsuul
churaecteristics ol adsorption, namely, «
rapid initial rate which guickly deecleratos,
Adsorplion was measured for a period of 24
by, but in the figure adsorption is shown only
up to 700 min for the sake of elarity. Also for
the suke of clarity, the number of datu
points shown in the plots is smaller, com-
pared to the actual number observed during
any one experiment. About 50 data points
were taken for ench experiment, The volume
of the renctor system was suffictently Lge
that the decrease in pressure of the gas due
to adsorption, during a run, does not result
in o significant decrense in the adsorplion
ute, In afl experiments, the muaximum de-
erease i gus pressure was <5 4%,

Plots of oxygen adsorbed (g) versus log of
time are presented in Fig. 2. These plots are
discontinuous steaight lines, indieating the
existence of different kinetie stages. Tt is sug-
gested thet cach of these kinetie stuges cor-
responds to adsorption on a different group
of acltive sites. 1t is noteworthy that these
different stages appear after the adsorption
of o definite amount of oxygen independent.
of the temperature af whieh the run is
made (ef, Table I). These amounts are ul-
most exuetly equivalent to those obsuined
in experiments at 25°C ot different stirting
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Fra. 1. Oxvgen ehemisorption on Graphon at 160 millitorr pressure and tempernnures Trom —78°
to 160°C CGiraphon was previously activated in oxyviEen to 16,65 weight Joss.
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Fra. 2. Blovich plols of oxygen chemisorption
on Graphon a2t 100 milliterr pressure and lempera-
tares from — 787 to 16G°C. Giraphon was previeusly
activated in oxygen 1o 165 weight loss,

pressures ol oxygen (1), b is evident, there-
fore, that adsorption of oxygen proceeds at
different rates on different groups of sites.
Inereased tempernture has the same eflect
as inereased pressure and simply results in
an earlier appearance ol any one kinetic
stage. At low tempernture, the rate of ad-
sorption is slow amd chemisorption on only

TARBLE T
Asvousts or Oxveey Cuesisonned 1y GRapios
N Thrrgasxr Svaaes o 100 Minnrron
Presstre axbh AT Dierenest Pearigarvess

Oxypen chemisorbed in {iiﬁ:.'runl stages
-1%)

‘T'entpera- fatoms/gm X 10
ture (°C) e
1 11 1§11 v e
—78 1.32 —
0 .14 s — o e
25 1.25 1.20 = : —-=
hh - §La 3dh : ==
a0 -— 1.30 345 TR 1241
125 - 1.25 RERIY 8,10 12.3
160 o — 345 7.5 12.4
25° 1.25 1.4 3015 8.00 11.3

* The amonat of oxyvges wlsarbed on the fifth
stage has heen ealeudnted by sidvtracting the tatal
adsorbed in ihe first four stapes Hrom the sniara-
tien amount al 1G0°C, that is 26.3 30 10" atoms/
gm,

* Phese values are the avernge of the values
abtained ot 25°C at different pressures of oxygen
{n,

the most aetive group of sites ean be followed
For times up to 1400 min. As the femperntaire
is inereased, adsorption on less aetive groups
of sites can be followed, At 160°C, the mte
of chemisorption i= =0 wapid on the most
aetive sites {groups 1 and 2} that eomplete
covernge oceurs in Joss than L min wud ean-
not be conveniently followed.,
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Fro 8, Slopes of Eleviek plots as o funetion of amount of oxygen adsorbed at 25°C

Ome of the ressons Tor studyving adsorption
down to —78C was to see if there were more
aelive sites on the Graphon surfaee than were
previosly observed ot 25°C (1), For an
oxveen presstive of 100 millitorr, the ¢-log !
plot shows no break up to 10 min, suggest-
ing that adsorption of oxyvgen was going
oily o one type of site, When the oxyvgen
mressire was deereased {o 11 mithitorr, ad-
sorption was too slow to be followed secu-
rately. As will be diseussed shortly, we think
that the adsorption we observed at (00
millitorr at —78°C wns on the same sifes
which we ealled “most active” from our
previous studies ab 25°C (1),

In order further to verily that these g-log
plots are not continuous eurves but do show
linear regions, slopes were measured at eaeh
ditta point Tor the plots at 25°C and 125°C,
The plots of the slope versus g are shown in
Figs, 3 and 4. The slope ehanges only in a
discontinuous manner, thus strongly sup-
porting the existenee of linear regions in the
i-log ¢ plots of the chemisorption data,

These results then further support the
concept that there are different, diserete
Lypes of sites on the earbon surfnee on whieh
chemisorption of oxygen ean take plaee. In
all, adsorption on five groups of active sites
wits nhserved,

B Effect of Temperature on Paramelers in

Flovlch  Fquation. In recent years many
workers have found the Elovieh equation to
be upplicable to their adsorption dada on a
wide variety of systems (15), The equation is

[1]

:;_? = exp (—ag},
where g is the amount adsorbed and e and «
are eonstants, The integrated form of Fqg.
i is

1 ;

¢ ==In (14 aal), { 2]

o
If gt 15 221, a plot of ¢ versus In £ should be o
straight line, us is observed in the present
study, with a slope of /e, For each region
at each temperature, values of & and @ have
been caleulatod from the datn in Fig, 2. At
the start of caeh new stage, ¢ was taken us
equal to zero and £ was taken as —0. Values
of e and a are presented in Table [T,

It is seen that both ¢ and « have different
alues for adsorption in different adsorption
regions. However, in the same adsorption
region g is strongly temperabure dependent,
whereas « 1s more or less independent of the
adsorption tempernture. The fuct that o is
independent of the adsorption temperature
will be diseussed luter in the paper,

. Activation fnergy. In order to ealeulate
activation energies from the present data,
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Fia. 4. Stopes of Klavieh plots as o funetion of amoint of oxygen adsorbed at 125°Ca

TABLI
PanaMierErs I8N THE KLovice KoUuatioN roil Absospriox oF Oxvoex ox (GrarioN an
DIFFERENT STAGES AND TEMPERATURES

Stape

’f?{l‘al‘ I 1 i v v
at o ?I ® ' o 13 o u o - "r"" o iz i
-8 5.47 .20 e e - - - — s
0 3.1 2,40 2,35 (L 020 . . J— -
25 4.90 444 2,30 {}, 60 .75 HRIIE| - — —
ah — .— R 0.17 .74 {3, 1151 {43 a0 — —
a0 — - 2.05 (.52 .48 4.149 .42 {3 .35 (.00
125 — - 2.00 1.20 .44 .52 (.-t 13 {1.433 .01
HEY -~ - — —— {}

* Ajoms™! gm X HPS
T Atoms gm™t min~! X} 107K

the tnstantaneous rates were caleulaled for
adsorption on the vartous groups of sites at
different amounts of surface eovernges, The
Arrhenius plots of the nstantaneous rates
[or three surfuce coverages in each adsorp-
tion region are shown in g 5. The plots
show equal slope for adsorplion in any one
stage, indieating that the activation energy
is independent of surface eovernge in any
one stage. On the other hand, the activation
energy is elearly different for adsorption in
different. stages. This s shown in Fig.
where aeiivation energy has been plolted
against the amount of oxygen adsorbed.
Overall the activation energy changes from
3.1 to 124 keal/mole as chemisorption pro-
cceded from Stage T through Stage V.

(.37 (EE {048

A eonstant activalion euergy in any one
region is 1 direet result of the experimental
ohservation that a is independent of adsorp-
tion temperiure, as ean be shown, The raie
of adsorption (#) af any dixed value of ¢ i
given by the Elovieh eguation {written in
log form) ns

5]

DiiTerendinting Fo. [3] with respect to 1/T

gives

Inr = Ina— aq

o Iy Cad

T AT

o e
Taq7m

diin r)

d(8/T) =

or

U 15l
R aayme "

d(1/77

d(ln r) - E
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where £y s the initial aetivation energy, The
activation energy is given by the Arrhenius
equation (writlen in the log form) as

Inr=Ind — FRT. 16

Differentinting Feg. 6] with respeet 1o U7

CIeR

diln 1) K -
vy 71
It
Fowading s 5] and {7), we get
I &y dter)
— = I R 5
I 7o I5]
TLMPERATURE, *C
150 50 Q -60 ~7H
0| :
u'!g -1.6

LCG dqsat, ATONG/AUHUT

‘ \ ~
2ot i y
; STABE 1
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: Y STAGE HI
_105_ STAGE IT
i

i SThGE ¥
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T ogd et

Fig, 5. Arrhenius plots of oxygenr ehemisorp-
tinn rates in the vindous stapes of adsorption on

Gieaplum,
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w
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I o i independent of the adsorption teni-
peratire, then gdie) /d(1/7) = 0. There-
fore, /R = Bo/BRand I = Iy, The activa-
tion energy has a single value independent of
surfaee covernge,

Normally when chemisorption resulls con-
fornt to the Llovieh equation values of «
decrense with adsorption temperature {15,
16}, although there have heen instanees
when o was independent of temperature
(5, 16).

Taylor and Liang (I7) aud Low (15) have
suggested caution in ealenlating netivation
erergies from Elovich-type plots, espeeially
when the plots show multiple adsorption
stages, This is true for most of the ehemisorp-
tion data when different temperature effects
are detected for caeh Kinetie stage. In suceh
qtses the ratio of a/es for any bwo stages
undergoes undulutory changes; and, there-
fore, the eriterin used to determine netiva-
tion energy do not eorrespond  to  com-
purable stages in the adsorption process. In
the present ease, however, the mble oo
remaing almost the same at all tempern-
tures. Thus the aetivation energy can be
properly determined, sinee a given volume
of gus is adsorbed on the same area at the
various tempernfures.

IV, DISCUSSION

It is to be emphasized we eonchude that
the chemisorption of oxvgen on all five stapges
s dissociative, Previous studies in this
Inborntory, using Ou% and 578 have

AMOUNT OF OXYGEN ADSORBED, ATOMS/g x 10718

Fra. 6. Change of netivation energy for oxygen ebhemisorption on Graphon with amount adsorhed
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shown that when oxyveen inferaeis with
arbon both earbon monoxide and carbon
dioxide are produweced through an atomie

oxygen intermedinte (£0). In the present
study, moleeulnr oxygen was never removed
upon heating the Graphon containing ad-
sorbed oxvgen to an elevated lemperature,
The produets recovered were always earbon
monoxide and enrbon dioxide—the {ormer
consisting of 9407 of the total oxides of ear-
bon removed.

The chemisorption of oxygen on earbon
has been studied extensively in our lnbora-
fory in reeent vears. Hart and co-workers
(0 siudied the kineties of chemisorption of
axvgen on a eleaned Graphon surface at tem-
peratures belween 100° and 300°C and ob-
served that chemisorption invelved at least
two types of sites. The aetivation energy for
chemisorption on the more aetive siles was
found to be 7.4 keal/mole, This value s in
close agreement with the activation energy
found in this study for adsorption on the
second most active group of sites (7.1 4= 0.2
kenl/mole). Tt appears, therefore, that the
sites which they ealled most active corre-
spond with our Stage 11 sites. There ean be
fwo reasons for this, Firstly, since the Jowest
pressure obtained by these workers during
outgassing and surface cleaning was ni least
ane order of mugnitude higher than that
obtained in this work, it is reasonable to
believe that a signifficant fraction of the
group I sites was eovered when adsorption
runs were eommenced. Sceondly, for the
oxygen pressures used ([-15 millitorr) these
workers studied chemisorption at tempera-
tures higher than where adsorption on group
[ sites can be eonveniently followed (see our
Fig. 2).

Tassow and eo-workers also studied the
chemisorption of oxyvgen on Graphon be-
fween 300° and 625°C (1) In agreement
with Hart and co-workers (4), they found a
plateau in the amount of oxygen adsorbed in
the tempornfure range 300°-400°C. How-
ever, they then found » progressive insereasge
in  ehemisorpiion up  to 550°C, which
amounted to roughly three times thai found
belween 300° and 400°C and also three times
the maximum chemisorption reported by us
in the first paper of this series for adsorption

193

at 25°C and TGO dorr presswre. Lussow and
eo-workers reported an aetivation energy of
24 kenl/mole for adsorption between 450°
and 675°C. Above-H06°C, significant gasilien-
tion of carbon by oxvegen oceurs, coneitrrent
with chemisorption. This work of Lussow
and eo-workers suggests thad niseent sites,
which are highly aclive for chemisorhing
oxyeen, are produced during gasifieation. At
some ride, some of these carbon sites beeome
less netive beeause of surface diffusion (18}
and/or hybridization to a divalent state (1493,

Differenees in aetivation energy of adsorp-
{ion on the various groups of active sites can
be attributed to differences in the geometric
arrangement of the surface earbon afoms.
The busal plane of earbon is, ideally, ter-
minated with the earbon ntems in either o
(1070} or 120 configuration (20). The car-
hon-ewrbon  distances of  Importanee, for
forming a earbon-oxygen aetivaled eomplex,
are L42, 246, and 2,840\, However, an oxy-
gen molecttle eould also approach the surluce
with its bond essentindly parallel to the
e-axis of the graphite ervstallites and form
an activated complex with earbon atoms in
wdjneent layer planes, In this ease, carhon-
carbyn distances of importance ave 3.35 and
3.62A. Also the basal plane need noi be
terminated in an ideal manner but ean have
earbon fragments protrading from ik This
will present other earbon-earbon spacings
to the ineoming oxygen moleeule.

The activaded ecomplex formed  between
(hoand fwao surinee earbon adoms would be
expected to have different potential cnerpy
conligurations, dependent upon the spueings
between the earhon atoms. Thus, the ae-
tivation energy Tor the dissociative chemi-
sorplion of oxyeen would be expected to
vary. In faect, Sherman and Eyring (21
have shown, theoretieally, that the aetiva-
tion cnerpy for dissocintive chemisorption
of H. on earbon will vary with the carbon-
carbon  spacings, However, no  aftempi
appers to have been made fo estimute
theoretieally the aciivalion energy of oxygen
chemisorption on graphite.

To determine the nature of the {ransition
state eomplex feading 1o chemisorption of
oxvgen by the Graphon surfaee, one ean
compare the experimental value of ihe

Journnd of Colloiid and Interfoee Seienee, Vol 32, Nao 2, Felhiranry 1970
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enteopy change with that ealenlated from
theoretieal models, The experimental value
ol the entropy change to form the aetivated
comes ean be caleulnted from the experi-
mental pre-exponential factor {4,4,) of the
Arrhewdus plot by using the usual cqgrution
o

sy = f—',jm'— exp (ASY /1) 4

s diseussed at fength by Walker wnd co-
workers (6. The entropy changes (AS2H)
ealevdated  for adsorption on the various
groups of aetive sites are —346.06, —HL4,
=01, —ALs, and — 540 ou, respectively,
The entropy change, if all three degrees
of translational freedom are lost in fornying

the activated eomplex, is given by the
equntion {22}
Sro= JeIn (P — 2300 (1]

The entropy change at 160°C would he
- 38.2 eu. The ehange in entropy i both
degrees of rotationul freedom are lost s
given by the equation (23)

NO= bl 7 N8R, ]

where [ is the moment of inertin of {he
molecule, This entropy change i — 1.2
en. Compurison of the experimental and
theoretieal entropy chunges suggests that
the transition state complex is immobile
mid has lost between one and tweo degrees
of rotational freedom depending upon the
jrerticular adsorption stuge.

In conelusion, we find that n carbon
stiirfaee very active Lo oxygen ean boe ob-
tained under the eonditions used in this
researeh. Chemisorption on ultrnelenn ear-
bon surfaces is of considerable Tundumental
importanee in understanding the helavior
of these surfices towards different gaseous
speeies. These studies are also of importanee
in understanding  the origin of the gus
contends in earbon and graphite artifuets
when  they are hented o elevated  tem-
peratures. Further work on the adsorption
of other gnseous species such ax H, CO
and No s in progress. The ifluence of
various treatments, such as the degree wd
type of carbon buen-off, imadiation and
boron doping, on the chemisorption of
oxveen aud other gseous species s also
heing studied.

BANSAL, VASTOLA AND WALKIER

ACKNOWLEDGMENTS

This study was jointly supported by Smadl
Industries Nesearch, Commonwealth of Pennsyl-
vaniz and the Atomic Energy Commission on
Contract Noo AT (30-1)-1710.

REFERENCES

1. Warnken, PP Lo, Ji, Bawnsa,, RO CL oaxp
Yasrora, F. J., "The Structure and Chem-
wiry of Salid Surfeces,” p. 8L John Wiley,
New York, 1069,

2, Boxwwrears, L, Duvan, Xo,axep Larows, M.,

Proe. 4t Carbow Conf., p, 107 (1060).
30 Boxyerarx, Lo, J Chine, Phys, BB, 206 (19593,
Ho ez, V. RL ano MeFannane, K. V., Proe.
ath Carbon Conf. 2, 219 (1063).

5. Avvawpier, DLJ., Carbon 4, 255 (BHG),

G, Wanknnr, P L., Ju, Avsntix, L. (G, axp
Trewrex, J. J., “Chemistey mwl Physies of
Carbow,” Vol 1, pp. 327-365. Mareel Dek-
ker, New York, 1966,

CCanreneew, 1 Booaxn Cabeisgs, DL G
Fuel 43, 375 (1064).

S Cameesren, 130 L., axp Senaeasr, G 1),

Fuel 45, 311 (106G},

9. Hawr, PooJ, Vasrora, FOJL, axy Wanken,
P, Ju., Carbor B, 303 (1067),

10, Wanken, I'. 1., Ju., Vasrona, . 0, axp
ilawr, P, “Fundamentals of Gas-parface
Enteraetions,” po 307, Aeademie Press, New
Yurk, 1067,

11, Lussow, RO, Vasrona, FOJ asy Warkuen,
P L, Jdie, Carbon B, 591 (EHIT),

12, Sevessren, P, Gy, Feel 40, 7 (1061,

13, Essterr, Po HL, oanp Buonaven, S, 40 .
Chem. Soe. 66, 35 (103:4).

B Laimse, N R, Vasrtona, FooJ., axe Wanknes,
Po L el S Phys, Chem, 67, 2080 (1963).

15, Low, M. D, Chenr, Ree, 60, 267 {1060},

16, Taviow, 1L AL, anp Toox, N, J. e Chem,
Soe. T4, 1164 (1052).

17, Pavrior, Ho 8., ano Leana, 5. CoLJ o Chen,
See, 69, 1306 (1047}

I8, Bovraxaien, B, Duvarn, X, axn Lerowr, M.,
Proe. 3rd Carbon Conf., p. 257 (1059).

1. Coveson, Co AL Proe 4tk Carbon Conf., p. 215
(19603,

20, Toostas, J. M., “Chemistry and Physies of
Corbon,” Vaol, |, p. 120, Marveel Dekker, New
York, HIEG.

21, Sukusan, Al anp BEyuesa, 1L, S0 dwm Chen.
Soe, B4, 2061 (1932).

22 flavywaro, DO, ane TrarNenn, B0 MW,

208,

“Chemisorption,” |, Butterworths,
London, 194,

23, Grassroxs, S, “Tharmodynamies for Chem-
ists,” po WS, Van Nostrand, New York,

[H5T8

Fonrnil of Collatd and [ate efuce Seienee, Yol 32, Noo 2 Felraary 1970



