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FREEZING POINT OF WATER HELD IN POROUS BODIES AT DIFFERENT
VAPOR PRESSURES

B y  B a l w a n t  R a i  P u r i , L e k h  R a j  S h a r m a  a n d  M .  L . L a k h a n p a l

Department of Chemistry, Panjab University, Hoshiarpur, India 
Received December 29, 1952

A  m ethod fo r determ in ing  freezing po in ts of cap illa ry  condensed moisture, based on d ila tom etrie  measurements, has been 
described. The freezing p o in t depressions of water held in  fo u r d iffe ren t porous bodies a t d iffe ren t vapor pressures, deter­
m ined b y  th is  technique, have been compared w ith  the theoretica l values derived from  therm odynam ic considerations. The 
results appear to  offer support to  the theory  of cap illa ry  condensation.

A ccord in g  to  the cap illary  con densation  h y p o th ­
esis, vapors condense to  liqu ids in the pores o f  an 
adsorben t becau se o f the low ering o f v a p o r  pres­
sure b rou gh t a b o u t b y  surface tension  effects. 
T h e  properties o f  the adsorbed  liqu ids, p articu ­
larly  their freezing and  boilin g  poin ts, are ex­
pected , therefore, to  be different from  th ose  asso­
cia ted  w ith  the sam e m aterials in bu lk  cond itions. 
A  num ber o f investigations designed to  determ ine 
effects o f cap illary  con densation  on  freezing poin ts 
o f adsorbates are reported  in literature. F oote  
and  S a x to n 1 and Jones and  G ortn er2 deduced  
from  dilatom etrie m easurem ents that w ater ad ­
sorbed  on siiica gel behaves abn orm ally  b e low  its 
bu lk  freezing poin t. C o o lid g e 3 from  the adsorp ­
tion  isotherm s o f benzene on  ch arcoal and  M illigan  
and  R a ch fo rd 4 from  the isotherm s o f w ater on silica 
gel, a b ov e  and b elow  the norm al freezing poin ts o f 
the liqu ids, p lo tted  on  a relative pressure basis, 
con clu ded  that the adsorbates d id  n ot u ndergo 
phase tran sform ation  even  at tem peratures well 
b e low  their norm al freezing points. E m m ett and 
C in es5 cited  identica l observations m ade b y  B run- 
auer and  E m m ett in the case o f  adsorption  o f 
acety lene on  iron  cata lysts. P atrick  and  L and8 
and P atrick  and K em p er7 fou n d  ev iden ce  for  
fa irly  large freezing p o in t depressions in the case o f 
a n um ber o f substances adsorbed  on  silica gel.

(1) H. w. Foote and B. Saxton, J. Am. Chem. Soc., 39, 1103 (1917).
(2) I. D. Jones and R. A. Gortner, T his Journal , 36, 387 (1932).
(3) A. S. Coolidge, J. Am. Chem. Soc., 46, 596 (1924).
(4) W . O. Milligan and H. Rachford, ibid., 70, 2922 (1948).
(5) P H. Emmett and M . Cines, T his Journal , 51, 1261 (1947).
(6) W . A. Patrick and W . E. Land, ibid., 38, 1201 (1934).
(7) W. A. Patrick and W. A. Kemper, ibid., 42, 369 (1938).

K u b e lk a 8 derived  an approxim ate  equ ation  fo r  the 
m elting  poin t low ering as a fu n ction  o f the radius 
o f  the capillaries assum ing the heat o f  fusion  to  
rem ain con stan t w ith  the tem perature.

B y  exam ination  o f the v a p or  pressu re-tem pera ­
ture curves, B atch e lor and  F oster9 for  d ioxan e on 
ferric ox ide  gel, and B row n  and F o s te r10 for  eth y l- 
enediam ine on silica gel, observed  freezing poin t 
depressions o f  7.3 and 6 .8 ° , respectively . H iguti 
and  co -w ork ers11“ 13 determ ined  recen tly  the freez­
ing p o in t depressions in the case o f  n itrobenzene, o- 
nitroph en ol, benzene and  carbon  tetrach loride ad ­
sorbed  on silica gel, b y  m easuring either d ielectric 
po larizations or heat capacities o f  the adsorbates 
at d ifferent tem peratures. T h e  determ ined  values 
were com pared  w ith  those ca lcu lated  from  a th eo ­
retical form ula  derived  th erm odyn am ica lly . T h e  
agreem ent, h ow ever, was n ot so  good .

In  the present w ork  a d ilatom etrie  m eth od  for 
determ in ing freezing p o in t o f w ater a dsorbed  on 
porou s bodies has been  described  and the results 
obta in ed  in the case o f fou r d ifferent substances at 
different va p or  pressures h ave been com pared  
w ith  the th eoretica l values. T h is  m eth od  seem s 
to  be sim pler than th ose  based on  the m eas­
ure m ents o f low  va p or  pressures or heat capaci­
ties.

(8) P. Kubelka, Z. Elektrochem., 38, 611 (1932).
(9) R. W . Batchelor and A. G. Foster, Trans. Faraday Soc., 40, 300 

(1944).
(10) M. J. Brown and A. G. Foster, Nature, 169, 37 (1952).
(11) I. Higuti, Science Rep. Tóhoku Univ., Series 1, 33, 174 

(1949).
(12) I. Higuti and M. Shimizu, T h i s  J o u r n a l , 56, 198 (1952).
(13) I. Higuti and Y. Iwagami, ibid., 56, 921 (1952).
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E xperim ental
Materials.— The materials used in these investigations 

were: (i) silica gel, (ii) “ barium alumino-silicate’ ’ gel hav­
ing 0.5B aO -Al2O3-SiO2 as its approximate composition, 
(iii) a sample of bentonite and (iv) a sample of clay loam. 
Both the gels were prepared fresh in the laboratory.

Twenty-five-gram portions of the gels and 50-g. portions 
of the sample of bentonite and clay loam were placed in 
vacuum desiccators maintained at 25 ( ± 1 ° )  containing 
sulfuric acid-water mixtures corresponding to different 
relative vapor pressures of water. The increase in weight 
w-as determined after about a week and then daily till it be­
came constant. This usually required ten to twelve days 
time and was taken to indicate the approach of equilibrium 
of the samples wdth the surrounding atmospheres.

Apparatus and Procedure.— The apparatus devised for 
determining freezing point of capillary condensed water is 
shown in Fig. 1. It consists of a glass vessel, A , blown from 
a Pyrex tubing. It is about 11 cm. long and 3 cm. wdde and 
is fitted with a ground joint, JJ '. The inner part, J, is 
fused at its low-er end with a glass tube, B , which passes 
more than half way into the vessel, A . The tube B  is 
closed from below except for two small holes which permit 
the passage of the wires of a copper-eureka thermocouple 
cemented immediately at the end of the tube. The inner 
part, J, of the joint, also carries at its upper end a graduated 
fused-in capillary tube, t, of about 0 .5-cm . bore, which 
opens into the vessel A , through the side of the tube B , at 
the point h, as shcwm in the figure.

Fig. 1.— Apparatus for the determination of freezing point of 
capillary condensed moisture.

The sample under examination was transferred to the 
vessel, A , so as tc fill more than half of it and ligroin was 
gradually poured over it till the space not occupied by the 
solid particles was completely filled up. The stopper, J, 
with its attached parts was then placed in position, as shown 
in the figure. The ligroin thus displaced rose into the gradu­

ated tube, t, through the capillary opening, h. This per­
mitted air-free filling of the apparatus. More ligroin was 
added into the capillary tube, t, directly from above, so as 
to fill nearly two-thirds of it.

The entire apparatus, almost up to the level of the lig­
roin, was then lowered into a w-ide-mouth Dewar flask con­
taining a suitable freezing mixture, capable of giving a tem ­
perature several degrees below the theoretical freezing point 
of water at the vapor pressure of the body under examina­
tion. For temperatures as low as —2 0 °, an ice-salt-bath  
w-as used. For lower temperatures, carbon dioxide snow' 
mixed with alcohol was necessary.

The above flask was fitted with a stopper having tw'o 
bores, one for holding the tube, t, and the other for a glass 
stirrer. A  considerable amount of the capillary condensed 
moisture became frozen after an interval of about 20 min­
utes. This could be verified easily, particularly in the case 
of the tw'o gels, from the “ frosted”  appearance of the 
samples. The temperature of the bath was then allowed to 
rise gradually by loosening the stopper of the flask and 
stirring the freezing mixture gently. The position of the 
ligroin meniscus in the tube, t, w'as noted by means of a 
magnifying glass after about every one degree centigrade 
rise of temperature.

The movement of the ligroin meniscus in the tube, t, wfith 
rise in temperature would, obviously, be given by the rela­
tive magnitudes of two opposing effects, namely, expansion 
of the ligroin and contraction of the capillary system caused 
by melting of the frozen water. The first effect, how'ever, 
predominated and consequently there w-as a net rise in the 
ligroin meniscus. But as soon as fusion of the entire amount 
of the frozen moisture was completed, the second effect 
disappeared altogether and the rise of the ligroin level with 
subsequent increase in temperature became steeper. The 
positions of the ligroin meniscus taken before and after the 
critical stage, when plotted against the corresponding tem ­
peratures, w'ere seen to fall on two curves with different 
slopes and the temperature at which the abrupt change in 
the slope was noticed, was taken as the temperature of maxi­
mum melting, or the temperature at which the phase trans­
formation from solid to liquid state was just completed. 
Obviously, this would also correspond to the temperature 
at which the condensate liquid would commence to freeze, 
if gradually cooled. The plot of ligroin meniscus against 
corresponding temperatures in one of the determinations is 
shown in Fig. 2 to illustrate the procedure.

Temperature, °C .
Fig. 2.— Determination of the freezing point of capillary 

condensed moisture in silica gel when relative vapor pres­
sure {x ')  is 0.774.

It took nearly nine hours to complete one determination. 
The rate of heating was quite slow, the temperature rising 
by about 1° after every half an hour. The position of the 
ligroin meniscus at a particular temperature W'as noted 
after ascertaining that the temperature of the freezing mix­
ture outside the vessel A  (measured by another thermo­
couple) was within 0 .4 ° of the inside temperature. Mean 
of the tw7o temperatures was then taken.

Replicate determinations of freezing points were also 
made in the case of silica gel to check reproducibility- of the
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results. The values obtained are given in brackets in 
Table I I . The method seems to be capable of yielding 
reproducible results.

Theoretical Calculation of the Freezing Point 
Depression of Capillary Condensed Water.— T h e
low ering o f va p or  pressure con sequ ent u p on  the 
con densation  o f liqu ids in cap illary  pores is g iven 
b y  the K elv in  equ ation

2 yM
- l o g s v/Vo =  - l o g . *  =  -  (1)

w here x  is the ratio o f the actu al vap or pressure p  
and the saturation  v a p o r  pressure p0 o f  the con ­
densate; 7 , M  and p are its surface tension , m o lec­
ular w eigh t and  density , resp ective ly ; r is the 
radius o f  the capillaries in v o lv e d ; R  is the gas 
constant, and  T  is the absolu te  tem perature.

T h e  adsorben ts used in the freezing poin t 
m easurem ents w ere first b rou g h t in to  equilibrium  
w ith  atm ospheres o f  k n ow n  relative hum idities o f 
w ater as a lready  m en tioned . B u t w hen air in the 
w a ter-a ir  in terface  w as rep laced  b y  ligroin  and  
the tem perature o f  the system  w as low ered  to  its 
freezing poin t, sa y  T ',  the system  m a y  be  con ­
sidered to  h ave assum ed a new  relative v a p o r  pres­
sure, x ',  g iven  b y  th e  equ ation

, , _  27 'M
0 g ,x  rpRT' (2)

w here 7 '  is the in terfacia l tension  betw een  ligroin  
and  w ater a t tem perature, T ' . T h e  sm all change 
in den sity  w ith  tem perature has been ignored.

F rom  equ ation  1 an d  2 w e have
y tr p

log* x ' =  log, x  X  yjr , (3)

T h e  v a lid ity  o f  such a relationship  has been 
p roved  b y  P uri and  C ro w th e r14 in  the case o f  soils.

T h e  va lu es o f  in terfacia l ten sion  betw een  ligroin  
and  w ater were carefu lly  determ in ed  at different 
tem peratures in the range o f 4 .5  to  3 5 °  and  are 
g iven  in  T a b le  I. T h e  values at the freezing 
poin ts w ere obta in ed  b y  extrapolation . Substi­
tu ting  these and  oth er appropria te  va lu es in 
equ ation  3 the new  relative va p or  pressures (x ') 
w ere ca lcu lated . T h ese  a lon g  w ith  the original 
values o f  v a p o r  pressures (x) and  the pore  radii (r) 
ca lcu lated  b y  m eans o f the K e lv in  equ ation  are 
g iven  in  T a b le  II .

T a b l e  I

I n t e r f a c ia l  T e n s io n  b e t w e e n  L ig r o in  a n d  W a t e r  a t  
D if f e r e n t  T e m p e r a t u r e s

Temp.,
"C.

Interfacial
tension,

dynes/cm.
Temp.,

°C.

Interfacial
tension,

dynes/cm.

3 2 .0 3 5 .1 5 17.0 3 1 .59
3 1 .0 3 5 .0 0 15.0 31.41
2 2 .0 3 2 .83 8 .5 2 9 .07
2 0 .0 3 2 .60 4 .5 2 8 .8 0

T h e  w ell k n ow n  th erm od yn am ic relationship  
betw een  low ering o f va p or  pressure and depression  
o f freezing p o in t is g iven  b y  the equation

- l o g ,  T  =  ~ —  
ge po RT0T (4)

(14) E. M. Crowther and A. N. Puri, Proc. Roy. Soc. {London), A-
106, 232 (1924).

w here T 0 is th e  norm al freezing p o in t o f  the liqu id  
a t the va p or  pressure p0, T  is the freezing p o in t at 
the low er v a p o r  pressure p, A T  is the depression  in 
freezing p o in t (T 0 — T ), and A H  is the m olar heat 
o f  fusion  o f the liqu id  and  m a y  b e  assum ed to  re­
m ain  con stan t for  sm all range o f A T .

H ow ever for  a large range o f A T , A H  is n o  longer 
constant. T h e  “ b e s t”  va lues o f  the N ational 
B ureau o f S tan dards15' 16 fo r  the properties of 
w ater and  ice  g ive  the relationship

— log, p/po =  0.9686 X  1 0 "2AT  -  0.56 X  lO ^ fA T )2 +
0.72 X  1 0 -8( A r ) s (5)

T h e  values o f  A T  correspon d in g  to  different 
relative v a p or  pressures ( x ') w ere ca lcu lated  b y  
m eans o f th is equ ation .

Results and Discussion
T h e  freezing p o in t depression  o f w ater held  in the 

variou s adsorbents at d ifferent relative va p or  pres­
sures, as determ ined  b y  th e  tech n iqu e described  
in this paper, are recorded  in  T a b le  I I . I t  is seen 
th at the values obta in ed  a t a  g iven  relative vap or 
pressure are a b o u t the sam e in  the case o f  all the 
sam ples exam ined w hich  were o f  d ifferent nature 
and  w ere k n ow n  to  d iffer ap p reciab ly  from  one 
another in their m oisture co n te n t-v a p o r  pressure 
relationships. T h is show s th at the freezing p o in t 
depression  o f the sorbed  w ater depends largely 
on the radius o f  the cap illary  pores in w hich  it  is 
condensed .

T h e  th eoretica l values are a lso  in clu d ed  in T ab le  
I I  in an appropriate  colu m n . T h e  agreem ent b e ­
tw een  the determ ined  and  the. ca lcu lated  values is 
seen to  be  fa irly  g o o d  up  to  the cap illary  pores o f 
radius 37.3 A . and  even  in the case o f  the next low ero
size, viz., 24.5 A ., it  is perhaps n ot so  bad .

B atch elor and  F oster9 assum ing th at the K elv in  
equ ation  is va lid  fo r  the solid  phase as w ell and 
th at the va p or  pressure o f  ice  in  a  cap illary  is d if­
feren t from  th at ou tside, show ed  g o o d  agreem ent 
betw een  the observed  and the ca lcu lated  values o f 
freezing p o in t depression  o f d ioxan e adsorbed  on 
ferric ox ide  gel. T h e y , h ow ever, con fin ed  th em ­
selves to  a sm all range o f A T  on ly  and th e  sm allest 
pore  size exam ined b y  them  was as w ide as 88 A. 
in radius.

T h e  agreem ent obta ined  b y  us in  the case o f the 
cap illary  pores o f  radius >  24.5 A . appears to  be 
b etter than that reported  b y  H igu ti an d  Iw a g a m i13 
in  the case o f  benzene and carbon  tetrach loride 
adsorbed  on  silica gel a lthou gh  th e  low er range o f 
the capillary  radius exam ined b y  them  was 40 A . 
T h is  m ay, how ever, be  due to  the d ifference in  the 
nature o f the adsorbates used b y  them .

T h e  v a lid ity  o f  the agreem ent betw een  th e  de­
term ined and  the ca lcu lated  values is seen to  de­
crease as w e approach  finer capillary  sizes. T h e  
reason for  this p rob a b ly  lies in  the fa ct that the 
properties such as den sity  and  surface tension  o f 
the condensates in v ery  fine cap illary  pores are 
n ot the sam e as in the bulk  form  as is ta citly  as­
sum ed in the K elv in  equ ation . T here  is an indica-

(15) N. S. Osborne, H. F. Stimson and D. C. Ginninga, Natl. Bur. 
Standards J. Research, 23, 197 (1939).

(16) N. S. Osborne, ibid., 23, 643 (1939).
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T a b l e  I I

F r e e z in g  P o in t  D e p r e s s io n s  o f  W a t e r  H e ld  in  t h e  V a r io u s  P o r o u s  B o d ie s  a t  D if f e r e n t  R e l a t iv e  V a p o r  P r e s s u r e s

Relative 
vapor pressure 

(X) of the 
system 

(original)

Corre­
sponding
capiUary
radius,

à .

Relative 
vapor pressure 
(xf) assumed 

by the system 
f.p.

Theoretical
f.p..

depression 
(A77), °C,

0 .97 5 413 .0 0 .99 8 0 .2 5
.860 6 9 .4 .930 6 .83
.756 3 7 .3 .885 12.62
.653 2 4 .5 .831 19.10
.557 17 .8 .774 26 .42
.472 13 .9 .721 33 .67
.404 11 .5 .673 40 .85
.341 9 .7 .621 49 .14

t io n 17 th at even  the heat o f  va poriza tion  o f a capil­
la ry  condensate is different from  th at o f  the sam e 
liqu id  in bu lk . T h e  sam e m a y  be  true for  the 
heat o f  fusion  as w ell. In  the w ords o f  E m m e tt18— - 
“ in dealing w ith  capillaries th at are on e to  ten 
m olecu lar diam eters in size one has little  in form a­
tion  as to  the w a y  in  w hich  density , surface ten ­
sion  and  other properties o f  the adsorbed  m olecules 
m a y  differ from  those o f  the adsorbate in  b u lk .”  
P ierce, W ile y  and  S m ith 19 have show n th at the

(17) C. P. Carman, T h i s  J o u r n a l , 57, 56 (1953).
(18) P. H. Emmett, Chem. Revs., 43, 69 (1948).
(19) C. Pierce, J .  W . Wiley and R. N. Smith, T h i s  J o u r n a l , 53, 

669 (1949).

■Determined f.p. depression (°C.) in the case cf- 
Barium 

alumino­
silicate

Silica gel gel Bentonite Clay loam

0 .4 0  (0 .51) 0 .5 5 0 .5 4
5 .0 0  (5 .40) 5 .84 6 .3 0 5 .3 8

11.38  (10.98) 10.92 10.77 10.76
16.15  (16.00) 15.00 17.30 15.54
22 .9 6  (22.00) 20 .40 22 .80
2 8 .0 0  (28 .46) 28 .56 28 .00 2 8 .1 4
3 3 .0 0  (32.72) 32 .0 0 32 .8 0 3 3 .0 0
44 .0 0  (42.10) 43 .68

K elv in  equ ation  is n ot app licab le  in the case o f  
capillaries a few  m olecu lar d iam eters in  w idth . 
T h e  ca lcu lations o f  pore  diam eters b y  the K e lv in  
equ ation  are also reported  to  break  dow n  fo r  pores 
b e low  20 to  25 A . in rad iu s.20 K eep in g  th e  a b ov e  
lim itation  in view , the results presented in  this 
paper m a y  b e  considered  to  offer a fair am ou n t o f  
su pport to  the v iew  th at freezing p o in t depression  
o f a capillary  condensate is govern ed , to  a fa irly  
large extent, b y  the surface tension  e ffects  as 
required b y  the th eory  o f cap illary  con den sa ­
tion.

(20) C. Pierce and R. N. Smith, ibid., 57,  64 (1953).

A NEW ADSORPTION ISOTHERM AND THE DISTRIBUTION OF ENERGY 
SITES ON THE SURFACE OF SOME FINELY DIVIDED SOLIDS1
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George H erbert Jones Laboratory, University o f  Chicago, Chicago, Illinois

R ic h a r d  S . S t e a r n s
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An adsorption isotherm has been derived which may be written in the form — R T  In p / p ° =  U m — RT/n  In (0/1  — a>0), 
where p/p ° is the relative pressure, 0 is the relative surface coverage, a, n and Um are constants. The adsorption of ethane, 
ethylene, nitrogen and oxygen on several finely divided solids are found to be represented by the above equation from very 
low surface coverage up to the completion of a monolayer. It is shown that a distribution of energy sites may be calculated 
from the constants of the isotherm. When this is done it is found that n is representative of the width of the essentially 
Gaussian distribution, and Um is representative of the heat of adsorption at the maximum in the distribution curve. The 
constant a is shown to be representative of adsorbate-adsorbate interaction on the surface of the solid and to be dependent 
on the polarizability of the adsorbate and the extent and magnitude of the surface heterogeneity as represented by U m a n d » .

1. In trodu ction
In  an e ffort to  gain in form ation  concern in g  the 

surface characteristics o f som e finely d iv id ed  solids 
from  the adsorption  isotherm  the adsorption  o f 
ethane and ethylene on  several carbon  b lacks and 
rutile w as m easured at v ery  low  relative pressures 
and con sequ ently  low  surface coverage. A n  at­
tem pt is m ade to  interpret the data  in term s o f 
the con cep t o f  surface heterogen eity  and  the 
d istribution  o f energy sites as form ulated  b y

(1) This work was performed as part of the research project spon­
sored by the Reconstruction Finance Corporation, Office of Synthetic 
Rubber, in connection with the Government Synthetic Rubber Pro­
gram.

(2) This research was conducted under the direction of Professor 
Harkins (deceased March 7, 1951), in his laboratories at the University 
of Chicago.

H a lsey3 and S ips,4 a lthough  it is recogn ized  th at 
coopera tive  in teraction  betw een  the adsorbed  
m olecules can be  used as an alternative m e t h o d jn  
analyzing the sam e data.

Since none o f the generally  fam iliar isotherm s 
adequ ately  represented the experim ental data , an 
equation  w as derived  in a som ew hat em pirical 
m anner, w h ich  has been  fou n d  to  be  rather suc­
cessful in an a lytica lly  describing the adsorp tion  
isotherm  in the region  o f the first m on olayer. T h e  
th erm odyn am ic and statistical d eve lop m en t o f  the 
isotherm  fo llow s closely  the argum ents an d  m eth od s

(3) (a) O. B. Halsey and H. S. Taylor, J. Chem. Phys., 15, 624
(1947); (b) G. B. Halsey, ibid., 16, 931 (1948); (c) G. B. Halsey,
J. Am. Chem. Soe., 73, 2693 (1951).

(4) R. J. Sips, J. Chem. Phys., 16, 490 (1948).
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used b y  H ill,5'6 T om k in s,7'8 an d  E v e re tt .9 In  
brie f the m eth od  consists in  finding an equ ation  
w hich  represents the adsorption  on  a hom ogeneous 
surface and w h ich  can b e  exp licitly  so lved  fo r  9, 
the surface coverage. T h is  equ ation  is then 
generalized fo r  adsorption  on  a  heterogeneous 
surface and the d istribu tion  o f energy sites fou n d  
b y  the form al m athem atica l m eth od  o f S ips.4 In  
order to  perform  the a b o v e  operations it is neces­
sary to  m ake several assum ptions and  approxim a­
tions. T herefore, the solu tion  w hich  is arrived  at 
m a y  be  considered to  h ave  real ph ysica l significance 
on ly  to  the exten t that the assum ptions and 
approxim ation s m ade are considered  valid .

II. The Isotherm for Adsorption on a 
Homogeneous Surface

T h e  fo llow in g  assum ptions are m ade concern in g  
the nature o f  the tw o-d im ensiona l adsorbed  film  
su pposedly  being form ed  or_ a hom ogen eous sur­
fa ce : (a) th a t the film  rem ains m on om olecu lar
until the fraction  o f surface covered , 9, approaches 
un ity , (b ) th at the adsorbed  film  is m ob ile  rather 
than  localized, (c ) th at there w ill be n o  phase 
change in the adsorbed  film  during the form ation  
o f the m onolayer, and (d ) th at the film  m a y  be 
characterized b y  an equ ation  o f state fo r  a tw o - 
dim ensional im perfect gas.

T h e equ ation  o f state o f the adsorbed  film  is 
taken to  be

* - B Z T ( i + f r )  (1)

w here <f> is the tw o-d im ensiona l spreading pressure, 
T is the surface excess o f adsorbed  m olecules and 
/3/2 is g iven  b y  the fo llow in g  expression  o f F ow ler 
an d  G u ggen h eim 10

f = -  I f "  [exp (nfr-) -  0  2xr dr (2)
W h ere « '  is the poten tia l en ergy  o f in teraction  be­
tw een  tw o  m olecules separated b y  a d istance r, 
the integral expression  in equ ation  2 is equ iva len t 
to  (6 ' — a '/R T )  w here b' and  a' are the tw o- 
d im ensional van  der W aals constants. F rom  equa­
tion  1 and  the G ibbs  adsorption  isotherm

d<t> =  R T  r  din p (r ) (3)

there is obta ined
, p r  

c p =  r  exp Y (4)

w h ich  reduces to

C =  6 exp «  0 
P

(5)

when the constants are expressed in terms of r m, 
the surface concentration of molecules at the com­
pletion of a monolayer, and p °  the equilibrium 
vapor pressure at the temperature of adsorption. 
Since 1/Tm = b' where V  is the co-area of the 
adsorbed molecules

(5) T. L. Hill, J. Chem. Phys., 14, 441 (1946).
(6) T. L. Hill, ibid., 17, 762 (1949).
(7) F. C. Tompkins, Trans. Faraday Soc., 46, 569 (1950).
(8) F. C. Tompkins, ibid., 46, 580 (1950).
(9) D. H. Everett, ibid., 46, 942 (1950).
(10) E. H. Fowler and E. A. Guggenheim, “ Statistical Thermo­

dynamics,”  Cambridge University Press, London, 1949, Equation 
1003-7, p. 424.

“ = 2 i 1 ~ * 4 )  (6)
T h e  in tegration  constant, C, is a ccord in g  to  the 
statistical m echan ical treatm en t o f  H ill5 g iven  b y  

C =  Z  exp (E , -  \)/RT  (7)

w here the con stan t Z  in v o lv es  the ratio  o f  the 
internal partition  fu n ction  o f th e  adsorbed  m ole­
cules to  the internal partition  fu n ction  o f the 
m olecules in the liqu id  state, E i  is the m olar heat 
o f  adsorption  o f the m olecules in  the first layer, and 
X is the m olar heat o f vaporization  o f the liquid.

E qu ation  5 can be  expressed in  term s o f the 
vo lu m e o f gas adsorbed  a t S .T .P . b y  n otin g  th at 
9 =  V / V m w here F m is the vo lu m e o f gas re­
qu ired to  fo rm  a m onolayer.

In  order to  p roceed  further, and  generalize 
equation  5 fo r  adsorption  on  a heterogeneous sur­
face, it is necessary to  obta in  an expression  w hich  
can be  exp licitly  so lved  fo r  9. T h is  is a cco m ­
plished b y  expanding the exponentia l in equ ation  5 
and  n otin g  th at 1 /(1  — u>9) w hen expan ded  w ill 
approxim ate the exponentia l series 1 +  co0 - f  
co202/ 2 ! +  co393/3 l -  ■ -so th at to  a first approxim ation  

C v / v ° = e / {  l - « 0 )  (8)
w hich, w hen  solved  fo r  6, g ives

e =  C  p / p 0/ 1 +  a C  p / p °  (9)
I t  should  be n oted  th at 6 / ( 1  — co9) >  9 exp u>9 

and th at equations 5 and 9 b ecom e equal w hen  9 
approaches zero or to is sm all. H a v in g  m ade the 
a b ov e  m athem atica l approxim ation , it is interest­
in g  to  n ote  th at the equ ation  o f state fo r  a tw o - 
d im ensional m on olayer w h ich  w ou ld  h ave led  
d irectly  to  equ ation  9 is

<t> =  R T r ( i  +  jsr/2  +  /32r 7 3  +  /33r 3/4 - • •) (10)

w here tj> is the tw o-d im ensional film  pressure. 
E qu ation  10 is equ iva len t to  F ow ler an d  G u ggen - * 
h eim ’s equ ation  1 0 0 3 -7 10 fo r  th e  first tw o  term s 
an d  contains add itional em pirical term s w hich  
m a y  be  considered as a ccou n tin g  fo r  higher order 
interactions in  term s o f the tw o  dim ensional van  
der W aals constants. I t  shou ld  be  em phasized 
th at equ ation  10 has n o  ph ysica l basis bu t is the 
result o f the desire to  solve equ ation  5 fo r  9.

I I I .  The Adsorption Isotherm for a Gas Forming 
a Mobile Monolayer on a Solid Surface Having a 

Heterogeneous D istribution of Energy Sites
I f  the surface is considered as b e in g  com posed  

o f a series o f  in fin itely  sm all L angm uir patch es8 
such that

e =  E /(M O 0 i =  1 + « C , (11)

w here / ( M i)  is th e  fra ction  o f the to ta l n um ber o f 
sites w hich  m a y  be  characterized  b y  th e  con stan t 
C i o f equ ation  9 an d  9, is the fra ction  o f these sites 
filled w hen  the pressure is p (V T ). I t  is assum ed 
th at co is a con stan t presu m ably  dependen t on ly  
on  the adsorbate an d  the tem perature o f  adsorp­
tion . F or sim p licity  it  is also necessary to  assume 
th at the fo llow in g  relation  holds

C, =  Z  exp (E ; -  \)/RT (12)

w here Z  is assum ed to  b e  a  con stan t in dependent



294 W illiam B. Harkins and Richard S. Stearns Vol. 58

o f the m agn itude o f the adsorption  energies at a 
particu lar site. T h is  is certainly  a questionable 
assum ption  w hen it is considered th at the rota­
tiona l and  v ibration a l characteristics o f an ad­
sorbed  m olecu le  can not be in dependent o f  E\.

I f  th e  sum m ation  in equation  11 is rep laced  b y  
an integral and the lim its set at — 03 to  +  °° 
as is custom ary , then

I « )

w here
q;  =  (E i  -  X) (14)

I f  an expression  can be fou n d  w hich  represents 
th e  experim ental adsorption  data  from  0 =  0 
to  6 =  1, then eq u ation  13 can be  so lved  for  
/ ( M i )  b y  the m eth od  o f S ips.4 T o  obta in  an ex­
pression  fo r  9, the fo llow in g  em pirical m ethod  is 
used .9

I t  is well k n ow n  that the equation  of state fo r  a 
tw o-d im ensiona l perfect gas

d> =  R T r  =  R T  N / a  (15)

leads to  the isotherm
9 =  C'p  (16)

w hich  is fou n d  to  fit som e experim ental data  at 
v e ry  low  pressures, w hile the equ ation  o f state

<t> =  1 R T v  (17)
n

leads to  the F reundlich  isotherm
e =  C"pn (18)

w hich  has been  fou n d  to  fit the experim ental data 
fo r  m an y  gases on  a large num ber o f solids over 
several decades in  log  p . H ow ever, equ ation  18 
o ften  fails to  h o ld  as d -*■ 1, w here a d so rb a te - 

, adsorbate in teractions becom e im portan t. A n  
im provem en t in the equation  o f state g iven  b y  
equ ation  17 m a y  therefore be  expected  if equation  
10 is m ultip lied  b y  an arbitrary con stan t 1 /w  to  
g ive

<t> =
R T ii + Í r + f  r2 + r>- (19)

Since
d</> =  R T r  din p (r )  (20)

w e can elim inate </> from  19 to  obta in

«  d Ir P ( D  =  [ i r  +  (2D

or

C'pn =  f  _r ^  (22)

w here C' is the constant o f integration .
E xpressing the constants in  term s o f p °  and r m

C e___
1 — Old (23)

and equation  23 can n ow  be so lved  exp licitly  fo r  9

-J- coC (24)

E q u a tion  24 is seen to  be  equ iva len t to  the classi­
cal L angm uir equ ation  w hen co and n  are unity , 
and equ iva len t to  the F reundlich  equ ation  when

oj =  0 and to  be equ iva len t to  H en ry ’s law when 
o: — 0  and n — 1.

E qu ation  24 m ay be equated  to  equ ation  13

w hich  is sim ilar to  the integral equ ation  used b y  
S ips4 to  so lve  fo r / (M O , b u t differs b y  v irtu e  o f the 
constant cc in the denom inator. T h e  solu tion  to  
equ ation  25 can be approxim ated  b y  the expression

/(M i)  2ttR T  \

sin 7rn \
y2 , ] 

exp 2 +  cos J
(26)

where
» n

~  RT (qm -  q\) (27)

and
R T .

qm =  —  in coC — R T  ln Z (28)

E qu ation  26 em phasizes the G aussian character 
o f  the distribution  fu n ction  and show s th at C  
w hich  was in trodu ced  as a con stan t o f  in tegration  
in equ ation  22 is related to  the heat o f adsorption , 
q,n at the m axim um  in the d istribution  curve, and 
th at the constant n  w hich  was in trodu ced  as an 
em pirical con stan t in equ ation  19 determ ines the 
w id th  o f the G aussian d istribu tion  o f energy sites. 
W hen  n =  1, / ( M ) ;  is zero fo r  g 4= gm and °° for  
q =  qm, w hile

r ; ™  <i<?i =  i

w hich  m eans that the L angm uir equ ation  repre­
sents adsorption  on a surface con ta in in g  sites all 
o f  equal energy, the assum ption  m ade in the 
derivation  o f  the L angm uir isotherm . A s n —»■ 0 
the d istribution  cu rve  becom es flat and

/ ( . I b ) - ^

W h en  adsorption  data  are fou n d  to  fit equ ation  
44 it will be  possible to  calcu late a d istribu tion  of 
energy sites w hich  will o f course n ot be necessarily 
unique.

IV . E xperim ental
The adsorption data were obtained by the standard volu­

metric procedure.11 The sample was degassed at a tempera­
ture of 100° until a vacuum of better than 10-6 m m . of Hg  
was obtained. Mercury was used as the confining liquid 
and in the manometers. Apiezon grease was used on all 
stopcocks. The adsorption of ethane and ethylene by the 
grease in the stopcocks was small compared to the volume 
of gas adsorbed at the equilibrium pressure by the high area 
solids. It will be noted that the error introduced in the 
total gas adsorbed cannot be larger than the experimental 
error since the nitrogen areas are the same as those deter­
mined with ethane. Precautions were taken to ensure that 
the partial vapor pressure of the mercury was reduced to 
that of the temperature of adsorption before the adsorbate 
was introduced into the adsorption bulb, by passing the gas 
through a tube packed with several centimeters of glass 
wool and immersed in the constant temperature bath. 
The pressure was not corrected for thermal transpiration; 
the error involved, however, is small compared to the error 
involved in the measurements.

(11) W. D. Harkins and G. Jura, ./. Am. Chem. Soc.. 66, 1366 
(1944).
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T a b l e  I

A d so r p tio n  of  E t h a n e

Pigment“

Temp, of 
adsorption, 

°C.

BET area N2 
adsorption 

M*/g

Area, adsorp­
tion ethane 

M*/g n
Um,
cal. 03 C

Range of 
fit, e

Graphon - 7 8 . 8 95 95 1 .00 1420 3 9 .4 0 .0 2 3 -0 .1 5
Acetylene - 7 8 . 8 64 59 0 .8 0 1355 1 6 .6 .0 2 9 -0 .5 0
H AF-1 - 7 8 . 8 71 78 .61 1200 0 .5 0 6 .8 .0 3 3 -0 .9 5
H A F -2 - 7 8 . 8 81 82 .68 1040 0 .6 5 6 .2 .0 4 1 -0 .9 8
VFF-1 - 7 8 . 8 219 217 .31 1355 0 .5 0 3 .0 .1 6 0 -0 .9 8

EPC-1
- 6 4 . 0
- 7 8 . 8 111 100 .36 700 0 -0 .1 1 .9 .0 3 2 -0 .9 9

M PC -1 - 7 8 . 8 121 129 .40 630 0 -0 .1 1 .9 .0 4 3 -0 .9 6
T i0 2 (Rutile) - 7 8 . 8 32 .94 1050 0 .7 0 12 .9 .0 1 3 -0 .9 8
Mixture - 7 8 . 8 141 137 .36 1080 0 .3 5 2 .7 0 .0 8 2 -0 .9 5
(56 wt. %  H A F-2)
(44 wt. %  V F F-1)
“ H A F  represents a high abrasion furnace black, V F F  a very fine furnace black, E PC  an easy processing channel black, 

M PC a medium processing channel black.

The adsorption was usually carried out at the D ry Ice 
temperature of —78 .8 ° by maintaining a mush of solid car­
bon dioxide and methanol in a Dewar flask.

The ethane and ethylene, obtained from the Matheson 
Company, were dried over P20 5, condensed in liquid nitrogen 
and all air removed by repeated boiling in vacuum. The 
gases were 9 5 %  pure. N o attempt was made to remove the 
methane, ethane, ethylene, propane and propylene given 
by the manufacturer as the impurities present.

Low pressures from 0.001 to 5 cm. were read to ± 0 .0 0 0 5  
cm. on a large bore manometer with a traveling microscope 
and the higher pressures with a cathetometer.

V. Results and Discussions
A  characteristic isotherm  is show n in  F ig . 1. 

F ou r constants determ ine the shape o f  the iso­
th erm : C, V m, n  an d  co. R eferen ce  to  equ ation  44 
show s th at th e  lim iting  slope is determ ined  b y  the 
va lue o f n  and  th at the va lue o f 10 determ ines the 
degree o f  curvature. T h e  value o f C  is g iven  b y  
the in tercep t o f  th e  linear p ortion  o f the isotherm  
w ith th e  ord inate, w hen p / p °  is u n ity , d iv id ed  b y  
F m. T he va lu e o f V m is taken  as a p o in t o f in­
flection  in  the isotherm  w hich, on  a  lo g - lo g  p lot, 
appears a lm ost as a  p o in t o f d iscon tin u ity .30 
F rom  the va lu e  o f V,n the area o f the solids m ay  
be  ca lcu lated  and  com pared  w ith  the area g iven  
b y  n itrogen  and  the B E T  th eory .

T he area o f th e  adsorbed  ethane m olecu le  m a y  
be ca b u la te d  fro m  the den sity  o f the liqu id  assum ­
ing h exagonal c lose -p ack in g ,12 or from  the three- 
d im ensional va n  der W aals con stan ts.6’13 T h e  
first m eth od  g ives a va lue o f 2 L 4  A .2 and the 
second m eth od  a va lu e  o f 21.6 A .2 fo r  the area 
occu p ied  b y  an ethane m olecu le on  a surface. In  
the calcu lations, th e  latter va lue has been  used. 
F or n itrogen , the first m eth od  g ives a va lu e o f
16.2 A .2 w hile the secon d  m eth od  gives a va lue of
15.4 A .2 F or  n itrogen  it is cu stom ary  to  use the 
higher value.

In  T a b le  I , colum ns 4 an d  5, are listed the areas 
calcu lated using n itrogen  and  ethane as the ad­
sorbents. I t  is seen that the agreem ent isG v e ry  
g ood  and th at assigning a value o f 15.4 A .2 to  
n itrogen  w ou ld  n o t a ppreciab ly  alter the agreem ent. 
It, therefore, seem s certain  that the p o in t o f  in­
flection  observed  in th e  isotherm  does g ive  a true

(12) S. Brunauer, P. H. Emmett and E. Teller, J. Am. Chem. Soc., 
60, 309 (1938).

(13) T. L. Hill, J.  Chem. Phys., 16, 181 (1948).

value fo r  V m and th at the va lu e o f r m =  1 /6 ''m a y  
be considered as a constant fo r  all the solids studied  
at the com pletion  o f  m on olayer.

Relative pressure p/p0-
Fig. 1.— -The adsorption isotherm of ethane on rutile at 

- 7 8 .8 ° .

B efore  proceed in g  fu rth er it  w ill be  p rofitab le  to  
present equ ation  24 in  a m od ified  form . T h e  
free energy o f transfer o f  one m ole o f liqu id  from  
the bu lk  phase at p  =  p °  t o  the adsorben t surface 
w here p =  p ^ ) is s’14'16

- (  Fi) =  AFe =  - R T  In -P0 = Ua -  —  In - A —
p n 1 — co0

(29)

w here F  is the partial m olar G ib b s  free en ergy  and 
U m is g iven  b y

Um =  —  In C (30)
n

E q u a tion  26 is o ften  considered  as g iv in g  the a d ­
sorp tion  poten tia l Ug. I f  the ad sorp tion  p o te n ­
tia l is p lo tted  against In 6/(1 — a>0), a stra ight line 
should  be  obta ined  w ith  a slope o f R T / n  an d  a 
value o f U m g iven  b y  the in tersection  o f th e  line 
w ith  the ordinate w hen In 9/(1 —u>9) is zero. O f the 
fou r  constants in  equ ation  24 on ly  one, co, m ust 
be determ ined  b y  approxim ation .

In  F ig . 2 there are p lo tted  adsorption  d a ta  fo r
(14) V. A. Crawford and F. C. Tompkins, Trans. Faraday Soc., 46, 

504 (1951).
(15) F, C. Tompkins and O. M. Young, ibid., 47, 77 (1951).
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- 2 . 0  - 1 . 5  - 1 . 0  - 0 . 5  0 + 0 .5
log 8/1 — u8.

Fig. 2.— Adsorption isotherm of ethane at —78.8° on: o, rutile; D, M P C -1; e ,  H A F -2 ; a, oxygen on anatase at —195°.
ethane on  several solids. T h e  data  closely  ap­
prox im ate  straight lines as required b y  equation

Fig. 3.— The adsorption isotherm of ethane on V FF-1 at 
—78.8°. O: and at. —64°, # .

29. T h e  data  in F ig. 3 represent adsorption  at 
tw o  tem peratures; un fortu n ately , this is the on ly  
instance w here the adsorption  isotherm  fo r  ethane 
w as obta ined  at m ore than  one tem perature. In  
this instance n is small, representing a broad  distri­
bu tion  o f energy sites, and as suggested b y  T o m p ­
kins,8 the adsorption  poten tia l in this in stan ce is 
fou n d  to  be independent o f tem perature from  
d =  0.16 to  8 =  0.98.

T h e  data  for  the adsorption  o f ethane on nine 
solids are tabu lated  in T ab le  I  and fo r  ethylene on 
five solids in T a b le  I I . T h e last colu m n  in T a b le  I

T a b l e  II

A d so rptio n  of  E t h y l e n e

Pig­
ment

Temp, of 
adsorption, 

°C. n
U m, 
cal. C

Graphon - 7 8 . 8 1 .00 5 6 .2
Acetylene - 7 8 . 8 0 .73
H A F-2 - 7 8 . 8 .66 1070 0 .4 0 6 .1
VFF-1 - 7 8 . 8 .31 1445 0 .4 0 3 .2
EPC-1 - 7 8 . 8 .35 0 -0 .1 2 .4

gives the range in 6 over w hich  adsorption  data 
were fou n d  to  fit equ ation  29. E xcep t in the 
case o f  G raph on  and acetylene b lack  the a dsorp ­
tion  o f ethane and ethylene was fo u n d  to  fo llo w  
equations 24 and 29 fo r  at least 9 5 %  o f the m o n o - 
layer. F or  these blacks, to w as set equal to  zero 
and the values o f n  and C  taken  from  the linear por­
tion  o f the isotherm . T h e  valu es o f n  fo r  ethane 
and ethylene are v e ry  close together, as is t o  be 
expected  since b o th  these m olecules h ave a lm ost 
equal values o f  a'  and b'.

T o  test the general a p p licab ility  o f equ ation s 24
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and 29 to other adsorbate-adsorbent systems, 
the data of Arnold16 for N2 and 0 2 on Anatase at 
78°K. have also been examined. The data for 
oxygen on Anatase are plotted in Fig. 2 and the 
constants are tabulated in Table III. The data 
for the adsorption of oxygen on Anatase are found 
to fit equation 29 over the entire monolayer in a 
satisfactory manner.

T a b l e  III

A b so r p tio n  o f  0 2 a n d  N 2 on  A n a t a s e  a t  78 °K .
Adsor­ Urn,

cal.
Range of

bent n CO c fit. 0

N, 0 .6 8 1740 1 .45 2140 0 .0 6 3 -0 .6 4 5
o* 0 .575 1110 0 .9 0 61 0 .0 7 9 -0 .9 7 2

At low surface coverage, a completely random 
distribution of adsorption sites (energies) caaanot 
be expected, and at high coverage it is to be ex­
pected that second layer formation will begin 
before the monolayer has been completed.311 
Therefore, equation 29 does well if it will represent 
the adsorption data over the range of surface 
coverage 8 = 0.05-0.95. This has been found to 
be the case for ethane on six carbon blacks and 
Rutile, for ethylene on three carbon blacks, and 
for oxygen on Anatase. When it is found that 
equation 29 represents the data only over a limited 
range, as for ethane and ethylene on Graph on and 
Acetylene black and for nitrogen on Anatase, it 
will be noted that the value of n is about 0.7 or 
greater and the value of C large. Under these 
conditions, the surface is conceived of having a 
high degree of uniformity and the forces existing 
between the surface and the adsorbed molecules 
large. Since equation 29 should apply only to an 
adsorbed film following the equation of state for 
an imperfect monolayer as represented by equation 
19, then failure of equation 29 to represent the 
adsorption data over the entire monolayer must 
imply, according to the model assumed, that either 
a phase change has taken place or more generally 
failure of equation 19 to express the equation of 
state of the monolayer. It would be of interest 
to study the effect of temperature on the range over 
which equation 29 represents the adsorption iso­
therm. For those adsorbate-adsorbent systems 
which appear to follow equation 29 a decrease in 
the temperature of adsorption should eventually 
result in the failure of equation 29 to represent the 
data over the entire monolayer region. While 
for the three cases noted where equation 29 was not 
applicable over the region of the first monolayer 
an increase in the temperature of adsorption should 
result in an increase in the range over which equa­
tion 2S represents the experimental data.

From the model assumed in the derivation of 
equation 24 it was anticipated that w would be 
independent of the adsorbent and dependent 
only on the adsorbate and the temperature of ad­
sorption. Reference to Tables I and II shows that 
this is not true, since a very large variation in the 
value of co was found. If, now, the not unreason­
able assumption is made that the value of w will 
be dependent on the magnitude and distribution of 
adsorption energies, then some combination of n,

(16) J. R. Arnold, J. Am. Chem. Soc., 71, 104 (1949).

co and C may be expected to yield a constant. For 
those adsorbate-adsorbent systems where the data 
fit equation 29 over the entire monolayer so that 
l / r m could be considered as equal to b' it was 
found that

CO

n £  — constant =  k (31)

as shown in Table IV.
T a b l e  IV

Ethane k
H A F -l 0 .04 5
VFF-1 0 .05 2
Rutile 0 .051
Mixture 0 .04 7

0 .04 9  av.
Ethylene

H A F-2 0 .043
VFF-1 0 .03 9

0 .041  av.
Oxygen

Anatase 0 .0085

Use of equation 31 to calculate co for theJEPC 
and MPC blacks gives a value of 0.02-0.03. For 
these blacks any value of less than 0.05 will give a 
satisfactory fit to the data. Equation 31 can now 
be written

_  JcC _ k Un
(32)n n e x p n R T

kb'C _ kb ' Um
(33)n

The constant fc should be a function only of the ad­
sorbate. Equation 33 shows that the product kb' 
has the dimensions of cm.2, which is in the same 
units as (a )2/s where a is the three-dimensional 
polarizability having units of cm.3 For oxygen, 
ethane and ethylene it was found that the product 
kb' was proportional to the square root of the 
molar polarizability, a result which, if true, is not 
unexpected.

Fig. 4 .— The apparent distribution of energy sites on several 
carbon blacks.
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The values of n and Um, recorded in Table I, 
allow the distribution of energy sites to be calcu­
lated through equation 25. Figure 4 shows several 
distribution curves calculated in this manner. 
Unfortunately it is not possible to evaluate Z, with 
any degree of certainty. Calculated values in the 
literature range from Viooo to 10.13'17'18 It is, 
therefore, impossible to calculate Ei with any ac­
curacy. It was found that «  is also dependent on 
both the magnitude and distribution of adsorption 
energies, but for any surface it should be a con­
stant providing the surface is completely random.

The limits of integration in equation 25 were 
taken as — °° and +  °°. For the distribution to 
have any real physical significance, however, the 
curve should converge to zero as Ei —► 0. In the 
curves of Fig. 4 it has been assumed that E0 has a 
value of 5 kcal., which is 2.3 kcal. lower than the

(17) A. B. D. Cassie, Trans. Faraday Soc., 41, 450 (1945).
(18) G. L. Kington and J. G. Aston, J. Am. Chem. Soc., 73, 1934 

(1951).

experimental value determined by Wiig and Smith19 
for the adsorption of ethyl chloride on charcoal. 
The heat of vaporization X has been taken as 
3,517 cal. Under these conditions / ( M i )  -*■ 0 
when Ei — 0.

The conclusions which are drawn concerning 
the significance of the constants C, n and w are of 
course the direct result of the model assumed and 
considerable question may, therefore, be raised as 
to their actual physical significance. It should, 
therefore, be clear that equation 25 does not repre­
sent a true distribution of energy sites, if indeed 
it represents a distribution of energy sites at all. 
It is nevertheless a useful qualitative and sche­
matic means of representing the differences be­
tween the surfaces of various solids which may be 
helpful in correlating various properties and be­
haviors in terms of what may be called a “ distri­
bution of energy sites.”

(19) E. O. Wiig and S. B. Smith, T his J ournal, 55, 27 (1951).

THE LOW TEMPERATURE REACTION OF WATER WITH CARBON1
B y  R .  N elson Smith, Conway Pierce and Cliffe D .  Joel

Chemistry Department, Pomona College, Claremont, California 
Received March 19, 195S

The heterogeneous reaction of water with different forms of carbon has been studied in the temperature range 2 5 -20 0 °. 
The products are H 2 and at least two surface oxygen complexes, one which decomposes easily to give C 0 2 and a more stable 
one which may be thermally decomposed to give CO. Carbon surfaces containing sulfur or oxygen as impurities react much 
more readily and extensively than pure ones; those with sulfur also give H 2S as a product. The results have been related 
to interpretation of water-carbon isotherm data and to the mechanism of the steam-carbon reaction.

In a previous paper2 it was shown that the water 
isotherm of a graphite sample after exposure to 
water vapor at 80° was not the same as that for a 
fresh sample. The difference was ascribed to a 
reaction of carbon with water, with formation of a 
surface C -0  complex that adsorbed more readily 
than a clean carbon surface. This paper describes 
additional work on the nature of this low* tempera­
ture carbon-water reaction.

Experimental
Some of the carbon samples in this study were treated be­

fore use with hydrogen at 1000°. After hydrogen treat­
ment the samples were cooled to room temperature. This 
treatment appears to remove carbon-oxygen surface com­
plexes. There is no indication that normal exposure to air 
at room temperature causes the carbon-oxygen surface com­
plex to form again.

The sulfur content of the carbon samples was determined 
by the micromethods of Niederl and Niederl. Weighed 
samples were burned in a Parr oxygen bomb and the S de­
termined gravimetrically as BaSCh, by precipitation of the 
sulfate from the bomb contents.

The following statements summarize the preparation and 
properties of the carbon samples used in the study.

Spheron Grade 6 : a medium processing channel black 
manufactured by the Godfrey L . Cabot Co. The surface 
area is about 120 sq. m ./g ., and it contains 0 .0 5 0 %  S before 
hydrogen treatment and 0 .04 9 %  S after hydrogen treatment.

G - l : Graphon, a partially graphitized carbon black manu­
factured before 1951 by the Godfrey L . Cabot Co. by heat­

(1) This is a progress report of work done under Contract N8onr- 
54700 with the Office of Naval Research.

(2) C, Pierce, R. N. Smith, J. W . Wiley and H. Cordes, J. Am. Chem,
Soc., 73, 4551 (1951).

ing Spheron Grade 6 to approximately 3000° in an electric 
furnace. The surface area is about 80 sq. m ./g . and it con­
tains 0.039 %  S . It was hydrogen treated before use.

G -2 : Graphon, a partially graphitized carbon black 
manufactured in 1951 by the Godfrey L . Cabot C o. by heat­
ing Spheron Grade 6 approximately 3000° in an electric 
furnace. The surface area is about 80 sq. m ./g . and it con­
tains 0 .0 0 5 %  S. It was hydrogen treated before use.

O G -1 : an oxidized sample of G -l  prepared by heating 
G -l  to about 600° and then pouring from one beaker to 
another as it cooled. Its surface area and sulfur content are 
essentially the same as G - l .  It was not hydrogen treated 
before use.

N C -1: a very pure graphite furnished by the National 
Carbon Co. The surface area is about 4 sq. m ./g . and it 
contains 0 .0 0 2 %  S. It was not hydrogen treated before use.

B : an activated commercial nut charcoal, de-ashed with 
HC1 in a Soxhlet extractor, dried and heated to 1000° in 
vacuo. The residual ash content is about 0 .2 % . The sur­
face area is about 1050 sq. m ./g . and it contains 0 .0 2 %  S. 
It was not hydrogen treated.

For each run the weighed carbon sample was sealed into a 
small, well-cleaned PyTex vessel which possessed a thin, 
sealed tip and a constricted lead. Except in the prelimi­
nary runs these bulbs all had a volume of 11.3 ±  0 .6  cc. 
After the absence of leaks had been ascertained, the sample 
was outgassed in vacuo for about one-half hour at a tempera­
ture just below the softening point of Pyrex. After the 
sample had cooled to room temperature, a weighed sample 
of water which had been freed of dissolved air was distilled 
into the reaction vessel and cooled by D ry Ice. The reac­
tion vessel was then sealed at the constriction, removed 
from the vacuum system, and put into an oven at the de­
sired temperature for a given length of time. The oven 
temperatures were 200 ± 4 °  and 100 ± 3 ° .  It was not 
possible to measure the pressures reached during the reac­
tions, but in a few instances at 200° it was high enough to 
shatter the sealed bulbs.
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After standing at temperature for the desired time, the 
vessel was sealed to a vacuum system containing a freeze- 
out trap and a Toepler pump. When the system had been 
outgassed with the Toepler pump, the thin, sealed tip was 
broken with a magnetically-operated glass-sheathed nail 
and the water was distilled from the reaction vessel to the 
freeze-out trap maintained at D ry Ice temperature. The 
Toepler pump was then used to transfer all the non-condens­
able gas to a gas cup for analysis. The carbon sample was 
again heated to a temperature just below the softening point 
of Pyrex and pumping continued until no further gas was 
evolved (15 -20  minutes usually was required). This addi­
tional gas was collected in a separate gas cup. In some cases 
the second sample of gas was taken off at 100°, but the 
amount of gas evolved at this temperature was usually in­
significant.

All of the gas samples were analyzed with the aid of a 
Blacet-Leighton microgas analysis apparatus (Arthur H . 
Thomas C o ., Philadelphia, P a.). All of the earlier analyses 
(including those upon which a preliminary statement2 of 
results was based) were performed in the following sequence: 
C 0 2 was removed with a K O H  bead; H 2 and CO were burned 
with a measured excess of oxygen followed by water removal 
with a M g(C 10i)2 bead and measurement of contraction on 
combustion; CO was removed as C 0 2 with a K O H  bead. 
In practically all cases a residual volume remained unac­
counted for; this is labeled “ X ”  in the tables.

In all the earlier work it was observed that the gas con­
tained some unidentified constituent that appeared to react 
slowly with mercury or to polymerize in the presence of mer­
cury. At that time there was no evidence that the reaction 
involved anything except carbon and water. The combined 
gases obtained from G -l  by pumping at room temperature 
and pumping with flaming, were subjected to a mass spectro- 
graphic analysis (Consolidated Engineering Company, 
Pasadena, California). This analysis gave 4 9 %  H 2S, 
4 5 %  Ho, 3%, C 0 2, 1 %  C O , 1 %  N 2, 1 %  C H i, and traces of 
CS2, COS and C H 3SH , thus identifying the unknown con­
stituent as HoS. It had been realized that carbon blacks 
contain sulfur, but it had been assumed that at the tempera­
ture of graphitizat.ion this sulfur would be removed. It is 
of interest to record that a 30-g. sample of G-2 which had 
been hydrogen-treated at 1000°, evacuated at 1000°, and 
then stored in vacuo for two weeks in the quartz tube in 
which it was treated, smelled of H 2S when opened to the air. 
This odor was checked with lead acetate paper.

After it was learned that H 2S was present in the gas, the 
analysis was modified. H 2S was removed (before C 0 2) by 
a solution of acidified H g (N 0 3)2 held on a sintered glass 
bead. This treatment is not completely satisfactory but it 
appears to remove most of the H 2S without affecting other 
constituents. To detect H 2S a pink solution of p-aminodi- 
methylaniline sulfate, ferric chloride and sulfuric acid3 is 
put on a sintered glass bead and inserted into the sample. 
When H 2S is present an intense blue color forms immedi­
ately.

In all the analyses reported, the combined percentages of 
H 2S and C 0 2 are believed to be accurate but there is some 
question about the individual values for these constituents.

The volumes of gases are reported at room conditions, 
about 730 m m . and 2 6°.

Several G -l samples which had reacted with water vapor, 
but which had not subsequently been heated to the soften­
ing point of Pyrex, were submitted to carbon and hydrogen 
analysis; none of them showed a significant oxygen or hy­
drogen content. The sample of oxidized Graphon was 
analyzed as 9 8 .3 %  C , 0 .4 %  H  and 1 .3 %  O (by difference).

Results
Typical results are given in Tables I-IV and 

Figs. 1-3. These include only a small portion of 
the many runs made, but illustrate the general 
trend and show the erratic variations from one 
run to another that hamper the formulation of the 
definite conclusions hoped for. In some runs the 
gas was pumped off while the sample was still at 
its reaction temperature. These runs are not 
significantly different from those in which the

(3) F. Feigl, “ Spot Tests,” Elsevier Publishing Co., Ltd., London, 
1939, p. 198.

sample was cooled to room temperature before 
sealing to the line and pumping. Samples G-2 
and NC-1 have such a slow rate of reaction with 
water that no runs were made below 200°. The 
few runs made with G-l at 100° with varying 
amounts of water gave the same general picture 
as that of Fig. 1, except that the gaseous products 
had a much smaller volume.

Discussion
Interpretation is complicated by the presence 

of sulfur in samples G-l and B but, except for 
H2S, the products from these samples are much the 
same as for those without sulfur. The reaction 
of water with carbon gives H2 and a carbon- 
oxygen complex. There seem to be two types of 
complex, one that decomposes at room temperature 
to give C 02 and another more stable complex that 
decomposes at high temperature with evolution of 
CO. The recovery of hydrogen is far below the 
stoichiometric amount. This suggests that the 
stable complex may contain OH and that on de­
composition the hydrogen is reoxidized to water.

Comparison of Tables I and II shows that a 
trace of sulfur in the sample increases the reac­
tivity to water enormously, not only in the reac­
tion to give H2S but also in the reaction to give 
CO and C 02. In the case of G -l there is one 
sulfur atom for every 6600 carbon atoms, yet there 
is about as much H2S produced as CO and C 02. 
The sulfur analyses show that hydrogen treatment 
seems to be relatively ineffective in reducing the 
sulfur content; this is to be expected if the sulfur 
is distributed uniformly throughout the sample and 
not located on the surface alone. Even the sulfur 
on the surface seems to be relatively unaffected by 
hydrogen treatment, for the ability of G -l to 
produce H2S is about the same before and after 
treatment. The sulfur complex is heat-stable, for 
G-l had been heated in its preparation to a tem­
perature of 3000°. This information leads us to 
question that the previously published water iso­
therm of Graphon2 is really the true water isotherm 
for a clean carbon surface. This isotherm showed 
the lowest water adsorption ever reported for a 
carbon, but even this may be too high.

When the carbon impurity is oxygen, the ease 
and extent of the water reaction is again enormously 
increased (Table IV and last run in Table III). 
It is evident that the C -0  surface complexes are 
relatively stable at 100° on OG-1, and at about 550° 
on the non-hydrogen or heat-treated B. A larger 
volume of gas is naturally to be expected from B 
since its surface area is about thirteen times that 
of Graphon. In connection with the stability of 
the complex, it will be noted that hydrogen treat­
ment at 1000° is appreciably more effective than 
heat treatment alone at 1000° in removing the 
carbon-oxygen surface complex. Even the hydro­
gen treatment has difficulty in completely remov­
ing this complex. One might use this reaction 
with water vapor as some measure of the amount 
of complex present on the surface.

Since a carbon-oxygen surface complex greatly 
increases the adsorption of water as well as the 
amount of reaction, it is probable that the water 
molecules react in large measure with their ad-
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T a b l e  I

R e a c t io n  o f  W a t e r  w it h  G r a p h o n -1
Weight of Graphon-1 in each case =  0.42 g .; volumes of gas measured at room temperature and pressure.

Gases removed at room temp. Gases removed_ by heating

HïO,
g-

Hr.
reacted

Temp.,
"C.

V,mm.3
Composition, % 

H2S COj h2 CO “X”
V,mm.3

Composition, % 
HjS C02 Hj CO “X”

0.1543 48 200 69 90 29.4 24.9 35.9 1.6 8.2 13.55 15.8 11.1 55.6 11.8 5.7
.1158 48 200 74.45 23.2 22.5 45.2 1.6 7.5 16.30 21.2 24.6 52.7 0 1.5
.1712 12 200 69.35 34.2 27.1 31.9 0.9 5.9 10.80 12.0 2.3 53.7 7.9 24.1
.1710 12 200 63.30 20.7 26.3 46.1 5.1 1.8 12.40 15.3 26.6 38.7 20.6 -  1.2
.1712 72 100 17.20 37.8 18.3 17.1 13.1 13.7 11.45 32.3 17.0 26.2 19.2 5.3
.1712 742 25 8.45 27.8 10.0 28.4 5.9 27.9 18.50 32.2 36.0 16.0 7.6 8.2

T a b l e  II

R e a c t io n  of  W a t e r  w it h  G r a p h o n -2
Weight of Graphon-2 in each case = 0.416 g.; volumes of gas measured at room temperature and pressure.

H2O,
e-

Hr.
reacted

Temp.,
°C.

V,
mm.3

Gases removed at room temp. 
Composition, %

HjS COj Hj CO “ X ”
V,

mm.3

Gases removed by heating 
Composition, %

HjS COj Hj CO “ X”
0.1712 6 200 1.30 0 42 35 0 23 2.35 0 11 38 13 38

.1712 12 200 2.00 0 60 10 15 15 2.95 0 36 14 20 30

. 1712 24 200 3.60 0 28 21 0 51 3.55 0 28 37 21 14

.1712 48 200 1.70 0 32 32 0 36 2.70 0 15 70 0 15

.2550 12 200 . 2.00 0 10 12 2 76 2.40 0 0 100 0 0

.3424 12 200 1.70 0 35 24 0 41 1.95 0 28 72 0 0

T a b l e  III

R e a c t io n  of  W a t e r  w it h  A c t iv a t e d  C h a r c o a l -B
Weight of charcoal in each case = 0.416 g.; volumes of gas measured at room temperature and pressure.

Gases removed at room temp. Gases removed by heating
Composition, %  Composition, %

HaO, Hr. Temp., V, V,
COa Ha CO “X"g. reacted °C. mm.3 HaS CO, Hj CO “ X ” mm.3 HaS

36 25 15.50 0 10.3 5.3 77.8 6.6
.1712 15 25 1.70 0 32 0 32 34 106.2 0 15.0 2.4 80.0 2.6
.1712 12 100 3.70 19 11 29 0 41 94.8 0 13.1 9.3 69.5 8.1
.1712 12 200 39.70 14 70 7 18 - 8 203.7 8.2 3.7 26.7 59.0 2.4
.1712“ 12 200 8.95 0 83 9 0 8 330.8 0 13.9 10.1 75.5 0.5
. 17126 12 200 855.3 1.7 94.5 2.1 0.9 0.8 1897 0 15.6 4.0 79.0 1.4

° Heat-treated at 1000° instead of hydrogen-treated. 6 Neither heat-treated nor H 2-treated at 1000°. Heated only to 
softening point of Pyrex as in usual preparation for a run.

T a b l e  IV

R e a c t io n  of  W a t e r  w it h  M is c e l l a n e o u s  S a m p l e s  of  C a r b o n  
Volumes of gas measured at room temperature and pressure.

Gases removed at room temp. Gases removed by heating&
Composition. %  Composition, %

Sample
c,
g.

HaO,
g-

Hr.
react.

Temp.,
°G.

V,
mm.3 HaS COa Ha CO " X ”

V.
mm.3 HaS COa Ha CO “ X "

O G -r 0 .416 0 .171 12 200 119.8 2 .9 7 1 .2 1 .0 6 .1 18 .9 2 .7 0 “ 0 18.5 5 .6 3 3 .3 4 6 .2
150.0 10.0 6 0 .0 3 .3 2 0 .0 6 .7

O G -F 0 .51 6 0 0 253 .8 7 .0 5 1 .0 2 7 .5 4 .5 10 .0
N C -1 3 .461 0 .171 30 200 5 .6 0 65 10 4 21 3 .9 0 36 15 21 28
a Sample outgassed for one hour at 100° instead of at the softening point of Pyrex. b Sample heated to softening point 

of Pyrex.

sorbing sites to produce a new surface complex. 
This new surface complex appears to be less stable 
than the original one and decomposes rather easily 
on heating to give the observed gases (vide infra). 
Figure 3 indicates that for G -l the CO complex 
sites are limited and about the same in number 
at each temperature (this may not be true at much 
higher temperatures). Figure 2, on the other 
hand, indicates that the C 02 complex sites are not 
all the same, for as the temperature rises the reac­
tion produces a larger total volume of gas. This 
tendency to form the C 02 complex is not only a 
function of temperature but is also critically de­
pendent on the water concentration. Figure 1

demonstrates that there is a very marked increase 
in the production of C 02 when the water concen­
tration has exceeded a certain value. There is no 
such effect in connection with the formation of the 
CO complex.

These observations emphasize the fact that 
interpretations of isotherm data for water on car­
bon must be made with great caution. If water 
isotherms are obtained at temperatures above 
room temperature, the surfaces will become altered 
as the adsorption proceeds and thus a true iso­
therm will not be obtained (the effect mentioned 
at the beginning of this paper). Moreover, if 
the carbon sample has not been treated with H2
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Weight of Woter, mg.
Fig. 1.— Combined volumes of H 2S, H 2, C 0 2 and CO  

produced by the reaction of different amounts of water wiih 
0.42 g. of G -l for 48 hours at 200 °: (A ) • , volume removed 
at room temperature; (B ) o , volume removed by heating.

Fig. 2.— Combined volumes of H 2S, H 2, C 0 2 and CO re­
moved at room temperature following the reaction of water 
with G -l for different periods of time at various tempera­
tures. For the reaction at 2 5 °, the abscissa values are 200 
400, 600, etc., hours. For all reactions the weight of G -l =  
0.416 g. and the weight of water =  0.171 g .: (A ) o , 200 °; 
(B ) O, 100°; (C) »  25°.

at a high temperature (a high-temperature treat­
ment without hydrogen is not quite as good), an 
abnormally high adsorption of water will be ob­
served and very extensive reaction of water with 
oxygen complex will occur. This will be especially 
important for activated charcoals as normally pro­
duced, or for any carbon sample which has been 
heated in air. Finally, most carbon blacks and 
gas carbons normally contain appreciable amounts 
of sulfur wrhich may be very reactive, again lead­
ing to appreciable reaction of water with the sur­
face at temperatures above room temperature. 
An important example in winch these factors un­
doubtedly play a part is Coolidge’s4 water iso­
therms which have been cited by Brunauer5 as 
showing that the differential net heat of adsorp­
tion of wrnter by carbon may be positive. At lowr 
relative pressures the isotherms coincide in the 
temperature range of —30 to 20°, but on progress­
ing from 60 to 218° the adsorption at low relative

(4) A. S. Coolidge, J. Am. Chem. Soc., 49, 708 (1927).
(5) 3. Brunauer, “ The Adsorption of Gases and Vapors,” Princeton 

University Press, Princeton, New Jersey, 1943, p. 260.

Fig. 3.— Combined volumes of H 2S, H 2, C 0 2 and CO which 
can be removed from G -l only by heating following the 
reaction of water with G -l for different periods of time at 
various temperatures. For the reaction at 25° the ab­
scissa values are 200, 400, 600, etc., hours. For all reactions 
the weight of G -l =  0.416 g. and the weight of water =  
0.171 g.: (A ) o , 200 °; (B ) 9 .  100°; (C ) 9 ,  25°.

pressure rises as the temperature increases. At 
about P/P0 =  0.4 the isotherms at all temperatures 
show a sharp rise, and in this region and beyond, 
the amount of adsorption decreases writh increase 
in temperature. Up to about P/Po =  0.4, ad­
sorption at active sites is predominant and the 
nature of the surface is very important, but since 
the surface had been continually altered and made 
more adsorptive at the higher temperatures by 
reaction with wmter, this region of the isotherms 
cannot be used for calculations of isosteric heats of 
adsorption. It merely gives a qualitative meas­
ure of the extent of the reaction. Above P/Po = 
0.4 the filling of capillaries is important, and the 
continual changes in the character of the surface 
are not evident from the isotherms.

The present work has some bearing on the mecha­
nism of the steam-carbon reaction. Many studies 
have been made of this reaction, the most recent 
and extensive being those by Long and Sykes,6 
Gadsby, Hinshelwood and Sykes,7 Muller and 
Cobb8 and Strickland-Constable.9 Most of this 
work, however, was done in the temperature range 
of 600-1000°, though some of Muller and Cobb’s 
wrnrk went as low as 300°. These high temperature 
results are all summarized in the Long-Sykes 
mechanism, i.e.

H 20  — a>- (O H )(H ) — ( 0 ) (H 2) (a)
H 2 — s- (H 2) (b)

C +  (O) — >  CO (c)

The entities enclosed in parentheses are considered 
to be chemisorbed on the carbon surface. About 
2% of the carbon surface studied wms effective in 
the reaction and the hydrogen produced competed 
with water for these same sites. (Any H2S which 
might have been produced in Long and Svke’s 
wrork w'ould have been computed as C 02 in their

(6) F. J. Long and K. W. Sykes, Proc. Roy. Soc. (London), A193, 377 
(1948).

(7) J. Gadsby, C. N. Hinshelwood and K . W . Sykes, ibid., A187, 
129 (1946).

(8) S. Muller and J. W . Cobb, J. Chem. Soc., 177 (1940),
(9) R. F. Strickland-Constable, Proc. Roy. Soc. (London), A189, 1 

(1947).



302 R , N e l s o n  S m it h , C o n w a y  P ie r c e  a n d  C l if f e  D. Jo el Yol. 58

analyses.) Long and Sykes speculated at length 
as to the nature of these active sites, and concluded 
that they must be due to the presence of surface 
carbon atoms which are attached to the rest of 
the lattice by only two or three bonds, leaving 
thus two or one bonds available for interaction 
with other molecules.

The samples used by Long and Sykes were im­
pure commercial charcoals, not outgassed before 
use, and must certainly have possessed large 
amounts of a carbon-oxygen surface complex. 
Many descriptions of the properties and conditions 
of formation of such surface complexes have been 
published.10-16 King17 has been able to isolate 
measurable quantities of oxalic acid after exposure 
of charcoal to moist air, and both Jones and Town­
send13 and King17 report the room temperature 
formation of carbon-oxygen complexes with per- 
oxidic properties. Moreover, Muller and Cobb 
showed that the results of the steam-carbon reac­
tion depend greatly on the forms and sources of 
carbon used and that wide variations were ob­
served with samples of the same charcoal which 
differed only in heat treatment. In view of these 
facts and the enormous effect which the carbon- 
oxygen surface complex has on both the steam- 
carbon reaction and the adsorption of water, it 
seems probable that the initial step in the reaction 
is the absorption of a water molecule on a carbon- 
oxygen complex site and not on a carbon atom at all. 
The Long-Sykes mechanism might then be made 
more specific as

H 2o  +  (O) — ^  ( 0 ) (0 H )  (1)

H 2 — ^  (H 2) or H 2 +  2(O i — >- (2 0 H )  (2)

C +  (On) — >  CO +  (O) (3)
C +  (O ,) ' — >  CO, (4)

In addition to being more specific about the nature
(10) T. F. E. Rheac. and R. V. Wheeler, J. Chem. Soc., 103, 461 

(1913).
(11) H. H. Lowry and G. A. Hulctt, Am. Chem. Soc., 42, 1408 

(1920).
(12) E. A. Blench and W. E. Garner, J. Chem. Soc., 1288 (1924).
(13) R. E. Jones and D. T . A. Townsend, Trans. Faraday Soc., 42, 

297 (1946).
(14) S. Weller and T F. Young, J. Am. Chem. Soc., 70, 4155 (1948).
(15) R. B. Anderson and P. H. Emmett, T his Journal, 56, 753 

(1952).
(16) J. H. Wilson and T. R. Bolarn, J . Coll. Sci., 5, 550 (1950).
(17) A. King, J. Chem. Soc., 842 (1933).

of the active sites, this mechanism provides for 
two or more types of oxygen complexes (O), (0 2), 
(O,)', (Os)'', etc., the difference between them de­
pending upon the state of the carbon atoms ad­
jacent to the complexed adsorbing carbon atoms. 
This will in turn depend upon the previous heat 
treatment and degree of surface oxidation as well 
as upon the presence of ash and semi-volatile 
impurities. It also provides a reasonable possi­
bility for the formation of C 02. In the earlier 
work at the higher temperatures it was judged 
that the small amounts of observed C 02 were pro­
duced by the water gas reaction. This is no 
doubt the major cause at high temperature, but an 
improbable cause at low temperatures. The low- 
temperature results indicate that the CO complex,
(0 2), is more stable than the C 02 complex,'(02)', 
and that the actual products of (3) can be obtained 
only by heating to over 500° (i.e., to the softening 
point of Pyrex or higher). This same difference 
in stability of the complexes was observed by Wil­
son and Bolam16 and by Anderson and Emmett.16 
Table II indicates that with pure carbon at low 
temperature (4) is more important than (3). The 
Long-Sykes type of active site may be responsible 
for the small quantities of gas produced from G-2, 
NC-1 or hydrogen-treated B, though there is 
evidence (jfl, Table III) that the complex has not 
been completely removed from the latter. These 
changes do not alter the rate expression derived by 
Long and Sykes.

The carbon-sulfur complexes and their great 
reactivity with water have not previously been 
described. Perhaps the reaction occurring in this 
case consists of such steps as

H 20  +  (S) (S )(H 20 )  — (H 2S )(0 )  (5)

(H 2S) — >- H 2S (6)

in addition to reactions (1)—(4) utilizing (O) pro­
duced in (5). When a sample with a surface sulfur 
complex is oxidized and then treated with water, 
reactions (5) and (6) become less important than 
(l)-(4 ) because the concentration of (0 ) is raised 
through oxidation.
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The classical fluctuation theory is applied to light scattering by ideal solutions of colloidal electrolytes in the presence of 
a simple salt. The necessity of introducing the condition of electroneutrality and of an equilibrium distribution of small 
ions is pointed out. This leads to a relatively simple expression for the turbidity as a function of the molecular weight, 
charge and concentration of the colloid and concentration of the simple salt. In agreement with previous results the charge 
p  has no effect on the apparent molecular weight when the concentration of salt is very large compared to that of the colloid, 
but reduces it by a factor of (p  +  1) when the salt concentration becomes negligible. In addition the intermediate region 
is covered. The effect of the various factors is presented graphically and is shown to agree qualitatively with pertinent 
experimental results, indicating that, as a first approximation, Debye-Htickel types of non-ideality are not involved.
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Ligtit scattering by solutions of small neutral 
particles can be explained fully and in relatively 
simple terms2’3 by the fluctuation theory. The 
interference theoiy gives an alternate and concord­
ant account of the phenomena. The situation 
becomes much more complicated when the parti­
cles are electrically charged. The interference ap­
proach has been applied to this problem4'5 but en­
counters serious difficulties. The fluctuation the­
ory has been applied to very dilute solutions by 
Edsall and co-workers6 using a generalization of the 
simple theory to multicomponent systems obtained 
through statistical mechanics.7-10 In a brief note 
T. M. Doscher and I 11 tried a more formal extension 
of the fluctuation theory to the whole range of con­
centrations of an ideal colloidal electrolyte. In 
the present paper I would like to explain and modify 
this approach and to present a solution of the prob­
lem in simple terms.

As is well known, light scattering by particles, 
small compared to the wave length of light, is caused 
by small local inhomogeneities of refractive index 
which are due (in fluids) to fluctuation of density or 
concentration caused by random thermal motion 
and counteracted by the increase in free energy 
caused by their occurrence. This increase may be 
measured by the work done against restraining 
pressures such as ordinary pressure developed when 
a pure fluid is compressed or the osmotic pressure 
arising when the concentration of a solution is 
changed. The fluctuations in concentration con­
tribute to light scattering proportionally to the 
square of the resulting fluctuation in refractive in­
dex. Thus while all species present contribute to 
the scattering of a colloidal solution, it is the fluctu’ 
ation of concentration of the colloidal particles 
which, as a first approximation, is the only signifi­
cant one and I will discuss only this factor.

By slight modification of the reasoning of Her-
(1) I  resented in part at the J. W . McBain Memorial Symposium 

at the I24th Meeting of the American Chemical Society, Sept., 1953.
(2) J, J. Hermans in H. R. Kruyt, “ Colloid Science,”  Vol. II, 

Elsevie* Publishing Co., New York, N, Y ., 1949, p. 146.
(3) G. Oster, Chem. Revs., 43, 319 (1948).
(4) X J. Hermans, Rec. trav. chirrt., 68, 859 (1948).
(5) P. Doty and R. F. Steiner, J. Chem. Phys., 20, 85 (1952).
(6) X  T. Edsall, H. Edelhoch, R. Lontie and P. R. Morrison, J. 

Am. Chem. Soc., 72, 4641 (1950).
(7) F. Zernike, Arch. Neerland. Sci., [3A] 4, 74 (1918).
(8) H. C. Brinkman and J. H. Hermans, J. Chem. Phys., 17, 574 

(1949).
(9) 5. G. Kirkwood and R. J. Goldberg, ibid,, 18, 54 (1950).
(10) W. H. Stockmayer, ibid., 18, 58 (1950).
(11) T. M. Doscher and K. J. Mysels, ibid., 19, 254 (1951).

mans2 it can be shown that the turbidity r of a liq­
uid caused by its light scattering is given by 

r =  K ( v A 3/2 F )

where A  is a constant taking into account geometri­
cal and refractive index factors and F the change 
in free energy caused by a fluctuation A in a volume 
v .

If the fluctuating being considered can be imag­
ined as caused by the reversible motion of an ap­
propriate semipermeable piston

„  &7r/Dc w  vA2
F  =  —  x  T

where is the osmotic pressure corresponding to 
this piston when it separates concentrations c and 
c -f- dc of the fluctuating species. Combining the 
two equations one obtains the standard expression

K c
T dir/dc

I will try to apply these ideas to a simple ideal 
solution containing a colloidal electrolyte and a 
simple salt having a common ion.

Let the colloidal cation have a molecular weight 
M, charge p and concentration c grams, m moles 
and z equivalents, per liter. Let the small cation 
be univalent and its concentration x (equiv./l.). 
Let there be a single kind of anion which is also 
monovalent so that its concentration y must be 

p(c/M) +  x  =  z +  x  (eq u iv ./l.)

Let the weights of the small ions be negligible.
There are several ways in which fluctuations in 

concentration of the colloidal cation can be as­
sumed to be produced and I shall discuss the main 
ones.

A. The concentration of the colloidal cation 
fluctuates independently of all other ionic species:
in this case the osmotic pressure ir =  RTc/M is 
independent of the concentration of simple ions. 
This type of fluctuation, however, would produce 
very large changes in free energy due to electro­
static forces and, as has been shown by Hermans,4 
is negligible except perhaps at extreme dilution. 
Hence in the following I will consider only fluctua­
tions which maintain electroneutrality, e.g., in­
volving p times as many small anions as colloidal 
cations.

B. The concentration of the colloidal electro­
lytes as a whole fluctuates independently of the 
concentration of the simple salt, i.e., c changes by 
A and y by p(A/M) while x remains unchanged. 
Such a fluctuation cannot be produced by a single
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osmotic piston, but it can be produced by two: one 
impervious only to the colloidal cation, the other 
only to the small anion. To produce this fluctua­
tion, the first one will have to move by vA/c, the 
second by vpA/My, while the corresponding d x / 
dc are RT/M and p(RT/M) . Hence

vRT  A’  
A / “  2.Ur

so that

vRTp2A2 R T A2r /  . cp2\
2M -y ~  2M c V  +  yM J

R TA2v / pz
1 Vm V  V1 +  h .

K cM

r t ( i +  P-^ j

or in the more familiar form, if we define H = K/ 
RT

This can be written in equivalent forms, as

T  -  ,‘i ( ‘  +  ” ■ y )  <">>
which is the result obtained earlier by Doscher and 
myself11 from a more formal treatment, or

v  - 1, ( , + r r m )  <w
and an especially convenient one is

T  -  T , (■  +  m f i T T S i )  <M)

since c and M  are much more accessible experi­
mentally than z.

I doubt that fluctuations actually occur under 
the condition just assumed, i.e., that the concen­
tration of the simple salt is not an equilibrium one, 
but remains the same in the fluctuating volume as 
in the bulk of the solution. It seems much more 
likely that the concentration of the simple salt is 
given by an equilibrium distribution between the 
fluctuating volume and the bulk of the solution. 
This equilibrium is determined by Donnan condi­
tions and is substantially influenced by the fluctua­
tion of the colloid.

The relaxation times of fluctuations of any spe­
cies are inversely proportional to their diffusion 
coefficients and hence in the ratio of about 20 to 1 
for a typical small colloid such as albumin and an 
ordinary ion sucli as Cl- . Hence the salt can fol­
low without appreciable lag the fluctuation of the 
colloid and an equilibrium distribution of small 
ions is to be expected, at least on the average.

Another argument in the same direction is that 
the fluctuation of the small ions will be distributed 
around a value of minimum free energy. This 
value depends, however, on the concentration of 
the colloidal ions which itself is fluctuating. Hence, 
if we consider a very large number of small volumes 
and out of these we select those having a certain 
concentration c +  A of colloid, the average con­
centration of small ions in these selected volumes 
will be, on the average, that corresponding to 
minimum free energy, i.e., to an equilibrium dis­
tribution.

Whether this expectation of an equilibrium dis­
tribution of ions is justified should be accessible to

experimental proof and in the meantime it may be 
worthwhile to examine its consequences.

The statistical mechanics treatments7-10 seem to 
assume implicitly an equilibrium distribution of all 
species whatever the relaxation time of their fluctu­
ation. This assumption seems much more ques­
tionable than the one I am making and is not nec­
essary to solve the present problem. It leads to 
additional crossterms which are in general negli­
gibly small and may be actually unnecessary.

C. The concentration of the colloidal cation 
fluctuates while maintaining equilibrium with a 
salt solution: this change corresponds to the
movement of a piston impervious only to the col­
loidal cation while the other ions maintain equilib­
rium or, more exactly, fluctuate around equilib­
rium values. This is of course the classic condi­
tion of Donnan equilibrium in which the product 
of small ion concentrations (or activities) is con­
stant throughout the system.

The osmotic pressure of a colloidal ion solution 
with respect to a simple salt solution of concentra­
tion x is well known and given by

so that 

and

x =  R T  -  2x +  V z 2 +  4 * ‘ ]  

òx/òc = Ç  [ l  +  V i  -M2*/*)»]

* £  =  i r i  +
T M  L V l  +  (2  x/zT] (He)

which is equivalent to

t  M  [ *  + Vl  +  ( 2 \xM/pc)\\ (IId)

This calculation still does not strictly corre­
spond to our premises since it computes the differ­
ential osmotic pressure between two colloidal solu­
tions both in equilibrium with a salt solution of 
concentration x rather than between two colloidal 
solutions, one of which has the concentration x of 
salt. An alternate point of view is that the salt 
solution considered should not have a concentra­
tion x but one which is in equilibrium with a colloid 
solution having a concentration x of simple salt and 
c of colloid. These two points of view are equiva­
lent and I shall discuss them presently.

D. The colloidal ion fluctuates while the small 
ions maintain equilibrium with the colloidal solu­
tion: let C and X  be the concentrations in the 
fluctuating volume while c and x are, as before, 
the ones in the bulk of the solution. Donnan 
equilibrium and electroneutrality require that

hence

„  ~ p Ti  + ^ T  + 4x ( x + v Ti )x ------------------------2---------------------
The osmotic pressure between the two solutions is

x = RT [ i l  +  x  +  { X +  p Tl) ~ M ~  x ~

( x  +  P  ¿ ) ]  (2)
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or using (1) and rearranging

and its slope at C =  c is

= * 1  r, . -P 1 =
dC  M  L \ / l  +  (4x M / p c )  +  (Ax2M 2/ p V ) j

? ?  i j  j . ____ p— "i =  —  1 1  -|— 2 — n
M  L 1 +  ( 2 x M / p c ) J  M  L T  1 +  (2x/z)J

hence

t  -  i  [> +  r + f e j ]
or its equivalents
He __ /  j z _ \  _  1  A  ,_________ P \
T ~  M  V V +  x )  J f  V 1 +  { 2 x M / c p ) J

(IIIa,d)
(IIIc) differs from (Ic) only by doubling the x/c 
factor and from (lie) by the removal of the square 
and square root in the denominator.

E. The colloidal ion fluctuates while the small 
ions maintain equilibrium with a salt solution in 
equilibrium with the bulk solution: the concen­
tration of the salt solution must be V x{x +  (pc/M)). 
A' is given by

which is the same as 1.
The osmotic pressure is given by

7T =  R T
B  +  x  + (x + 5 7 ) - 2V '( i + S)

which differs from 2 only by a constant. Hence 
dr /d c  is the same as previously and therefore r is 
finally given again by equations III.

Thus far I have assumed implicitly that p, the 
charge of the colloidal cation, remains constant as 
the concentration of simple ions changes. This is 
not true in many systems and if equilibrium condi­
tions are to be fully maintained, the change in 
charge should be taken into account. Since the 
establishment of charge depends on dynamic equilib­
rium with the small ions, this may be a rapid proc­
ess compared to the main fluctuation.

F. The concentration of colloidal cation fluctu­
ates while both its charge and the concentration 
of small ions maintain equilibrium conditions: this 
is closely related to the preceding case. If we call 
the charge in the fluctuating volume P, the basic 
equation becomes

’ ( x + p e )  ~ x ( x  +  p s )
hence

=  RT
Ti +  '̂ T ^  + 4X( X + P m) -

2  x — (p +  1) M

and its slope at C = c and P =  p
&£ R T  f  y  +  c(dp/dc)~| 
ÒC M l ' 1 +  ( 2x/z) J

so that under these premises
H e 1 T - p +  c(dp/dc)"| 

r  m L  +  1 +  ( 2 x/z) J
(IVc)

which differs from (IIIc) only by the addition of 
c(dp/dc) to p in the numerator. As dp/dc is gen­
erally unknown, this equation can be applied only 
by successive approximations and is of lesser inter­
est at present.

Discussion of Formulas I, I I  and I I I
In this section I shall point out some formal con­

sequences of the three formulas corresponding to 
the three types of fluctuations at constant charge p 
discussed above, with special emphasis on III which 
seems to be the most probable.

Figure 1 shows the curves of light scattering vs. 
concentration c of colloid predicted by the three 
formulas for a constant charge p = 5 and constant 
concentration of simple salt. It may be noted that 
all three give the same value, 1 /M, for c =  0 and 
at high concentration tend to the same limit, (p +  
1 )/M, in agreement with Herman’s4 results. They 
differ, however, at intermediate values: III pre­
dicts constantly a lower Iic/r and I approaches 
the horizontal limit much faster.

p =  5 
Fig. 1.

The initial slope is the same for II and III, 
namely

[dCH c/ lll  =
L  dc J „ _ o  2xM2

which is the result obtained by Edsall and cowvork- 
ers.6 The initial slope according to equation I is 
twice the above value.

Since the difference between the three curves is 
not enormous, the remaining figures illustrate the 
effect of several factors only for formula III.

Figure 2 shows the effect of increasing charge p 
and the corresponding increase of H c/t values and 
increasing sharpness of curvature.

Figure 3 showrs the effect of changing the con­
centration x of the simple salt at constant charge p 
=  5 upon the shape of the H c/ t vs. c curve. The 
reduction of initial slope and of curvature is clearly 
apparent.

Figures 2 and 3 both show that when the salt 
concentration x becomes large compared to that of 
the colloid, the charge effect disappears and H c/ t 
becomes l/M as in the case of uncharged colloids.
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This “ swamping electrolyte”  situation pertains in 
aqueous solutions whenever the colloid concentra­
tion tends to zero because even in the absence of 
added electrolyte, the ionization products of water 
become swamping.

p  =  5 
Fig. 3.

It also pertains, as already pointed out,11 when 
the light scattering by micelles is extrapolated to 
the critical micelle concentration because then the 
unassociated ions are the swamping electrolyte.

Figure 4 shows the predicted effect of dilution of 
a solution containing originally a concentration Xo 
of simple salt and c0 of colloidal electrolyte of fixed 
charge p with solutions containing various concen­
trations xi of simple salt. Under these conditions 
the actual concentrations are given by x

x  =  -  ( x o  —  X i )  +  X\
Co

and the turbidity for any c is given by

He J.
" M

1 V
l  f Xo ~  Xl IP \ Co c)

( I l le )

The slope of the Hc/t curve as c -*■ 0 is, of course
( ï>H c / t \  p*

\ ôc A - 0  2 M 'xi
(xi)

while the slope upon initial dilution at c =  c0 
/  àHc/r\ _  2xi
V £>c A t  C2( l  +  (2M x0/pc) ) 2

(.Xi)

so that the ratio of initial slopes at c0 for dilutions 
with different salt concentrations xi and x2 is simply 
the ratio of these concentrations

roH c/T \ t\ =  xi
V Sc A o  /  V 2>c A »  X2

This type of dilution with a salt solution gives an 
H c / t  v s . c  curve which is either convex or concave 
to the abscissa, depending on the concentration of 
x\ of the diluting solution. It becomes a straight 
line when

X i  =  X o  +  p O n o / 2 )

which is equivalent to keeping constant the con­
centration of the “ salt component” in Scatchard’s 
sense.12

Non-Ideal Solutions.— In the above I have con­
sidered implicitly solutions which are ideal in the 
sense that the activity and osmotic coefficients of 
the individual ions are unity. Their behavior 
deviates markedly from that of ideal uncharged 
systems due only to the condition of electroneutral­
ity and Donnan equilibrium. If additional inter­
actions between the particles are present such as 
the Debye-Huckel type, so that activity and os­
motic coefficients depart from unity, the above 
reasonings become considerably more involved 
since electroneutrality requirements are not af­
fected, Donnan considerations must be corrected by 
activity coefficients and osmotic terms by osmotic 
coefficients. While this can be done, it leads to 
very complex formulas which can have little inter­
est at present. If the uncorrected formulas are 
used to calculate a charge p for non-ideal solutions, 
it must be remembered that this is an effective charge 
for light scattering and need not correspond ex­
actly to the charge obtained by other measure­
ments.

If the charge p is constant, it can, however, be 
obtained in principle accurately by a double ex­
trapolation to zero colloid concentration when col­
loid-colloid interactions become negligible and 
zero salt concentration where colloid-salt interac­
tion becomes negligible.

'12) G. Sc&tchard, J. Am. Chem. Soc., 68, 2315 (1946).
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Comparison with Experimental Data.— T h e
a b ov e  reasoning exclu des exp lic itly  large p o lye lec­
tro ly tes w hose dim ensions are or m a y  b ecom e  co m ­
parable w ith  the w a ve  length  o f light. I t  can  be  
applied  to  association  co llo ids such as those 
studied b y  D e b y e 13 assum ing m icelles to  be  the 
co llo ida l species and unassociated  ions the sim ple 
salt. T hese system s present, h ow ever, the diffi­
cu lty  'h a t  there is n o  a 'priori reason to  assum e 
either M  or p to  b e  con stan t an d  th e  eva lu ation  o f 
x  is qu ite  specu lative. A n  a ttem p t to  treat this 
case q u a n tita tiv e ly  w ill be presented la te r ,14 bu t 
it m ay  be  n oted  qu a lita tive ly  th at D r. Phillips in 
m y  la b ora tory  has fou n d  fo r  sod iu m  lau ryl sulfate 
a definite cu rvatu re  and  flatten ing o f the H (c — 
cmc)/r vs. c cu rve  a t con cen tra tion s higher than 
those stud ied  b y  D e b y e  w h ich  m akes it  clearly  be­
long to  the fa m ily  o f  F ig . 2 or 3.

T hus, pure proteins seem  to  be  the on ly  co llo id  
su itable fo r  com p arison : Q u alitatively , the curves 
(and  p articu larly  th e  poin ts) presented in  Figs. 1 -3  
b y  E dsall and co llabora tors6 w h ich  sh ow  th e  effect 
o f  increasing x  seem  to  be lon g  in  the fa m ily  o f  
curves show n  in  F ig . 3. T h e  cu rves o f  F ig . 4 o f 
D o ty  and Steiner6 w h ich  sh ow  th e  e ffect o f  con cen ­
tration  and o f p H  (and  hence p) a t low  values o f  x  
seem to  be lon g  in to  F ig . 2 an d  curves o f their F ig . 7 
w hich  show  th e  e ffect o f  d ilu tin g  w ith  solu tions o f 
higher x  seem  to  be lon g  t o  F ig . 4.

Q u an tita tive  app lica tion  t o  these system s is p rob -
(13) P. Debye, T his Journal, 53, 1 (1949).
(14) J. N. Phillips and K . J. Mysels, presented at 124th American 

Chemical Society Meeting, Chicago, September, 1953,

a b ly  n ot ju stified . N evertheless, it m a y  be o f 
in terest to  present som e results: D o t y  an d  S tein ­
er’s6 cu rve  o f tu rb id ity  vs. con cen tra tion  a t p H  3.3 
(F ig . 4) g ives a ccord in g  to  form ula  I I I  an effective  
charge p  decreasing linearly  from  10.6 to  9 .2 be­
tw een 1.9 and 9.3 g ./ l i t e r  (po in ts  b e low  1 .9 /liter  
g ive  rap id ly  decreasing values an d  are p rob a b ly  
u nreliab le). I f  the change o f p  w ith  con cen tration  
is taken  in to  a c co u n t b y  using form u la  IV , su c­
cessive approxim ation s g ive  p  decreasing from  11.1 
to  10.4 over the sam e range o f  con cen tration . S ince 
the con cen tration  o f C l "  ions increases m a n y -fo ld  
as th e  con cen tra tion  o f prote in  h yd roch lorid e  in­
creases, the drop  in p  is n ot surprising, bu t the a b ­
so lu te  value is rem ark ab ly  low .

T h e  curves obta in ed  b y  the sam e authors for  
“ iso ion ic”  d ilutions (F ig . 7) w ith  salt solu tion s at 
p H  3.3 give, b y  form ula  I I I ,  charges p  w h ich  in ­
crease to  a b ou t 13 in  the m ost d ilute solutions. I 
see n o  im m ediate  explanation  fo r  su ch  an increase.

In  v iew  o f the experim ental d ifficulties presented 
b y  these very  dilute solutions, the h igh ly  d isturbing 
effects o f  an y  e lectro ly tic  im purities or  ju n ction  p o ­
tentials and  the uncertainties o f  their idea lity , I  d o  
n ot th ink th at these results can  y e t  be  taken  as 
h avin g  a definite bearing on  the va lue o f the th eory .
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Adsorption isotherms at temperatures from 70 to 125° have been measured for re-decane on iron. The results can be 
described very exactly in terms of the Polanyi theory. The data have been used to calculate the decrease in free surface 
energy of a solid due to an adsorbed film, Te, and the work of adhesion, Wa, over the temperature range. Both quantities 
decrease moderately as the temperature increases. x e and Wa values between 70 and 125° were also calculated from pub­
lished data for re-heptane on iron, iron oxide (Fe20 3), graphite and silver for comparison. W ith the exception of silver, 
which gave low results, these values were similar to the re-decane on iron. The isosteric heat and the three differential heats 
of adsorption were determined from the re-decane on iron data and compared. As expected, these heats of adsorption are 
quite different, and their relation to the adsorption process is discussed. Some experiments on the adsorption of re-hexyl 
alcohol on iron and re-propyl alcohol on Fe20 3 at 100° are briefly described.

I. Introduction
T h e  e ffect o f  tem perature on  b o th  a ctiva ted  and 

ph ysica l ad sorp tion 2-5 has been  exten sively  stud ­
ied. In  the latter field, w ith  w h ich  th is paper is 
concerned, it  appears th at P o la n y i6 an d  others fo l-

(1) Deceased.
(2) A. T itoff, Z. physik. Chem., 74, 161, 641 (1910).
(3) I. F. Horafray, ibid., 74, 129 (1910).
(4) J McGavack and W. A. Patrick, J. Am. Chem. Soc., 42, 946 

(1920).
(5) L. H. Ryerson and A. E. Cameron, T his Journal, 39, 181 

(1935).
(6) M . Polanyi, Verh. deut. physik. Ges., 18, 55 (1916)

low in g  h im 7-11 h ave established a va lid  th e o ry  to  
explain  the observed  tem perature effects. H o w ­
ever, it is to  be n oted  th at a lm ost all th e  ev iden ce  
fo r  the th eory  in vo lves adsorp tion  on  porou s m a­
terials charcoal, silica gel and cata lysts— w here the

(7) S. Brunauer, “ The Adsorption of Gases and Vapors,”  Princeton 
University Press, Princeton, N. J., 1942, pp. 95-120.

(8) F. Goldmann and M . Polanyi, Z. physik. Chem., A132, 313 
(1928).

(9) H. H. Lowry and P. S. Olmstead, T his Journal, 31, 1601 
(1927).

(10) G. D. Halsey, Chem. Phys., 16, 931 (1948)
(11) T. L. H ill, ibid., 17, 590 (1949).
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dissimilar processes of adsorption and capillary 
condensation, each differently affected by tempera­
ture, take place simultaneously. Obviously, it 
would be desirable to eliminate this source of uncer­
tainty by working with non-porous adsorbents. The 
present study was undertaken for this purpose. 
The solid chosen was an electrolytic iron powder, 
known to be non-porous, and the adsorbate was n- 
decane.

This work has practical as well as theoretical im­
portance because it is generally recognized that the 
effectiveness of a lubricant is related to the forces 
which hold it on the solid surfaces as a continuous 
film. However, there are few data on the magni­
tude of these forces, particularly at the higher tem­
peratures normally encountered in the use of lubri­
cants. From the adsorption isotherms at elevated 
temperatures, :t is possible to calculate the free 
energy and heat of adsorption which determine the 
forces of adhesion in a representative case.

II. Experimental
A. Materials.— The re-decane was a Bureau of Standards 

sample made available through the courtesy of D r. M . L . 
Corrin of the University of Chicago. Since it was certified 
to be at least 9 9 .5 %  pure, it was not purified further. It 
was dried over sodium hydride for an extended period and 
degassed immediately before use by repeated freezing and 
thawing under vacuum. The iron was an electrolytic pow­
der, — 325 mesh, which contained 0 .3 %  impurities. The 
specific area, measured by adsorption of re-heptane, was
0.187 m .2/g .12 13 N o attempt was made to remove the thin 
oxide film on the surface. It was extracted with dry ether 
and dried under vacuum. The other materials referred to 
(re-heptane, Fe20 i ,u iron,12 silver14 and graphite15) were 
those used by Harkins and Loeser in their experiments at 
2 5 °.

B. Apparatus.— In order to assure absolute accuracy in 
the adsorption measurements, the following precautions 
were taken: no part of the adsorbate vapor was exposed to a 
temperature below that at which it was to be adsorbed; 
no stopcocks were used, to eliminate any possible leakage of 
the stopcocks during extended use at high temperatures; 
mercury vapor was rigidly excluded during adsorption; the 
thermostat was capable of holding the temperature constant 
within 0 .1 ° indefinitely; precision of measurement was com­
parable to that of volumetric adsorption apparatus at room 
temperature.

The apparatus finally adopted meets these requirements, 
but lacks speed and flexibility in consequence. Essentially 
it is a chamber of known volume containing the adsorbent 
and a series of samples of adsorbate which can be broken 
by magnet-operated plungers. A  Bodenstein quartz spiral 
manometer is used to measure the pressure. An air thermo­
stat controls the temperature. Outside the thermostat are 
a travelling microscope to measure the deflection of quartz 
fibers attached to the spiral, and a mercury manometer 
(read by means of a cathetometer) to measure the pressure 
in the outer chamber of the Bodenstein gage. A  ballast 
bulb is provided to facilitate small pressure changes in the 
outer chamber. A 3-way stopcock connects this bulb either 
to the vacuum manifold or to a source of dry nitrogen.

Several difficulties with the design of the thermostat and 
the preparation o: samples had to be overcome. It was 
found that, extremely vigorous air circulation was necessary 
for precise temperature control. This was secured by an 
external duct and blower. In order to cut down thermal 
lag, two heaters were mounted in the duct— a large heater, 
constantly on, which supplied about 9 0 %  of the necessary 
heat, and a small heater controlled by a Wheelco 235-D

(12) W. D. Harkins and E. H. Loeser, J. Chem. Phys., 18, 556
(1950).

(13) G. Jura, E. H. Loeser, P. R. Basford and W. D. Harkins, 
ib id ., 14, 117 (1946).

(14) I b id . .  13, 535 (1945).
(15) W. D. Harkins, G. Jura and E. H. Loeser, J. Am. Chem. Soc., 

68, 554 (1946).

proportioning controller. Current to the two heaters was 
adjusted by means of Variacs so that the small heater was 
on about half the time. Under these conditions, the tem­
perature could be held constant within ± 0 .0 3 ° .  The 
samples of n-decane were prepared as follows: The sample 
tubes were made of very thin glass so they could be broken 
without danger to the rest of the adsorption apparatus. 
The empty tube was sealed to the male half of a ground joint, 
dried and weighed to 0.01 mg. It was then connected to a 
vacuum system, using a mercury seal but no lubricant. 
The assembly was evacuated thoroughly, and a small 
amount of n-decane distilled into the sample tube from the 
storage bulb. Repeated freezing, thawing and distillation 
under vacuum between two traps removed all dissolved 
gases. The liquid could be transferred to the sample tube by 
slightly warming the traps and leads with a hand torch while 
a slow stream of very cold air passed over the tip of the tube. 
When the tube was about half full (0.2  to 5.0 m g., depend­
ing on the diameter) it was sealed off, heated overnight at 
150° and then weighed. The heating served to eliminate 
samples with walls so thin they would break prematurely 
when heated in the adsorption apparatus. Breakage aver­
aged about 5 0 % .

C. Method.— Before starting adsorption experiments, 
the sensitivity of the Bodenstein gage had to be measured. 
This amounted to 0.0524 mm. displacement of the fibers 
per mm. difference in pressure between the inner and outer 
chambers at all temperatures. The zero point (i.e .,  the dis­
placement of the fibers with vacuum in both chambers) 
shifted with temperature, and had to be measured before 
each set of experiments from 70 to 125°. Thereafter the 
travelling microscope could not be re-levelled or re-focused, 
since either would shift the zero point by an unknown 
amount.

Approximately 45 g. of iron powder was weighed into the 
sample tube, and outgassed by heating under vacuum at 
200° in a small removable furnace until the residual pres­
sure fell to 1 X  10~5 mm. A  McLeod gage was used for this 
measurement. Usually 16 to 24 hours heating was suffi­
cient. The sample was then cooled to room temperature 
and the volume beyond the seal-off constriction was meas­
ured, using dry nitrogen and a gas buret. This volume was 
about 80 cm .3. Duplicate determinations usually checked 
within 0.03 cm .8. Pumping was resumed until the pressure 
again fell to 1 X  10-5 m m . The system was then sealed off, 
the thermostat closed, and the temperature brought to 125 
± 0 .5 ° ,  the highest temperature at which adsorption was 
measured. When temperature equilibrium had been es­
tablished, one of the n-decane samples was broken. The 
magnet operating the breakers was so mounted that it could 
be manipulated from outside the thermostat. A  period of 
16 to 24 hours was allowed for adsorption equilibrium to be 
established. Numerous tests failed to show any measurable 
pressure drop beyond this period. The equilibrium pressure 
was then measured. In order to avoid errors of observa­
tion as far as possible, at least 50 readings of the displace­
ment of the quartz fibers were averaged for each of 10 values 
of the pressure difference between inner and outer chambers. 
The displacement plotted against the pressure difference 
gave a straight line which was used to interpolate to the 
previously measured zero point. The temperature was 
measured on a thermometer which had been calibrated 
against one certified bv the Bureau of Standards.

The amount adsorbed in cm .3 (STP) per g. iron powder 
was calculated from the equation

T% [  M*_____p H
M f .  L 341.82 RTJ (1)

where Um =  cm .3 (STP) per mole, M Fe and Afa the masses 
of the iron and re-decane samples, respectively, p the equilib­
rium pressure, V  the volume of the system, R the gas con­
stant and T  the absolute temperature. The same n-decane 
sample was used to measure the adsorption at a series of 
progressively lower temperatures. Usually 5° decrements 
were used. The additional adsorption which takes place 
as the temperature is lowered is much more rapid than the 
desorption which would occur if the temperature were 
raised between successive measurements. The lowest tem­
perature used was 7 0 °. When the 70° measurement was 
complete, the thermostat was set at 125° again, the second 
n-decane sample broken, and the process above repeated. 
A set of ten samples could be mounted in the adsorption 
apparatus and used successively as described above. When
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the set was completed, the apparatus was opened, a new set 
of n-decane samples installed, and the iron sample degassed 
as before. The first sample of each set contained an amount 
of n-decane sufficient to bring the equilibrium pressure to a 
value close to but below that for the last measurement of 
the previous set. This check served to show that the ap­
paratus was working properly for both sets. Successive 
sets of n-decane samples were used until the pressure range 
from p/po =  0.003 to p/po =  0.97 was covered. The meas­
urements at the highest relative pressure (above 0 .95) are 
slightly low, probably because small thermal gradients in 
the apparatus led to some condensation of n-decane. These 
data were not included in the final analysis of the results.

It was found that the same apparatus could be used to 
follow the course of very slow surface reactions. Some ex­
periments with n-hexyl alcohol on iron and n-propyl alcohol 
on iron oxide (FejCh) are briefly noted below. The experi­
mental technique was similar to that described above.

III. Results and Discussion
The data are presented as adsorption isotherms 

at 70, 80, 90, 100 and 125° in Fig. 1. It should be 
pointed out that the volumes adsorbed were not 
necessarily measured at exactly those tempera­
tures; the thermostat could be very quickly set to 
hold, e.g., a temperature somewhere between 99.5 
and 100.5°, but if it had to be set to hold exactly 
100 ±  0.05° much time was wasted. The small 
correction terms could be obtained with negligible 
errors by interpolation on a plot of equilibrium 
pressure vs. temperature for each series of results on 
a single sample (or combination of samples) of n- 
decane. The isotherms are all similarly shaped, 
and strongly resemble those observed for lower mo­
lecular weight hydrocarbons at lower temperatures. 
Presumably, only physical adsorption is taking 
place up to 125°, although attempts to prove this 
by demonstrating that the adsorption is completely 
reversible were inconclusive because of difficulties 
with the apparatus. Indirect evidence was ob­
tained by showing that the data follow the Polanyi 
theory very closely. The postulates of the theory 
are such that it describes the adsorption of polar 
molecules only qualitatively, and breaks down com­
pletely for adsorbates which undergo reaction at 
the surface or so-called activated adsorption.

In order to apply the theory, it is necessary to 
know, in addition to the adsorption data at various 
temperatures, d, the density, and p0, the vapor 
pressure of the liquid n-decane at the temperatures 
to be used. Data from several sources were evalu­
ated, correlated, and finally used in the form of the 
two equations

d =  0.7460 -  0.00077( -  1.961 X  10 ~6 i2 (2) 

where t =  temperature in degrees centigrade, and

log po =  -8 .6 0 3 1 1 0 1  log T  -  377|i-17-9 +  34.13187 (3)

According to the Polanyi theory, an adsorbate 
molecule originally at a distance, r, from the solid 
surface will require the expenditure of an amount 
of free energy, AF, to remove it to an infinite dis­
tance, regardless of the temperature. If r is chosen 
at the boundary of the material adsorbed as a liq­
uid

AF  ~  R T  In po/p (4)

when po and p are the vapor pressure and equilib­
rium pressure, respectively. The distance r can 
not be measured, but the thickness of the liquid 
layer, t, may be used equally well

t (A .) =  Tad a. (5)

where V =  molecular volume of liquid adsorbate 
in cm.3, Fm =  cm.3 (STP) per mole of vapor, 2 =  
specific area of adsorbent (cm.2 per g.) and Fads. =  
volume adsorbed in cm.3 (STP) per g. The thick­
ness calculated from this equation is slightly high, 
since the liquid is compressed by the forces holding 
it to the surface. The compressibility of n-decane 
is not known, but on the reasonable assumption 
that it is comparable to that of n-heptane, the error 
was evaluated, and found to be small in comparison 
with experimental errors. Equation 5 was there­
fore used without modification.

Figure 2 shows AF plotted against t, which Pol­
anyi refers to as the characteristic curve. Since the 
experimental points for this curve are too numerous 
and too closely spaced to be reproduced, the expe­
dient was adopted of showing the 90% confidence 
limits. Detailed analysis of this curve permits the 
following conclusions to be drawn.

1. All the data are self-consistent, and deter­
mine a single curve.

2. The points are distributed at random with 
respect to the temperature, i.e., measurements at 
the highest temperatures show no tendency to be 
either higher or lower than those at lower tempera­
tures.

3. Experimental errors, estimated from the 
scattering of points about the curve, are 1-2% at 
low pressures, and increase to about 4% at higher
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FILM THICKNESS, A.
Fig. 2.— Characteristic curve, n-decane on iron. The 

two curves are so chosen that 9 0 %  of the observed points 
fall between them.

pressures. This is comparable to the precision 
attainable with the usual volumetric adsorption 
apparatus at rocm temperature.

4. The consistency of the data over a range of 
55° indicates that the Polanyi theory is being fol­
lowed very closely. This is true for multi-layer ad­
sorption as well as for the monolayer. The same 
behavior was observed w7ith nitrogen adsorbed on 
iron synthetic ammonia catalysts.16

5. Adsorption of a non-polar material such as 
n-decane is exclusively physical, at least up to 125°.

From the isotherms of Fig. 1 it is possible to de­
termine the decrease of surface free energy (x) due 
to the formation of adsorbed films17

7T =
RT
T m2 (6)

where the symbols have the same meaning as in 
equation 5. Values of x  calculated in this way at 
various temperatures are shown plotted against the 
relative pressure in Fig. 3. These curves can be 
used to extrapolate to p/po =  1 in order to obtain 
xe, the free energy decrease due to an adsorbed film 
in equilibrium with the saturated vapor. Both 
xe and a related quantity, IP'a, the work of adhe­
sion, are valid measures of the tightness of binding 
between solid and liquid

TFa =  7T6 +  yh  (I  +  cos 0) (7)
where 6 =  contact angle (zero for n-decane on iron)

(16) P. H. Emmett and S. Brunauer, J. Am. Chem. Soc., 57, 2732 
(1935).

(17) D. H. Bangham and R. I. Razouk, Trans. Faraday Soc., 33, 
1463 (1937).

and 7l is the surface tension of the liquid adsorbate. 
The surface tension has been measured only at 
20°, but its values at higher temperatures can be 
approximated by the Ramsey-Shields equation

r  =  (5 )Vl ̂  =  K ( T c -  T  -  6) (8)

since d and Tc are known.
xe and W a  are shown plotted against the tem­

perature in Fig. 4. As expected, they decrease 
moderately as the temperature is raised. For com­
parison, similar curves for n-heptane on iron,12 
iron oxide (Fe20 3) ,13 silver14 and graphite15 are in­
cluded in Fig. 4. They were calculated from the 
25° adsorption data of Harkins and Loeser by 
means of the Polanyi theory. The characteristic 
curves can be obtained quite accurately, since the 
compressibility of the liquid is known over the 
whole temperature range.18

No estimate of errors can be made, so the curves 
must be regarded as qualitative only. The similar 
shape of all the curves, and the closeness of 
grouping, suggest that specific differences between 
hydrocarbons with respect to their adsorptive prop­
erties, and between different surfaces with respect 
to their effect on adsorption of hydrocarbons, are 
small. The failure of the curves for n-heptane on 
silver to fit into this pattern cannot be explained at 
present.

(18) L. B. Smith, J. A. Beattie and W. C. Kay, J. Am. Chem. Soc.,
59, 1587 (1937).
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TEMPER4TURE,'C.

Fig. 4.— Change in 7re and TTa  with temperature for various 
materials.

Adsorption data over a range of temperatures 
can be used to determine the heat of adsorption. 
Several different processes may be set up, each of 
which defines a different heat of adsorption. To 
avoid confusion, these will be discussed briefly be­
fore presenting the data.

The most commonly used heat of adsorption is 
the isosteric heat. This is defined, not by a proc­
ess, but by the equation

a H ieo. =  T(Sc, -  Si) =  R  (9)

The significance of AHiso. can be brought out by 
making use of the exact analogy between the ther­
modynamics of adsorption and of solution.19 If 
fix moles of solvent and moles of solute are com­
bined to form a solution

A/hoin. =  niHi + n-jii — UiH'i — njl% (10)

Similarly, if rp moles of gas at a pressure p are ad­
sorbed on 1 sq. cm. of a clean solid surface to form 
an aggregate still in equilibrium with gas at the 
same pressure

Aiftota! ~  TU-̂ Kadsorbed) T  Jin ads. Tb\H\ (pressure“ /') A

which can be rearranged to
A//total "  Hi A1/ire "l" (Jin ads. ho) ( i i )

The isosteric heat is therefore that part of the 
total heat of adsorption due to the change in heat 
content of the adsorbate; the simultaneous change 
in the heat content of the solid surface is not in­
cluded in Affiao.

Heats of adsorption which include the contribu­
tions of the solid as well as the adsorbate can be 
defined by any of the following processes.
(a) 1 cm .2 solid surface (0 moles adsorbed) +  n moles

adsorbate (liquid) — >  1 cm .2 solid surface (n moles 
adsorbed)

(19) T. L. Hill, J. Chem. Phys., 18, 246 (1960).

(b) 1 cm .2 solid surface (0 moles adsorbed) +  n moles 
adsorbate (vapor, pressure =  p0) — >  1 cm.2 solid 
surface (n moles adsorbed)

(c) 1 cm .2 solid surface (0 moles adsorbed) +  n moles 
adsorbate (vapor, at equil. pressure p ) — >- 1 cm .2 
solid surface (n moles adsorbed)

The corresponding AH’s are
Ait a =  — (fausL) — /lE(SfL)) (12)

A-ffb =  — ( f a  31.) — fa S fL ) )  — M-X (13)
A Hc = — ( fasL ) — fa s fL )) — llX —

n R T \ n p 0/p =  — fa;vsi (14)

where fa<si,) and fe(sfD are the heats of emersion 
of the clean and the film covered solids, respec­
tively, X is the heat of condensation of the adsorb­
ate, and Ad(VS) is the total (calorimetric) heat of de­
sorption.

The two-dimensional form of the Gibbs-Helm- 
holtz equation20

was used to calculate (/lEtsL) — faxsfL>) and fa (vS).
The isosteric heat is shown in Fig. 5; fa (S L ) — 

fa(SfL)) and Hxxvs) are shown in Fig. 6. Since 
(fa (S L ) — fa (S fL ))  is an integral heat and the 
isosteric heat is a differential heat, they cannot be 
compared directly. In order to make this com­
parison, the differential heat of adsorption 

d AH b d ( fa s u  -  f a s tu)
H b H  = ------------ dn---------------  +  X (16)

was calculated. It is shown in Fig. 5. The two 
curves are quite dissimilar, except that both ap­
proach X as n becomes large.

decane on iron at 100°.

(20) W . D, Harkins, T. F. Young and G. E. Boyd, ibid., 8, 954 
(1940).
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Fig. 6.— Heat of desorption for n-decane on iron at 100°: 
■— • — , H dc/ s) and — ▲— , ( / ¡ e <s l ) — fiE(sfL)).

It is evident that multiplication by the large fac­
tor T (373°K.) in equation 15 will greatly exagger­
ate any errors in the adsorption data, so that high 
accuracy is not to be expected. However, the con­
sistency of the original data, and the relatively small 
scattering of points in Fig. 6, lead to the belief that 
(Ae(SD — ^E(SfL)) and the isosteric heat are 
substantially correct.

The heat of adsorption of n-decane on iron at 
100°, and its variation with the amount adsorbed, 
present no very unusual features. The initial (iso­
steric) heat of adsorption is high, at least 22,GOO-
25,000 calories per mole. As more decane is ad­
sorbed, this decreases regularly.

A high initial heat of adsorption is commonly 
ascribed to selective adsorption in pores and crev­
ices. This is unlikely in the present case, since 
even if small pores were present, the decane mole­
cules are too large to be adsorbed there. It is more 
probable that surface inhomogeneity, and the tend­
ency of the decane molecules to lie flat on the sur­

face, are responsible. The latter point can be 
demonstrated easily; if the decane molecules were 
oriented and coiled as in the liquid, each would oc­
cupy an area of about 50 sq. A. The area actually 
occupied is 92 sq. A. A plot of p/V(p0 — p) 
against p/pa according to the Brunauer-Emmett- 
Teller theory gave a good straight line, from which 
it was found that 0.00754 cm.3 (STP) per g. was 
necessary to complete the monolayer. Since the 
specific area was already known, the area occupied 
per molecule is thereby determined.

Neither the isotherms nor the heat curves show 
any evidence of discontinuities corresponding to 
phase changes. It is of course possible that they 
would be observed in the very low pressure region 
not accessible to the present apparatus.

It was planned originally to extend this study to 
polar adsorbates. n-Hexyl alcohol on iron at 100° 
was chosen for the first experiment. It was found 
that equilibrium was approached much more 
slowly than has ever been observed for physical 
adsorption; at the end of 5 days the pressure was 
still decreasing and the experiment was terminated. 
The alcohol vapor was removed by condensation in 
a trap submerged in liquid nitrogen, and the resid­
ual pressure (presumably due to hydrogen) meas­
ured. To judge from the amount of hydrogen, 
one half of the adsorbed molecules had reacted with 
the surface with evolution of hydrogen, and the 
other half either had not reacted, or had reacted 
without evolution of hydrogen. The reaction was 
not investigated further.

The adsorption of n-propyl alcohol on Fe203 at 
100° was investigated next, in the belief that physi­
cal adsorption alone would take place. Here also 
a very slow surface reaction was observed. The 
pressure had not reached a constant value at the 
end of 17 days, at which time a second increment 
was added, and the experiment continued another 
ten days. Both curves followed the rate equation 
dp/At =  — Kp (p — peq.) very closely. It was pos­
sible to estimate p,-n. with fair accuracy; it was 
found that both curves approached the same equilib­
rium pressure. This suggests that the surface is 
homogeneous with respect to whatever reaction is 
taking place, and that if the isotherm could be meas­
ured it would resemble those observed by Loeser, 
et a ! ,13'15'21 which exhibited first-order phase 
changes. It is not suggested that their discontinui­
ties were due to surface reactions.

(21) E. H. Loeser, W . D. Harkins and S. B. Twiss, T his Journal, 
57, 591 (1953).
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THERMODYNAMICS OF THE ADSORPTION OF WATER ON GRAPHON 
FROM HEATS OF IMMERSION AND ADSORPTION DATA
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April, 1954 T h e r m o d y n a m ic s  of  A d s o r p t io n  of W a t e r  o n  G r a p h o n

Adsorption isotherms and heats of immersion were measured for the system Graphon-water. The very low adsorption 
of water by Graphon precluded reliable calculations of thermodynamic quantities from isotherms at two temperatures. 
Measurements of the heat of immersion as a function of the amount of water pre-adsorbed on the Graphon surface in com­
bination with the results obtained from an adsorption isotherm at one temperature allowed the calculation of isosteric heats 
of adsorption and absolute entropies of the adsorbed state. The isosteric heats of adsorption were much less than the heat 
of liquefaction and had a minimum value of about 6.0 kcal. near the B E T  V m. The thermodynamic criteria of a complete 
monolayer, the minimum in the £s curve, corresponded closely to the B E T  value. This coverage amounted to only Visoo 
of the total Graphon surface area and lends support to the concept of cluster-wise adsorption of water on this surface.

Introduction.— The adsorption of water on Gra­
phon has been measured previously by Pierce and 
Smith1'2 and their results present several interesting 
features. Graphon appears to be a surface which, 
while generally considered homogeneous, does 
possess a small fraction of heterogeneous sites. 
These sites have been considered1 to be primarily 
responsible for the adsorption of water at low rela­
tive pressures.

In view of the very small amount of water ad­
sorbed by Graphon at pressures below saturation, 
thermodynamic quantities cannot be calculated 
with any precision by the usual method of measur­
ing adsorption isotherms at two temperatures. 
However, by combining adsorption data with 
measurements of the heat of immersion of Graphon 
in water it has been possible to calculate both the 
absolute entropies of the adsorbed state and the 
isosteric heats of adsorption.

Experimental
Water vapor adsorption isotherms were determined at 

temperatures of 10, 18 and 25° for Graphon.3 This non- 
porous, graphitized carbon black had an area as determined 
by nitrogen adsorption of 83 m .2/g .  The sample was de­
gassed at 400° for 12 hours at 10-6 mm. before use. The 
samples were not treated with hydrogen since it was desired 
to preserve any heterogeneous surface sites.

The amount of water adsorbed was determined volumet- 
rically using a modified Orr apparatus previously described.4 
The deviation was about 0.005 m l. adsorbed per gram at 
lower coverages. Equilibrium pressures were read after one 
hour on a manometer filled with Apiezon " B ”  oil. To 
check the extent of water absorption by the oil, adsorption 
isotherms were also determined using a mercury manometer. 
In these instances, time intervals as long as 24 hr. were 
allow-ed before equilibrium pressures were read. N o sig­
nificant differences were found in the isotherms obtained by 
the two methods.

The calorimeter used in the heat of immersion studies 
has been described.4 Values for the heat of wetting were 
obtained for evacuated Graphon and for Graphon with 
various amounts of adsorbed water on the surface. The 
water-coated Graphon samples were prepared on the adsorp­
tion apparatus and sealed off at the desired equilibrium pres­
sure. Care was taken to ensure that the temperature of the 
sample was noz altered during the sealing off process.

Two- to three-gram samples were used in the heat of

(1) Conway Pierce and R. Nelson Smith, T his Journal , 54, 784 
(1950).

(2) Conway Pierce and R. Nelson Smith, ibid., 54, 795 (1950).
(3) We wish to thank Dr. Walter Smith of the Godfrey L. Cabot 

Company, Boston, Mass., for furnishing the Graphon, L-2739 and 
Mr. William Shaefer for his sincere attention to our numerous requests 
during t_ie course of this investigation.

(4) A. C. Zettlemoyer, G. J. Young, J. J. Chessick and F. H. Healey, 
T his Journal, 57, 649 (1953).

immersion studies. Samples were used only once, since it 
was found that after recovery and subsequent washing and 
drying, the reused sample often gave a slightly higher heat 
of immersion. This increase probably can be attributed 
to limited surface oxidation occurring in the presence of 
moisture and heat. Samples carefully recovered and imme­
diately dried under vacuum gave no appreciable change in 
heat of immersion values. Samples activated at 400° for 
4 hours gave essentially the same heat of wetting values as 
samples evacuated for 24 hours at 2 5 °.

The calculated maximum deviation due to errors inherent 
in the calorimetric technique was about 2 % . Actually the 
experimental deviation from a mean value was considerably 
better than this except for samples prepared at high relative 
pressures where the heat of wetting is strongly dependent on 
the relative pressure of the adsorbed film. The deviation 
from the best curve representing the data was ± 0 .0 7  
ergs./cm .2 for coverages up to a relative pressure of 0 .8 .

Results and Discussion
The isotherm for the adsorption of water on 

Graphon shown in Fig. 1 has predominant Type III

Relative pressure.
Fig. 1.— Adsorption of water on Graphon 18°.

character, despite the slight rise in the curve at low 
pressures. Only a few of the experimental points 
are shown. At a relative pressure of about 0.95 
only about 1/30 of a statistical monolayer of water 
was adsorbed. Pierce and Smith2 who studied the 
adsorption of water on a similar carbon adsorbent 
which had been treated with hydrogen at 1100° 
reported that a relative pressure of about 0.99 
was required to form one statistical monolayer; 
two statistical monolayers were adsorbed at 0.997. 
Further, these workers concluded that their iso­
therms at 0 and 28.6° were identical up to about 
0.93. Experimentally it was found for the samples 
used in this study of the same relative pressure
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range (up to 0.95) that slightly greater amounts of 
water were adsorbed at the higher temperature. 
Accurate isosteric heat calculations could not be 
made frotn the isotherm data at two temperatures 
because of the small amounts of water vapor ad­
sorbed over a wide pressure range. However it was 
quite definite that the heat was well below the heat 
of liquefaction of water as would be required if more 
water vapor was adsorbed at a higher temperature 
for a given relative pressure. Approximate iso­
steric heat values calculated from the pressure 
change resulting from a change in temperature for a 
given amount adsorbed were also well below the 
heat of liquefaction of water.

A BET Fm value of 0.017 ml. was calculated from 
the adsorption data at 25°. The BET plot was 
fairly linear over the relative pressure region 0.07 to 
0.4.

Values for the heats of immersion of Graphon in 
water are shown plotted in Fig. 2 as a function of 
the relative pressure to which the Graphon had 
been previously exposed. The curve differs mark­
edly from the few curves for similar functions re­
ported in the literature.4'6 These latter curves 
were obtained for the immersion of hydrophilic 
solids on whose surfaces duplex films of water form 
at saturation. The heat curves for these hydro­
philic materials are characterized by high values at 
low surface coverages, and decrease rapidly toward 
118 ergs/cm.2; i.e., the heat liberated when one 
square cm. of a water-air interface is destroyed at 
25°. In sharp contrast, the heat values found for 
the water--Grapnon system are about 32 ergs/cm.2 
near zero coverages and remain near this low value 
for samples exposed to water vapor over a wide 
range of relative pressures. Only at values of x = 
0.90 do the heat values increase significantly. 
The shape of the heat of immersion curve is not 
entirely unexpected since the hydrophobic Graphon 
surface does not adsorb to any appreciable amount 
except near saturation pressure.

The isosteric heat values calculated from calori­
metric data and an isotherm at one temperature 
are shown plotted as a function of volume ad­
sorbed in Fig. 3. The heat values lie below the 
heat of liquefaction in agreement with the approxi­
mate isothermal data at two temperatures. The

(o) W. D. Harkins and G. Jura, J. Am. Chem. Soc., 66, 922 (1944).

error limits on the calculated points in Fig. 3 
represent the maximum probable error as estimated 
from the maximum deviations of the heat of wetting 
and adsorption values.

Volume adsorbed, m l./g .
Fig. 3.

The difference in the internal energy E l , per mole 
of liquid adsorbate in equilibrium with vapor at T, 
and the energy, Es, per mole of adsorbed molecules 
is given by the relationship6

(Vo -  U)/Nb = E l -  Ea

where Ut> — U is the difference in the heat of im­
mersion of the clean solid and a solid with As ad­
sorbed molecules. The energy difference El — Es 
is related to the isosteric heat, qst, by an equation 
readily obtained from equation 91 of Hill7

E l — Ea =  1 /Na ^  qBt dJVg — AH\-

where AHv is the molar heat of vaporization of 
water. The isosteric heat is thus obtained by a 
graphical differentiation of an N s(El — Es) vs. 
Ns plot. The calculated heat values are largely 
below the heat of liquefaction of water and pass 
through a minimum, near the calculated BET 
Fm value. The heat values then increase slowly 
toward the heat of liquefaction. The shape of 
the heat curve is strikingly similar to the curve 
for the adsorption of water on molybdenum sulfide 
which was reported recently by Ballou and Ross.8

The entropy of the adsorbed molecules, Ss, 
assuming an unperturbed adsorbent, was calculated 
from the equation

T(Ss -  S t ) =  U ~ - U* +  * - k T  In x

as developed by Jura and Hill.6 In this equation 
S l  refers to the entropy of the liquid, tp is the spread­
ing pressure, F the surface concentration, and x the 
relative equilibrium pressure of the film coated solid.

The differential entropy As was obtained directly 
from the isosteric heat values using the expression

5s = So -  AS = SG -  |)

where Sc, is the absolute entropy of gaseous water 
at T  and p.

(6) G. Jura and T. L. Hill, ibid., 74, 1498 (1952).
(7) T. L. Hill, J. Chem. Phys., 17, 520 (1949).
(8) E. V. Ballou and Sydney Ross, T his Journal, 57, 653 (1953).
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The plots of (Ss and 5g as a function of the volume 
of water adsorbed are shown in Fig. 4. Both 
curves exhibit a minimum and it is to be noted that 
the curves intersect at the minimum of the Sg 
curve. This intersection follows as a mathematical 
consequence of the relation between the two quanti­
ties, but inasmuch as different methods of calcula­
tion were used for »Ss and 5s the correct intersection 
provides a check on the computations.

The minimum in the 5s curve has been taken9 
as a thermodynamic criterion for the completion of 
the first layer of adsorbed molecules, i.e., V =  
Vm. This minimum 5s for water on Graphon is 
seen in Fig. 4 to be in excellent agreement with the 
value for Vm calculated from the BET equation. 
This close correspondence is worthy of special 
note since the amount of water adsorbed at the 
BET Vm amounts to only about 1/1500 of the value 
that would be expected from the nitrogen surface 
area. Thus, these two entirely independent ap­
proaches appear to indicate that the adsorbed water 
molecules begin to build up in a second layer when 
only a very small fraction of the surface has been 
covered.

It is apparent that such behavior can only be 
explained on the basis of at least two types of ad­
sorption sites on the Graphon surface. The vast 
majority of the surface sites are hydrophobic and 
must correspond to the graphite-like array of 
carbon atoms. These sites show no tendency to 
adsorb water, at least up to pressures close to 
saturation. The hydrophilic sites are few in num­
ber and probably arise from traces of surface oxide 
such as might be expected to form at the edge 
atoms of the graphite planes. It would be these 
sites that would account for the initial Type II 
character of the water adsorption isotherm. These 
sites are probably of unequal energies as shown by 
the decrease in the isosteric heat below Fm (Fig.
3) but as a group are still vastly different from the 
remainder of the surface. After the adsorption of 
the first layer of water molecules on these sites the 
molecules build up additional layers on and around 
these sites rather than adsorb on the adjacent hy­
drophobic area.

The concept of cluster-wise adsorption also has 
been used by Pierce and Smith1 to explain the 
hysteresis loop found in the water vapor isotherm 
on Graphon at high relative pressures and by 
Cassie10 to explain contact angle hysteresis of water 
on graphite.

It may be surprising that the heat of adsorption 
on almost all of the hydrophilic sites is well below 
the heat of liquefaction. However, it must be 
remembered that the high heat of liquefaction of 
water is due largely to the formation of hydrogen 
bonds and that when no such bonding can take 
place in the adsorption process it is reasonable for 
the heat evolved to be considerably less. Indeed, 
a second molecule going down on top of the single 
adsorbed molecule should still have less opportunity 
for interaction than in the liquid. The heat of 
adsorption thus rises only gradually toward the 
heat of liquefaction.

(9) T. L. Hill, P. H. Emmett and L. G. Joyner, J. Am . Chem. Soc., 
73, 5105 (1951).

(10) A. B. D. Cassie, Discs. Faraday Soc., 3, 11 (1948).

Fig. 4.— Entropy of adsorbed water on Graphon at 25°.

For the same reasons the entropy of the adsorbed 
water molecules is not as low as in liquid water. 
Inasmuch as the shape of the isosteric heat curve 
indicates that energies of these sites are not the 
same, it does not appear possible to account for the 
high entropy values by including a configuration 
entropy term for the ways in which the molecules 
could distribute themselves among the sites. If the 
sites are all of different energies there can only 
be one equilibrium distribution of identical mole­
cules at a given pressure.

The surface of Graphon is generally considered11 
to be quite uniform. The present results do not, 
of course, contradict this conclusion since the 
heterogeneity reported here concerns only about 
1/1500 of the surface. For adsorbents such as 
argon and nitrogen the effect of this minute frac­
tion of the surface would be obscured even if the 
adsorption energies were quite different on the two 
types of surface sites. Nevertheless, the small 
amount of heterogeneity may be a critical factor in 
the observed properties of the material. It has 
been well demonstrated by Savage12 that the wear 
properties and lubricating action of graphite are 
greatly improved by the presence of water vapor 
even at low pressures. Since both graphite and 
Graphon have similar crystalline arrays of carbon 
atoms, the water adsorption on graphite must also 
mainly occur on the hydrophilic oxide and impurity 
sites. It is indeed striking that, though little of 
the surface is covered by adsorbed water molecules, 
the presence of these few molecules is sufficient to 
prevent the rapid wear of carbon brushes in electric 
motors, and to allow the use of graphite as a lubricant.

Acknowledgment.— The authors are grateful for 
the support of the Office of Naval Research, Con­
tract N8 onr-74300.

(11) R. A. Beebe, J. Biscoe, W . R. Smith and C. B. Wendell, J. Am. 
Chem. Soc., 69, 95 (1947).

(12) R. H. Savage, Ann. N. Y. Acad. Sci., 53, 862 (1951).
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FUGACITY OF WATER AT HIGH TEMPERATURES AND PRESSURES1
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Fugacitie.=_for water in the single phase range up to 1000° and 2000 bars are calculated by graphical integration of recently 
published p -v -T  data, and tabulated in terms of the fugacity coefficient. A t high pressure and low temperature the fugacity 
coefficients are slightly less than the approximate values predicted by Newton’s empirical graphs.

Reactions involving water at high temperatures 
and pressures are fundamentally important in geo­
chemical processes, and are of increasing interest 
in other fields. Consideration of equilibria in 
such systems necessitates a knowledge of the 
fugacity of water.

Method
Accurate values of the fugacity of water may 

be derived from p-v-T  data published recently 
by Kennedy.2 These data are based on measure­
ments up to 1000°, with an upper pressure limit 
decreasing from 2500 bars at 600° to 800 bars at 
1000°; values for higher pressures were extra­
polated assuming constant [dp/dT]v. For the 
range to 460° and 350 bars, the previously pub­
lished values3 were taken by Kennedy as more 
accurate. The fugacity, /, is defined4 with refer­
ence to the molal free energy in the standard 
(ideal gas) state at the same temperature, Ft, 
by the equation

F T  In /x,p =  Ax.p — Ft (1)

whence

R T  In & *  =  | v dp (2)
JT.po J  p o

where v is the molal volume. Since Kennedy’s 
data have not been reduced to an equation of state, 
the data were plotted on a large scale and inte 
grated by planimeter along isotherms.

The results are most conveniently expressed5 in 
terms of the fugacity coefficient

” = f / p  (3)

as it changes less rapidly than f  or F with p and T, 
and is therefore more suitable for interpolation, 
extrapolation or graphical representation.

The mechanical integration is inconvenient for 
pressures lower than 100 bars (or perhaps 300 bars 
at high temperatures). Base values for these low 
pressures were calculated analytically from the 
equation6

R T  In i't .p =  f P (v  -  — )  dp (4)

(1) This work was supported in part by the Geological Society of 
America and in part by the Office of Naval Research.

(2) G. C. Kennedy, Am. J. Sci., 248, 540 (1950).
(3) J. H. Keenan and F. G. Keyes, “ Thermodynamic Properties of 

Steam,”  John Wiley and Sons, Inc., New York, N. Y ., 1936.
(4) G. N. Lewis and M . Randall, “ Thermodynamics,”  McGraw- 

Hill Book Co., Inc., New York, N, Y ., 1923, p. 190.
(5) M . A. Paul, “ Principles of Chemical Thermodynamics,”  M c­

Graw-Hill Book Co., Inc., New York, N. Y ., 1951, p. 236. The fugacity 
coefficient is equivalent to the “activity coefficient” of R. H. Newton, 
Ind. Eng. Chem., 27, 302 (1935).

(6) M . A. Paul, ref 5, p. 237.

by substituting an equation of state7 valid for this

(5)

range
RT

V v — S T,p
where

■Bt . p  =  S o t  +
( S o t p ) 2 g n  . ( S o T î d 4 <7’ t

rp 1 jr3

and
j£?ot — 1.89

2641.62 X  1080870/T
T

ÇlT
82.546 1.6246 X  10s

p2

<?2T =  0.21828 —
1.2697 X  105 

T
giving

1 T d  I ( 5 otp)2 ? it i (B otP )4 ?2t1  
1 "T,p =  R T  | /0T ------- 2T------- '------- 4T2 J

The first term suffices at high temperatures.
At 200 and 300° the isotherms meet the satura­

tion line at 15.55 and 85.91 bars, respectively, so 
that the above integration does not apply for the 
range 0-100 bars. At the saturation line the 
phase corresponding to the high pressure single 
phase is the denser of the two, but its fugacity 
must equal that of the lighter phase with which it 
is in equilibrium. Equation 6 is therefore solved 
for the saturation pressure, and extended from 
there by the graphical integration.

Results
Fugacity coefficients calculated by the above 

process are shown in Table I. Multiplication by 
the pressure gives fugacity. If desired, equation 
(1) gives free energy in terms of the fugacity and 
the free energy in the standard state, taken from 
standard tables.8

If activities corresponding to liquid state defini­
tions are preferred, it may be recalled that unit 
activity for a given temperature is defined as the 
fugacity at one atmosphere pressure and the 
same temperature.9 Above the critical tempera­
ture the fugacity at such a low pressure is very 
nearly equal to the pressure, as shown in the first 
row of Table I, and the activity at higher pressure 
is

=  A .p  ”T, vy  n .
,P / t . 1 atm. 1.013 PT. 1 bar

(7) F. G. Keyes, L. B. Smith and H. T. Gerry, Am. Acad. Arts Set., 
70. 319 (1936). Units for the constants are retained from the original; 
v is specific volume in cc./g., p is pressure in int. atm., T is in °K .

(8) F. D. Rossini and others, “ Selected Values of Chemical Thermo­
dynamic Properties,” Nat. Bur. Stds., Washington, 1949-, Ser. I ll , 
Vol. 1. Free energy (referred to liquid water in equilibrium with vapor 
at 0°) in the lower range of pressures and temperatures may be calcu­
lated directly from heat content and entropy data tabulated by J. H. 
Keenan and F. G. Keyes, ref. 3.

(9) G. N. Lewis and Merle Randall, ref. 4, p. 256.
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T a b l e  I

F u g a c ity  C o e f f ic ie n t  of  W ate h

Pressure,
bars 200 300 400

------------Temperature, °C.-
500 600 700 800 900 1000

l 0 .995 0 .99 8 0 .99 9 0 .99 0 1.000 1.000 1.000 1.000 1.000

100 .134 .701 * .874 .923 .952 .969 .980 .987 .993
200 .070S .372 * .737 .857 .909 .938 .960 .975 .985
300 .0497 .259 .602 .764 .867 .913 .941 .962 .979
400 .0392 .204 .483 . 735 .830 .886 .923 .950 .963
500 .0331 .172 .412 . 655 .789 .861 .906 .943 .956
600 .0290 .150 .361 .599 .751 .838 .890 .931 .951
700 .0261 .135 .325 .555 .747 .818 .881 .927 .948
800 .0253 .124 .299 .517 .693 .800 .868 .919 .947
900 .0225 .115 .281 .472 .666 .783 .861 .916 .944

1000 .0213 .109 .264 .455 .642 .765 .851 .910 .944
1100 .0203 .103 .251 .436 .622 .750 .842 .907 .944
1200 .0196 .0991 .241 .420 .604 .737 .834 .904 .945
1300 .0190 .0956 .233 .406 .589 .725 .827 .901 .946
1400 .0185 .0928 .226 .395 .577 .715 .821 .899 .948
1500 .0181 .0906 .220 .385 .566 .706 .816 .898 .950
1600 .0178 .0887 .216 .377 .556 .698 .811 .897 .952
1700 .0176 .0872 .211 .370 .548 .691 .807 .897 .955
1800 .0174 .0860 .208 .365 .542 .685 .803 .896 .957
1900 .0173 .0850 .205 .360 .535 .680 .800 .896 .959
2000 .0172 .0843 .203 .356 .530 .676 .798 .896 .962

* Two phase region— do not interpolate.

Between 100 and 374°, high density (“ liquid” ) 
water cannot be brought down to the 1 atm. 
standard state without a phase change. If ac­
tivity is to have any meaning in this range, it 
must be in terms of the fugacity of hypothetical 
liquid water at 1 atm. An approximate value 
may be calculated by extrapolating the specific 
volume of liquid water from the empirical formula 
of Keenan and Keyes10
v =  3.086 -  0.899017(374.1 -  ¿)°- 147168 -

0.4(385 -  i ) -1 -6 (p -  218.5) +  5 (8)

5 is a function of p and t, that was determined 
graphically by Keenan and Keyes. However, 
their determinations are not available so that this 
factor will have to be neglected here, although it is 
probably insignificant except close to the critical 
point. Integrating according to equation 2 from 
1 atm. to the saturation pressure ps gives

R T  In ^T,P8- =  [3.086 -  0.899017(374 -  I)0-147166 +
/ t , 1 a tm .

87.5(385 -  i ) -1 -el(Ps -  1) +  0.2(385 -  i ) “ 1-6 (p»2 -  1)
(9)

In conjunction with the fugacities at the saturation 
point already calculated above from equation 6, 
this gives fugacities / 2000, 1 atm. =  13.62, and 
/3oo°, 1 atm. = 67.69. These values are used in the 
denominator of equation 7 to calculate activities at 
high pressure from the fugacity coefficients of the 
first two columns of Table I. Lewis and Randall11 
have pointed out the complications arising from 
multiple definitions of activity. Because of the 
hypothetical character of its definitive standard 
state and ambiguity of definition, activity is

(10) J. H. Keenan and F. G. Keyes, ref. 3, p. 20. Units for the 
constants are retained from the original: v is specific volume in cc./g., 
p is in int. atm., t  is in °C.

(11) Reference 4, p. 257.

probably a less satisfactory function than fugacity 
above the normal boiling point of a fluid.

Discussion
The data of Table I do not all lie on smooth 

curves. Measurements and calculations have been 
double checked in all such cases. However, no 
attempt was made to redraw the p-v isotherms to 
give a smoother series of values. Some of the 
discrepancies may have originated in drawing the 
isotherm curves, and some may lie in the original 
data. Both could be corrected by reduction to an 
equation of state using least squares adjustment, 
as has already been done for the lower tempera­
tures and pressures. In plotting the p-v iso­
therms no deviations from the smooth curves were 
noticeable except at 1000°, where the deviations 
from the regular curve were somewhat more than 
the stated precision of the measurements.

Newton has compared fugacity coefficients of 
various gases by means of the law of correspond­
ing states.12 At low temperatures and high pres­
sures the values in Table I above are somewhat 
less than the average of the several substances 
used by Newton in constructing his curves. For 
example, at 400° and 2000 bars, Newton’s curves 
predict v =  0.24, compared with 0.20 calculated 
(Table I). At high temperatures the calculated 
values are a little higher than predicted. The 
former discrepancy is not surprising in view of 
equation 5, which requires more than 3 inde­
pendent constants for the equation of state, in 
which case the law of corresponding states would 
not be expected to hold exactly. At the low 
molal volume corresponding to this temperature 
and pressure, even equation 5 is inadequate as an 
equation of state.13

(12) R. H. Newton, ref. 5.
(13) F. G. Keyes, L. B. Smith, and H. T. Gerry, ref. 7.
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A SELECTIVITY SCALE FOR SOME MONOVALENT CATIONS ON DOWEX 50
B y  0 . D. B o n n e r 1
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Equilibrium studies involving lithium, hydrogen, sodium, ammonium, potassium and silver ions on Dowex 50 resins of ap­
proximately 4 and 1 6 %  divinyl benzene content have been made while maintaining a constant ionic strength of approxi­
mately 0.1 molar. These results are compared with those reported previously for an approximately 8 %  divinyl benzene 
resin, and a quantitative selectivity scale has been established for these resins.

Introduction
Although heterogeneous cation-exchange equilib­

ria may be formulated in terms of the Langmuir 
adsorption mechanism2 or of the Domian mem­
brane equilibrium,3 perhaps the formulation most 
susceptible to simple thermodynamic treatment is 
that based upon the application of the law of 
chemical equilibrium to the exchange, regarded 
as a simple me'athetical reaction.

Thus when both of the cations are univalent, 
let us consider the reaction to be that represented 
by the equation

( A +L  +  ( B +), =  ( A +)s +  (B + ) .

where A+ and B+ are the cations involved in the 
exchange and the subscripts i and o represent the 
resin phase anc. the outside solution, respectively. 
From a purely thermodynamic viewpoint, then, 
the following equation should be applicable

OfApiUtBpo _  ^  ^
«( Apoaospi

where a<a+j0 and a<Bp0 are the activities of the 
respective ions in the solution and a(A+)i and 
a<B+)i the activities of the two ions in the resin 
phase when equilibrium has been attained, and K, 
the activity quotient, must be constant at a fixed 
temperature. If the aqueous solution is sufficiently

0 20 40 60 80 100
Mole %  hydrogen resin.

Fig. 1.— Hydrogen-lithium exchange.

(1) These results were developed under a project sponsored by the 
United States Atomic Energy Commission.

(2) G. E. Boyd, J. Schubert and A. W. Adamson, J. Am. Chem. Soc., 
69, 2818 (1947).

(3) W . C. Bauman and J. Eichhorn, ibid., 69, 2830 (1947).

dilute so that the ratio of the activity coefficients 
of the ions is approximately unity, the above rela­
tionship may be expressed by the equation

C'(A+)iC'(Bpo'>'(A-|-)i _  . 'YtApi _  K  
C'(A+)oC'(B+)i'V(B+)i ^(Bpi

where y represents the activity coefficient of the 
ion in the resin phase and k  is the experimental 
selectivity coefficient or equilibrium quotient.

At this point one must choose a standard refer­
ence state for the ions in the resin phase. Perhaps 
the preferable reference state from a theoretical 
viewpoint would be the infinitely dilute aqueous 
solution. For this choice, K  would necessarily be 
unity, since at equilibrium ct(A+)i =  « capo and 
«(Bui =  U(B+)o- The selectivity coefficient, k, 
would then be equal to the activity coefficient 
ratio T(B+)i/T(A+)i. From a practical viewpoint, 
however, it is preferable to choose as a standard 
reference state for the resin, the resin anion with 
only one associated cation,4'5 so that the activity 
of each pure resin is unity. For this choice of 
standard states it is found that the equilibrium 
constant may be calculated from the equation4

log K  =  I log k dN  (3)
J  o

where N represents the molar fraction of the resin 
associated with A+. Equation 3 was used for

0 20 40 60 80 100
Mole %  sodium resin 

Fig. 2.— Sodium-hydrogen exchange.

(4) O. D. Bonner, W . J. Argersinger and A. W . Davidson, ibid., 
74, 1044 (1952).

(5) E. Ekedahl, E. Hôgfeldt and L. G. Sillén, Acta. Chem. Scand. 
4, 556 (1950).
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0 20 40 60 80 100
Mole %  ammonium resin.

Fig. 3.-— Ammonium-hydrogen exchange.

calculating the equilibrium constants presented in 
this paper.

Experimental and Discussion
Equilibrium studies involving exchanges of six 

monovalent cations on Dowex 50 resins of ap­
proximately 4 and 16% divinyl benzene content 
have been made at 25°. A description of this 
synthetic cation-exchange resin has been given by 
Bauman and Eichorn.3 The experimental pro­
cedures have been described in detail previously.6-7 
The capacities of the 4 and 16% DVB resins in 
the dry acid form were 5.13 and 4.72 meq./g., 
respectively. These figures may be compared 
with 5.10 meq./g. for the 8% DVB resin previously 
reported.6 While it is unfortunate that the 
capacity of the 16% DVB resin is low, probably 
due to incomplete sulfonation, it is believed that a 
significant comparison may be made between the 
affinities of these ions for the three resins.

The data representing the maximum water 
uptake of these resins in the various ionic forms 
and the selectivity of the resins for the ions rela­
tive to the lithium ion taken as unity are presented 
in Tables I and II (the values in Table II were 
calculated from the equilibrium constants for the 
various exchange reactions). The experimental 
selectivity curves (equilibrium quotient, k, vs. 
resin composition) are presented in Figs. 1-5. In 
each instance the corresponding data for the 8% 
DVB resins are given for convenience of compari­
son. The selectivity of the resin for any ion, rela­
tive to lithium, is noted to increase with increasing 
DVB content; i.e., decrease in maximum water 
uptake. The hydrogen ion on the 8% DVB is an 
apparent exception. The maximum water uptake 
of each resin in any ionic form is noted to be in­
versely related to its affinity for these ions, hydro-

(6) O. D. Bonner and Vickers Rhett, Tins Journal, 57, 251 (1953).
(7) O. D. Bonner and W. H. Payne, ibid., 58, 183 (1954).

0 20 40 60 80 100
Mole %  potassium resin.

Fig. 4.— Potassium-hydrogen exchange.

0 20 40 60 80 100
Mole %  silver resin.

Fig. 5.— Silver-hydrogen exchange.

gen and lithium ions being apparent exceptions in 
the case of the 4 and the 16% DVB resins. These 
exceptions are believed to be real, as these data 
were reproducible. It is also of interest to note 
that the selectivity coefficient-resin composition 
curves for any pair of ions are similar, with the 
curve for the highest DVB content resin showing 
the greatest changes in slope. This fact results 
in a distinct reversal of selectivity in the sodium- 
hydrogen exchange on 16% DVB, the hydrogen 
ion being preferred by the resin when it is pre­
dominantly in the sodium form. For all of these 
exchanges except the silver-hydrogen and hydro­
gen-lithium exchanges, the 16% DVB resin ex­
hibits less selectivity than the lower cross linked 
resins when it is predominantly in the salt form.
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T a b l e  I

M a x im u m  W a te r  U p t a k e  o f  D o w e x  50 R esin s  in  V ar io us

I o n ic  F o rm s ( g . / e q u iv .)
4%  DVB 8% D VB 16% DVB

Li+ 418 211 130
H  + 431 200 136
N a + 372 183 113
n h 4+ 360 172 106
K  + 341 163 106
Ag + 289 115 102

A final point of interest is the possible effect of 
the capacity of the resin upon its selectivity. 
In a previous paper6 results were given for sodium- 
hydrogen and silver-hydrogen exchanges on a 
nominal 16% DVB resin having a capacity in the 
dry hydrogen form of 5.10 meq./g. The equilib­
rium constants were found to be 1.74 and 16.1

T a b le  II

Se l e c t iv it y  Sca le  for  D o w e x  50 R esins

4%  DVB 8%  DVB 16% DVB

Li + 1.00 1 .00 1 .00
H + 1.30 1 .26 1 .45
N a + 1.49 1 .88 2 .2 3
n h 4+ 1 .75 2 .2 2 3 .07
K  + 2 .09 2 .63 4 .15

Ag + 4 .00 7 .36 19.4

for the sodium-hydrogen and silver-hydrogen 
exchanges, respectively. These results may be 
compared with the values of 1.54 and 13.4 for this 
resin of lower exchange capacity. Although both 
resins were classified as nominal 16% DVB, it is 
possible that a part of the difference in equilibrium 
constants for the same exchange reactions may be 
due to a slight difference in the cross-linkage.

T H E  D I E L E C T R I C  B E H A V I O R  O F  S O R B E D  W A T E R  O N  S I L I C A  G E L

B y Shigehiko K urosaki

Department of Applied Physics, Central Research Laboratory, Hitachi, Ltd., Tokyo, Japan
Received October 28, 1958

For the purpose of clarifying the state of sorbed water on silica gel, the sorption isotherms of water vapor on silica gel 
were obtained to determine the differential heat of sorption, as well as to measure the changes in the apparent dielectric 
constant of silica gel powder caused by an increase in water content and to calculate the specific polarization of the sorbed 
water. The apparent loss factor of silica gel having different moisture contents was also measured in the frequency range 
of 2 k c ./se c .-l M e./sec. As a result, it has been ascertained that three different states exist for sorbed water on silica gel. 
In the first sorption stage (water content < 1 5  m g ./g .), the sorbed water indicates a very low specific polarization; it is 
firmly bound to the silica gel surface, and has a high heat of sorption. In the second sorption stage (15 -94  m g ./g .), the 
sorbed water is assumed to be in the condition similar to that of water dissolved in organic solvents. Sorbed water in the 
third sorption stage (> 9 4  m g./g .), generally present in trimolecular layers or more, is considered as capillary condensed 
water, showing a maximum loss factor in the vicinity of 10 kc./sec. The (/'„a* value can be explained semi-quantitatively 
by the theory of binary aggregates, and it is surmised that capillary condensed water on silica gel has a much more strongly 
developed hydrogen bonding (approaching that of ice) than liquid water.

Introduction
In determining the states of gases or vapors 

sorbed on solids, the measurement of apparent di­
electric constant is a very helpful method that has 
been employed by several researchers to date.1-7 
Especially when water vapor is the adsorbate, 
dielectric measurements are believed to be an 
effective means of determining the macroscopic or 
microscopic states of the water, because of its 
strong polarity.

In previous publications,8-10 it was considered 
that water sorbed on solid polymers is similar in 
construction to water dissolved in organic solvents, 
and that interaction among the molecules of the 
sorbed water is not so strong. It has been estab­
lished that the plots showing the relation between 
the dielectric constant and water content of vinyl

(1) J. V. Zhilenkov, Colloii J. ( U.S.S.R.), 4, 473 (1938).
(2) I. Higuti, Science Rep. Tohoku Lniv., [1] 33, 174 (1949).
(3) Ibid., 33, 99 (1949).
(4) M . Shimizu and I. Higuti, T his Joubnal, 56, 198 (1952).
(5) L. N. Kurbatov, Zhur. Fiz. Khim., 24, 899 (1950).
(6) R. McIntosh, E. K. Rideal and J. A. Snelgrove, Proc. Roy. Soc. 

(London), A208, 292 (1951).
(7) J. A. Snelgrove, H. Greenspan and R. McIntosh, Can. J. Chem., 

31, 72 (1953).
(8) S. Kurosaki, J. Chem. Soc. Japan, Pure Chem. Sect., 71, 522

(1950).
(9) Ibid., 72, 688 (1951).
(10) Ibid., 72. 990 (1951).

polymers are nearly linear, but that in the case of 
sorbed water on paper alone, the water is present 
in two different states separated by a certain water 
content.

The changes in the dielectric constant of silica 
gel due to differences in water content, already 
reported by McIntosh and others,6'7 show that 
sudden variations in polarization of the sorbed 
water are observed before and after a certain 
moisture content, as in the case of water sorbed on 
paper. In this respect the results are similar to the 
facts observed by Higuti from the plots showing the 
apparent dielectric constant vs. moisture content 
relation of n-propyl alcohol adsorbed on titania 
gel, the only difference being that the polarization 
of the first stage sorbed water shows higher value 
than that of water sorbed after the first stage.

As for the absorption of electromagnetic energy 
by silica gel with a moisture content, the results of 
McIntosh’s measurements do not indicate a Debye- 
type dispersion, and are therefore considered merely 
as showing dispersion caused by ion conduction at 
low frequencies. In this respect also further 
re-examination was desirable in connection with 
the restriction of the dipoles of sorbed water, and a 
detailed examination of the frequency character­
istics of the loss factor has been made in this paper.

The fact that the molecules of water sorbed on 
solids are firmly bound to the surface of the solid
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adsorbent is clear from the extremely high heat 
of sorption, and changes of the wave length of 
infrared absorption spectra accompanying the 
vibration of the OH bond in the molecules,11'12 
but observations of the loss factor for solids, having 
a moisture content to examine the restricted rota­
tion of the OH dipoles are rather few in number, 
aside from the studies made by McIntosh and 
others. Takeda13 has observed the dielectric 
dispersion of water sorbed on timbers, and dis­
covered that the maximum loss factor, e"max, 
was observed in the vicinity of 1000 Me./sec., the 
maximum value shifting toward a higher frequency 
as the water content was increased. The same 
phenomenon was observed in the present study on 
silica gel sorbed water, and it is believed that 
success was obtained in clarifying to a certain extent 
the form of water vapor adsorbed by inorganic 
porous substances.

Experimental
For the experiments, silica gel of 70 mesh or less was ac­

tivated in vacuo at 250 °. The sorption isotherms were ob­
tained by measurements with a quartz spring balance at 25 
and 3 5°. The dielectric cell consisted of two nickel coaxial 
cylinders covered by a glass receptacle, which could be 
joined to a vacuum system through a joint. The capacity 
of this cell in air was about 22 w f.

The equipment for the measurement of the dielectric 
constant was a heterodyne beat apparatus in which the sig­
nal was supplied by a Hartley oscillator. Measurements 
were made at frequencies of 500 kc./sec. and 1 M e./sec.

For measurements of the power factors (tan &), an electric 
bridge manufactured by the Yokogawa Electric Co. was 
used for the 1 k c ./sec .-24  kc./sec. frequency range, while a 
Q-meter made by the same company and a resistance sub­
stitution type dielectric loss angle measurement apparatus 
made by the Riken Electric Instrument Co. were jointly 
used for the 80 k c ./s e c .-l  M e./sec. frequency range. The 
amount of water sorbed on silica gel was not measured di­
rectly, but deduced from the isotherms, after causing the 
gel in the dielectric cell to reach the sorption equilibrium.

Results
(1) Sorption Isotherms and Heat of Sorption.—

The sorption isotherms of silica gel at 25 and 35°,

0 0.2 0.4 0.6 0.8 1.0
p/p°-

Fig. 1.— Isotherms of water : silica gel system: A, 2 5 °; B, 
35°.

(11) K. Kuratani, Rep. Rad. Chem. Research Inst., Tokyo hniv., 
3, 14 (1948).

(12) R. Kawai, Rep. Central Res. Lab. Hitachi, 746 (1951).
(13) M. Takeda, Bull. Chem. Soc. Japan, 24, 169 (1950).

shown in Fig. 1, indicate those of a sigmoid type. 
The moisture content a is shown by the amount of 
water in milligrams, adsorbed by 1 gram of dry 
silica gel. On the horizontal axis, p/po expresses 
the relative pressure, representing the ratio of the 
equilibrium water vapor pressure p, and the satur­
ated vapor pressure of water p0 at the measuring 
temperature.

The differential heat of sorption can be obtained 
for each point on the isotherms shown in Fig. 1 
by employing the Clapeyron-Clausius formula. 
If q is taken to represent the difference between 
the differential heat of sorption and the heat of 
condensation in water, the relation between q 
and a is as shown in Fig. 2. The first stage sorbed 
water indicates a heat of sorption higher by 10-20 
keal. than the heat of condensation, 9.7 kcal./mole 
for water, but this value decreases suddenly as the 
moisture content is raised, becoming several kilo­
calories in the moisture content range of 20-60 
mg./g., and nearly coinciding with the heat of 
condensation of water in the vicinity of a moisture 
content of 100 mg./g. This indicates that sorbed 
water over this point is thermodynamically in the 
same state as liquid water.

(2) Surface Area of Silica Gel.— Examination 
as to whether Brunauer, Emmett and Teller’s14 
theoretical formula of multimolecular layer ad­
sorption conforms to the measured results as shown 
in Fig. 1 provides an useful reference for assuming 
the condition of the sorbed water. According to 
the BET formula, if am is the adsorbed amount of 
water necessary to form a monomolecular layer, 
we obtain the equation

p/a(p0 — p) = 1 /amc +  {(c — l)/amc\(p/p0) (1)
In the above, c is a constant. If formula 1 holds 
true, it follows that a linear relation should be 
obtained between p/a(p0 — p) and p/p<>. Ex­
amination of the measured results shows that this 
linear relation clearly exists, as indicated in Fig. 3. 
The values am and c are obtained from this line. 
When am is obtained, the effective surface area of 
silica gel can be calculated from Emmett and 
Brunauer’s formula,16 yielding a value of approxi-

Water content, a (m g./g .).
Fig. 2.— Differential heat of sorption.

(14) S. Brunauer, P. II. Emmett and E. Teller, J. Am. Chem. Soc., 60, 
309 (1938).

(15) P. If. Emmett and S. Brunauer, ibid., 59, 1553 (1937).
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Fig. 3.— B E T  plots of sorption data: A, 3 5 ° ; B, 25°.

mately 143 m.2/g. The surface area of silica gel 
recently has been obtained by Van Nordstrand and 
co-workers,16 and the above value may be consid­
ered to be generally acceptable in point of order. 
When the value p/po is approximately 0.4 or less, 
the BET theory of multimolecular layer adsorption 
generally holds true, and it is believed that the 
sorption of water vapor may be safely taken as 
indicating the adsorption on the silica gel surface.

(3) Differential Specific Polarization of Sorbed 
Water.—Dry silica gel powder was placed within 
the dielectric cell previously described,8 and tapped 
lightly to fill it solidly. The apparent specific 
gravity of silica gel is 0.37. Taking ea as the appar­
ent dielectric constant of this powder, the relation 
between ea and the moisture content of the gel is 
presented in Fig. 4.

As may be seen from the above, the inclination 
of d€a/da  indicates a sudden change with moisture 
contents of 15 and 94 mg./g. as dividing points. 
In a previous paper9 reporting on the t-a relation 
of vinyl polymers and condenser paper, it was 
stated that the ea-a  relation of vinyl polymers is 
practically linear, showing no sudden changes in 
the ea-a  relation, while a similar relation to present 
results has been obtained in the case of condenser 
paper. This is taken as a clear indication that sorbed 
water possessing different degrees of polarization is 
present. For the sake of explanation, we will divide 
the sorption condition into three stages, starting 
with the stage showing a low dea/da gradient, 
namely, the first sorption stage (<15 mg./g.), 
second stage (15-94 mg./g.) and third stage (>  
94 mg./g.).

According to the Fuoss-Kirkwood theory,17 
the following relation exists between the specific 
polarization pk of a substance and its dielectric 
constant e.

,  DP. 4- 1) ;
y e  p

The increments Ap, and At of specific gravity and 
dielectric constant p, t by the addition of an ex­
tremely small quantity of water Au>,g., having a 
polarization of pw is expressed thus

(16) R. A. Van Nordstrand and co-workers, T his Journal , 65, 621
(1951).

(17) R. M . Fuoss and J. G. Kirkwood, J. Am. Chem. Soc., 63, 385 
(1941).

Fig. 4 .— Relations between dielectric constants and sorbed 
amount of water (25 °): A, 500 kc.; B, 1,000 kc.

Pw
1

p Aw +

1 ) (2e2 +  l)A e _  (e -  l)(2e +  1)
pAw Ì 9 e2 9 ep2

(3)

(4)

In the case of water, the second term of formula 4 
is a value that may be neglected by approximation. 
Hence

~  2e2 +  1 Ac 
9 t 2p Aw (5)

Expressed as a differential equation, the differential 
specific polarization pw is shown as

2e2 +  1 òi 
9 e 2p ÒW (6)

The differential specific polarization of sorbed 
water on silica gel can be calculated from the 
apparent dielectric constant ea, and the apparent 
specific gravity pa, which may be used instead of 
e and p, respectively, to obtain the differential 
specific polarization pw of adsorbed water. The 
differential specific polarizations of water adsorbed 
on the gel are listed in Table I.

T able I

D ifferential Specific Polarization of Adsorbed
Water

Water
content, '--------------- -pvr

a (mg./g.) 1 Mc./sec. 5 kc./sec.
1st sorption 0 ~  15 1.15 ~  l

stage
2nd sorption 20 7.50 ~  8

stage 50 7.02 ~11
80 7.39 ~  9

3rd sorption 93 23.0 ~ 23
stage 100 22.2

(4) Dielectric Losses of Water-Sorbed Gel.—
The apparent dielectric constant and loss factor
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of moist silica gel were measured over a frequency 
range of 2-1.000 kc./sec. The results, shown in 
Fig. 5, indicate that water-sorbed silica gel in the 
3rd sorption stage shows a maximum apparent loss 
factor t'l between several kilocycles and ten-plus- 
several kilocycles. It was also observed that the 
maximum point shifts toward higher frequencies as 
the moisture content is increased.

Discussion
The specific polarization of sorbed water in the 

first sorption stage, as shown in Table I, shows a 
value in the vicinity of 1, and is very small. Water 
in gas phase, or in dissolved state in non-polar 
solvents shows a specilic polarization of approxi­
mately 4, while similar values are obtained for 
water vapor adsorbed on organic high polymers. 
In the case of liquid water, with a more strongly- 
developed hydrogen bond than the above, the value 
should be 17.7. The fact that sorbed water in the 
first sorption stage shows such a comparatively low 
polarization seems to suggest that the water mole­
cules are firmly bound to the surface of silica gel. 
The fact that the value ea" for gel having a moisture 
content, of 15 mg./g. or less is nearly zero throughout 
the entire frequency range seems to prove the above 
assumption.

Adsorbed water in the second sorption stage 
possesses a specific polarization of approximately
8—11, which is somewhat higher than that of water 
molecules in the form of vapor or in dissolved 
state. Moreover, the value e" steadily increases 
as the frequency is lowered, and may be considered 
to increase until the frequency is decreased to 
fifty cycles, as has been observed by Brake- 
Sehiitze (1935) on timbers adsorbed water, leading 
to the belief that the loss is caused by ion conduc­
tion. It may be concluded therefore that adsorbed 
water in the second sorption stage does not possess 
a fixed time constant, and that interaction among 
the sorbed water molecules is slight, with different 
degrees of freedom in the dipole rotation of each 
molecule and a wide distribution of relaxation 
time.

The ea" value of adsorbed water in the third 
sorption stage indicates a very distinctive tendency, 
which is very interesting when considering the 
state o: sorbed water in excess of this stage. The 
maximum ea" value occurs in the neighborhood of 
10 kc./'sec., and this phenomenon, indicating that 
the soi bed water possesses a fixed time constant, 
may be interpreted in two different ways. One 
methoc is to consider that the OH dipoles of the 
sorbed water have a restricted rotation. Takeda18 
assumes the relaxation time of the OH dipole 
rotation of sorbed water in timbers to be 1.9-1.3 
X 10-10 sec. at a water content of 10-20%, resulting 
in an e"max value at 840-1230 Me./sec., and pre­
sumes a restricted rotation of the dipoles. Inas­
much as the same tendency is observed in the case 
of third stage sorbed water on silica gel, a similar 
explanation should hold true. Sorbed water in the 
third sorption stage is in a strongly bound condi­
tion, and since its specific polarization is even 
greater than the 17.7 for liquid water, it is considered 
to have a much more strongly developed hydrogen- 
bond than liquid water, the molecules being

Frequency in c./ser.
Fig. 5.— Upper part, dielectric constant; lower part, loss 

factor; e'„ and e"a of water-sorbed silica gel at 12°: A, a =  
143 m g ./g .; B, 107; C, 93; D , 85.

oriented to some extent into a condition close to 
that of ice. According to results of experiments 
by Humbel, Jona and Scherrer18 on a single crystal 
of ice, the e"max value of ice at 0° is believed to occur 
in the vicinity of 20 kc./sec. The fact that the 
maximum points in the case of sorbed water in the 
third sorption stage also occur at nearly the same 
frequencies supports this assumption.

The second explanation is based on the formation 
of capillary condensed water. In this case, sorbed 
water is believed to condense as bulk water within 
the capillaries of silica gel, forming a different 
phase in relation to the silica gel, and causing the 
maximum ea value to occur. Examination of the 
surface of silica gel under an electron microscope 
reveals the presence of innumerable circular orifices 
showing that the capillaries of silica gel are mainly 
of the pinhole type. Consequently, the shape of 
the capillary condensed water may be approxi­
mated as elongated rotational ellipsoids, to which the 
Sillars19 theory of the binary aggregate of dielec-
tries can be applied.

Using the Sillars theory as a binary aggregate 
model for silica gel and capillary condensed water,
we obtain

i f  =  Caco +  «aoW/U +  u >2T 2) (7)
e" = efoAwT/(l +  u j2 t 2) (8)

N  =  Fra2e'0/U 'l0(re -  1 )  +  « ¿ } (9)
t  =  |do ( n  — 1) +  e,t!/4 xov (10)

ea 00 = do[l +  n V  (</• — «ioVDaO (n — 1) +  €¿11 (11) 
Where eao represents the apparent dielectric con­
stant of cumulated silica gel powder with no con­
densed water, r the relaxation time, V the volume 
fraction of condensed water in cumulated gel 
powder (including the air spaces between the par­
ticles of gel), ek, «w the dielectric constant and 
specific conductivity of the condensed water, and 
n the form constant, which is a function of the axial 
ratio when the condensed water is considered as a 
rotational ellipsoid. ea„ is the apparent dielectric 
constant at the infinite frequency.

(18) F. Humbel, F. Jona and P. Scherrer, H elv . Phys. Acta, 26, 17 
(1953).

(19) n. W . Sillars, ./. Inst. Eire. End., 80, 378 (19.37)
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As may be seen from formula 10, the higher the 
n value (that :s, the longer and thinner the shape 
of the condensed water), and the smaller the aw 
value, the lower the frequency at which the maxi­
mum €a value is obtained. Again, when the fre­
quency is sufficiently high (cct 1) and the value 
n is extremely great, formula 12 is obtained from 
formulas 7 and 11

d — do +  F(dv — do) (12)
This agrees with the formula used by Higuti and 
others20 in obtaining the dielectric constants of 
sorbed substances. Application of formula 12 
for calculation of third stage sorbed water on silica 
gel yields a e'w value of approximately 90. In 
order to determine whether the measured results 
shown in Figs. 4 and 5 fulfill Sillars’ formula above 
described, we will first take «io as the d  value of 
2.26 for a = 94 mg./g. in the results shown for 1 
Me./sec. in Fig. 4. Since el is 2.62 for a water 
content of 107 mg./g., and the apparent specific 
gravity of dry silica gel is 0.37, we obtain V — 
0.0048, considering that the specific gravity of 
condensed water is generally equal to that of liquid 
water. Taking the dielectric constant of sorbed 
water to be the same as that for liquid water, we 
obtain from formula 11 the form constant value 
n — 600. Separately, using the value 4.2 repre­
senting the diherence of el before and after disper­
sion at 107 mg./g., as shown in Fig. 5, the value 
n can be obtained by employing formulas 7 and 9. 
Since 6a — 6aa, — 4.2 when wr = 0, N ^  1.86. 
Taking 6(v =  80, and introducing the value N into 
formula 9, we obtain n — 400. In any case, the 
fact that n indicates a high value of several hundred 
shows that the axial ratio of the condensed water 
is 40-50, indicating a long and narrow shape. 
Moreover, as the e'lma.x. for this water content 
occurs at 13 kc./sec. (Fig. 5), the value r =  1.22 X 
10“ 5 sec. Consequently, if n = 600, from formula 
10, (jw =  9.3 X 105 e.s.u. or 1 X 10~6 mho; if n = 
400, 0.7 X 10 6 mho. These coincide, respec­
tively, with the specific conductivity of water dis­
tilled in vacuum, or that of ice.

We may calculate the maximum value of e "

Frequency in c./sec.
Fig. 6.— Upper part, dielectric constant; lower part, loss 

factor; e'a and f " a of water-sorbed silica gel containing 
NaCl (1 2 °): A, a =  132 m g ./g .; B, 102; C, 86.

(20) I. Higuti, Bull. Inst. Phys. Chem. Res. Japan. 20, 489 (1941);
G. H. Argue and O. Ma.iss, Can. J. Research, B 13 , ].r>fi (19.35).

This can be obtained by including the values ur =  
1 and N =  1.86 into the right side of formula 8, 
yielding a calculated value of 2.1. The observed 
value shown in Fig. 5 is slightly higher, being 
approximately 2.8, but since the e’i  of silica gel at 
the beginning of condensation of its water (at a =  
94 mg./g., 13 kc./sec.) requires a value of approxi­
mately 1, it will be seen that the observed value 
closely matches the calculated value when this value 
is subtracted.

As is clear from the above calculations, a quanti­
tative explanation of the observed results can be 
made easily and readily if the adsorbed water in 
excess of 94 mg. /g. is considered to exist in a phase 
having the same dielectric constant, specific 
gravity and electroconductivity as liquid water. 
This supposition is further borne out by the fact 
that the heat of adsorption begins to coincide with 
the heat'of condensation of water starting at about 
this point.

However, this does not mean that adsorbed 
water in the third sorption stage can be identified 
as liquid water, because its specific polarization is 
higher than that of liquid water. In order to 
further examine the physico-chemical properties 
of so-called condensed water, the following experi­
ment was carried out.

Activated silica gel was immersed in a 0.01 N 
solution of NaCl and dried in vacuo at 250°. This 
desiccated material was allowed to absorb moisture 
and the same measurements as shown in Fig. 5 
were made. If condensed water were identical 
with ordinary liquid water, it would dissolve the 
NaCl on the surface of the gel; consequently, the 
crw value would increase and the maximum point 
of e." in the gel having a water content corresponding 
to the third sorption stage should appear on a 
much higher frequency than shown in Fig. 5. 
However, the observed results, as shown in Fig. 6, 
indicated practically no change in the frequency, 
proving that so-called capillary condensed water 
exists in such a condition that is not able to dissolve 
an electrolyte. This fact, coupled with the ob­
servation that the polarization of adsorbed water 
in the third sorption stage is much stronger than 
that of liquid water, is believed to suggest that 
capillary condensed water is water in a more solid 
state than liquid water, and that it possesses char­
acteristics approaching those of ice. This con­
clusion, in effect, is the same as that derived from 
the explanation based on restricted dipole rotation 
described earlier in this article.

Also, in Fig. 5, the maximum e'l value is seen to 
shift gradually toward a higher frequency as the 
water content in the third sorption stage is in­
creased. This is probably due to the fact that the 
average form constant n becomes smaller because 
of the condensation of water in capillaries of large 
diameter, which, according to formula 10, causes 
the value t to decrease gradually.
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Hydrolysis of thorium(IV) in perchlorate and chloride solutions (y  =  ca. 1) was studied potentiometrically with a glass- 
calomel electrode system as a function of thorium concentration (2.5 X  10“ 4 to 1.5 X  10~* M) and acidity. The existence 
of the unhydrolyzed species T h +J was confirmed. The hydrolytic reactions up to a hydroxyl number (average number of 
hydroxide ions per thorium) n = ca. 2 were found to be readily reversible. The hydrolysis of thorium(IV) is concentration 
dependent, even in the early stages of hydrolysis. Even for n <  0.5 several hydrolysis products must be postulated to 
explain the data. Of these, the species T h (0 H )2+2 and Th2(0 H )2+6 seem to be definitely established, and estimates of their 
stability constants are given. The equilibrium constant for the reaction, T h +4 +  2H 20  <=> T h O H +3 +  H 30 +, was found to 
be surprisingly small (ca. 5 X  10~5) compared with the constants for U +4 and P u+4 (ca. 3 X  10-2 ) and could not be estab­
lished with certainty. Other species including higher polymers probably are formed during the hydrolysis. The thoryl ion 
or a polymer of it ((T h (O H )2)»}:2) does not show great stability. Hydrolytically thorium(IV) appears to be sufficiently 
different from U (IV ) and P u(IV) to make it questionable if it should be included in the same rare-earth-like series (actinide 
or thoride).

I t  has been show n  th at u ra n iu m (IV )2'3 and 
p lu ton ium  ( I V ) 2'4 can  exist as the h ydrated  and 
u n h ydrolyzed  ions M + 4 (or M (H 20 ) z+4) in a cid ic  
solutions and  th at their in itial h yd rolysis  occurs 
a ccord in g  to  the equ ilibrium

M +4 +  2H aO M O H +  +  H 30  + (1)

w ith  equ ilibrium  con stan ts 0 .032 (U + 4 2) and 
0.025 (P u + 4 2'6) at ion ic  strength  p =  0.5. S ince 
th oriu m  has been considered  a m em ber o f the sam e 
rare-earth-like series (actin ide or th orid e6), com ­
parison o f its h y d ro ly tic  properties w ith  th ose  o f the 
other m em bers o f  the series was o f in terest to  
determ ine if  strict in terpretation  o f a “ rare-earth”  
hypoth esis is su p ported  b y  the beh av ior o f the 
ions in aqueous solutions.

T here  is considerable d isagreem ent in the litera­
ture regarding the m echanism  o f h yd rolysis  o f 
T h (I V ) . K asper7 con clu ded  from  m easurem ents 
o f  th e  h ydrogen  ion  con cen tration s o f  thorium  
nitrate solu tions th at the first step in the h yd rolysis  
fo llow s eq. 1, and estim ated  an equilibrium  con ­
stant o f  ca. 4 X  10~ 4. H ow ever, his experim ents 
were n ot carried ou t w ith  sufficient precision  or 
over a su fficiently  w ide range o f con d itions to  
establish this m echanism  defin itely . C hauvenet, 
T on n et and S ou teyran d -F ran ck 8'9 had  earlier 
con clu ded  from  co n d u ct iv ity  and th erm ochem ical 
m easurem ents o f  thorium  ch loride and thorium  
nitrate solu tions that the principal h y d ro ly tic  
reaction  is

T h + 4 +  4 H ,0  ^ r ± ;  T h(O H )2++ +  2H 30 +  (2)

(1) This document is based on work performed for the Atomic 
Energy Commission at the Oak Ridge National Laboratory. This 
paper was presented in part at the Chicago Meeting of the American 
Chemical Society, 1950. Previous communication: Iv. A. Kraus and 
J. S. Johnson, J. Am. Chem. Soc., 75, 5769 (1953).

(2) K. A. Kraus and F. Nelson, ibid., 72, 3901 (1950).
(3) R . H. Betts and R. M . Leigh, Can. J. Research, 28B, 514 (1950). 

See also (17).
(4) K. A. Kraus, “ National Nuclear Energy Series,’ ’ Div. IV, Vol. 

14B, No. 3.16, M cG raw -H ill Book Co., Inc., New York, N. Y., 1949.
(5) S. W . Rabideau and J. F. Lemons, J. Am. Chem. Soc., 73, 2895 

(1951).
(6) For a summary, see G. T . Seaborg, Nucleonics, 5, Novem ber 

16 (1949)
(7) J. Kasper, Ph.D . Dissertation, The Johns Hopkins University. 

Baltimore, M d. (1941).
(8) E. Chauvenet and J. Tonnet, Bull. soc. chim. {France), [4] 47. 

701 (1930:).
(9) E. Chauvenet and Souteyrand-Franck, ibid., 47, 1128 (1930).

or
T h + 4 +  3H 20  ThO + + +  2H aO + (2a)

No equilibrium constant was given. Schaal and 
Faucherre10 concluded from pH measurements of 
partially neutralized thorium nitrate and thorium 
perchlorate solutions of various degrees of dilution 
that the tetramer Th40 4+s is formed over a con­
siderable range of hydrolysis. Souchay11 gave 
supporting evidence for this tetramer on the 
basis of measurements of freezing point depressions. 
He also concluded that on further hydrolysis no 
other simple species is formed and that continuing 
polymerization takes place.

E xperim ental
Anhydrous thorium tetrachloride was prepared from the 

metal by a procedure of Newton and Johnson.12 The metal 
was converted to the hydride, which was converted to 
ThCL with dry HC1 gas at ca. 350°. It was purified by 
vacuum ( <  10~4 m m .) sublimations. Only the well crys­
tallized portions of the sublimate were used. The material 
was loaded into weighed small glass bulbs in a dry-box 
under a dry (M g(C 104)2) nitrogen atmosphere. The am­
poules were sealed and again weighed.

Purity was checked by gravimetric determination of the 
T h -C l ratio (found 3.98 ±  0.03) and by comparing (poten­
tiometrically) the amount of acid liberated by successive 
sublimates dissolved in dilute HClOi (p — 1). The latter 
method is particularly convenient and sensitive since less 
than 1 %  hydroxide or oxide impurity yields considerable 
potential differences if the salt is dissolved in ca. 10-3 M 
acids to give ca. 10~2 M T h (IV ) solutions. If the second 
and third sublimates liberated the same amount, of acid, 
they were assumed free of oxides and used in the measure­
ments .

The degree of hydrolysis of T h (IV ) at a supporting elec­
trolyte concentration 1 M (1 M HClCh-NaClCh or 1 M 
HC1-KC1 mixtures) was determined, either by breaking 
ampoules of ThCfi in solutions of known initial acidity or 
by adding to such solutions aliquots of ThCfi stock solu­
tions (0.015 M T h (IV )) of known acidity and 1 M support­
ing electrolyte concentration. Additions were made after 
the potential of a glass-calomel electrode system had be­
come constant. The change in potential AE was noted. 
The degree of hydrolysis was calculated from the potential 
change. In addition, some acid-base titrations were also 
carried out.

The acidities were measured with the automatically re-

(10) R. Schaal and J. Faucherre, ibid., 14, 927 (1947); Compt. rend., 
225, 118 (1947).

(11) P. Souchay, Bull. soc. chim. {France), 15, 143 (1948).
(12) A. S. Newton and O. Johnson, U. S. Patent 787,850; Official 

Gaz. U. S. Pat. Office, 651, 615 (1951); C. A ., 46, 7723e (1952).
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cording vibrating reed electrometer previously described.13 
The Brown recorder had a full scale sensitivity of 1 m v. 
“ Bucking potential”  was supplied with a Leeds and North- 
rup type K  potentiometer. The reference calomel half 
cells, which were made with saturated NaCl rather than 
KC1 to prevent precipitation of KC'IO,, were mounted in 
small jacketed flasks and water (25 ±  0 .05 °) was pumped 
through the jackets. The measuring vessel, a deep beaker 
fitted with the electrodes, was immersed through a cover 
into a large Dewar flask through which the same thermo- 
stated water was pumped.

In many experiments two glass electrodes were used to 
estimate the reliability of the measurements. The standard 
deviation in the measurements of the potential differences 
was ca. 0 .04 m v. and most of the larger deviations occurred 
when one electrode had not reached a completely constant- 
potential. The electrode system was calibrated frequently 
with standardized 0.01 and 0.001 M  acids at ^ =  1.00.

C.p . H ClOi, HC1 and KC1 were used without further 
purification. The acids were titrated with N aO H , which was 
standardized with potassium acid phthalate. Sodium per­
chlorate was prepared by neutralizing HClOi with C.p. 
N aO H , filtering, acidifying to pH ca. 5 and flushing with 
nitrogen to remove carbon dioxide. The solutions were 
reacidified and flushed again, if necessary, to keep possible 
errors from carbonates to a minimum. The acidity of 
these solutions was estimated potentiometrically with the 
same electrode system used in the hydrolysis measurements.

Results and Discussion
1. Determination of the Hydroxyl Number. 

Identification cf the Species Th+4.— When thorium 
tetrachloride is dissolved in slightly acidic solutions 
of initial acidity hi, the acidity increases to an 
equilibrium value h due to acid liberation from 
partial thorium hydrolysis. From this acid change 
and the total (stoichiometric) thorium concentra­
tion t the average number of moles of hydroxide 
ions per mole of thorium (hydroxyl number n) 
can be determined by the equation

n =  (h — hi )/l (3)

since the stoichiometry of the solution reaction 
can be described by the equation
ThOU +  2nHoO

Th(O H )„ + 1_n +  /iH 30 + +  4C 1- (4)

Eq. 3 applies only if a pure salt is dissolved. When 
thorium is introduced as an acidic stock solution, 
computation of n also involves a correction for the 
amount of “ free” acid (beyond the composition 
M X 4) added.

The acid change Ah = h — hi and h were calcu­
lated from hi and the potential changes AE of the 
glass-calomel electrode assembly by the equation

log h/hi =  (AN — e)/S (5)

where S is an empirically determined slope of E vs. 
log h and where e is a correction term involving 
changes in activity coefficients of hydrogen ions 
and in liquid junction potentials due to the addi­
tion of the thorium salt. The slope S will be 
close to the “ Nernst”  slope (2.303RT/nF =
59.15 mv.) if the electrode system acts as a perfect 
hydrogen electrode and if the concentration of the 
bulk electrolyte is so large compared to the acid 
and thorium ( oncentrations that changes in ac­
tivity coefficients and liquid junction potentials 
are negligible. The slope S, which was constant 
to ±0.1 mv. for any one glass electrode, was found 
to be in the neighborhood of 59.5 mv. for 1 M

(13) K. A. Kraus, R.. W . Holmberg and O, J. Borkowski. Anal. 
Chem.. 22, 341 (1950).

IIClCh-NaClO.i and HC1-KC1 solutions in the 
acid range 10"2 to 10"3 M  H*0+.

The correction term e was assumed independent 
of the degree of hydrolysis and was evaluated 
from the observed potential changes on dissolution 
of ThCU under conditions where hydrolysis ap­
peared negligible. A typical series of experi­
ments is shown in Fig. 1, where AE for 1.5 X 
10~2 M ThCl4 solutions in 1 M HC104-NaC104 
mixtures is plotted as a function of initial acidities 
hi. With increasing acidity AE first decreases 
rapidly and then approaches a constant value of
1.01 mv. at high acidities. This value was taken 
to be equal to e at this thorium concentration. 
Similarly e was evaluated at different thorium con­
centrations t (from 10"3 to 2 X 10"2 M) and was 
found to be proportional to t. The average values 
e/t = 68 mv. for the HC104-NaC104 solutions and 
e/t = 55 mv. for the HC1-KC1 solutions were ob­
tained at a supporting electrolyte concentration 
of 1 M.

Although evaluation of e is necessary for an 
accurate determination of the degree of hydrolysis, 
its value is small enough to permit the conclusion 
that the principal uncomplexed species of Th(IV) 
in acidic solutions is Th+4. Setting the limiting 
value of AE at high acidity equal to c, yields (for 
0.015 M  Th(IV) solution) the values of n shown 
in Fig. 1, while neglect of e (i.e., setting tentatively 
log h/hi =  AE/S) yields the values n* also shown 
in Fig. 1. The latter reach the very low value of 
n* = 0.03 in c.a. 10"2 M I I /)  , clearly indicating 
negligible hydrolysis of Th(IV) in acidic solutions. 
Similar low apparent degrees of hydrolysis in 
acidic solutions are obtained throughout the con­
centration range studied (2.5 X 10"4 to 1.5 X 
10"2 M). One can thus conclude that Th+4 
is the principal species in perchlorate solutions if 
negligible complexing by perchlorate ions is 
assumed.14 Similarly, since thorium forms only 
weak chloride complexes,1516 Th+4 is probably 
the principal species in the ThCl4-perchlorate 
solutions studied here.

The existence of the species Th+4 has been re­
peatedly assumed (see, c.g., ref. 7) and additional 
strong evidence for it based on solvent extraction 
experiments with thenoyltrifluoroacetone (TTA) 
was recently reported.17 Regarding the existence 
of the species M +4 in moderately acidic solutions, 
Th(IV) is thus similar to U(IV) and Pu(IV).

(14) This species is hydrated, i.e., Th(H20);r +4. The assignment x =  
S for the coordination number appears reasonable since thorium has 
this coordination number with respect to oxygen in certain solids 
(e.f\, oxides— W. H. Zac-hariasen (see ref. 22); basic salts— G. Lund- 
gren and L. G. Sill6n (sec ref. 25).

(15) R. A. Day and R. W. Stoughton, J. Am. Chem. Soc., 72, 5662 
(1950); W. C. Waggener and R.. W . Stoughton, T his Journal, 56, 1
(1952).

(16) E. L. Zebrowski, II. Walter and F. K. Heumann, J. Am. Chem. 
Soc., 73, 5646 (1951).

(17) Zebrowski, et al., (ref. 16) demonstrated that the extraction of 
thorium follows approximately a fourth power dependence on acidity 
and TTA concentration and stated that the “ data (are) considered to 
be in satisfactory agreement with the expected fourth power hydrogen 
ion activity dependence . . .” for T h +4. They apparently realized that 
this type of experiment does not conclusively establish the species 
T h +4, but only makes it highly probable since other ions of charge 
plus 4 (e.Q., the polymeric species Tli2(OH)4+4) would give similar 
results if such species were extracted into the TTA-benzene phase.
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Fig. 1.— Effect of correction term on apparent hydroxyl numbers.

However, thorium differs from these elements in 
the pH range in which hydrolysis occurs and in 
the mechanism of hydrolysis, as will be discussed 
below.

2. Reversibility of Hydrolytic Reactions.—When 
ThCU is dissolved in slightly acidic media, a rapid 
potential change occurs. Steady state potentials 
are usually reached within a few minutes and no 
drifts are apparent over a period of several days. 
Equilibrium is thus rapidly established for the 
small hydroxyl numbers, which can readily be 
reached by this technique (see Table I). Further­
more, solutions with initial hydroxyl number n = 
ca. 211 (t =  1.5 X 10” 2, 1 M  HClCh-NaClCh) were 
titrated with HC104 and back-titrated with NaOH. 
The solutions were clear for n <  2. The titrations 
(weight burets) were carried out with relatively 
concentrated acids and bases to avoid significant 
dilution of the solutions. The hydroxyl numbers 
for both types of titrations (Table I) agreed with 
each other and with those determined by dissolv­
ing samples of ThCff.

Th(IV) differs greatly from Pu(IV) in the large 
hydrolysis range in which equilibrium is rapidly 
established. Pu(IV) near n = ca. 0.54 apparently 
forms polymeric products which are only slowly 
depolymerized, even under extreme conditions 
(e.g., with relatively concentrated nitric acid). 
Similarly, polymerization of U(IV), although oc-

(18) These solutions were prepared by W. C. Waggener of the ORNL 
Chemistry Division from “ thorium oxyperchlorate”  samples obtained 
by fuming perchloric acid solutions of Tli(IV) to dryness. The initial 
hydroxyl numbers were determined potent.iometrically by determining 
the amount of acid consumed in bringing the solutions to ca. 10 ~2 M  
HaO +.

curring less readily than that of Pu(IV), appears 
highly irreversible.19

3. Hydrolysis in Perchlorate Solutions.—Hy­
drolysis of Th(IV) in the concentration range
2.5 X  10~4 to 1.5 X 10~2 was studied in 1 M  
HClOc-NaCICh mixtures by the dissolution and 
dilution techniques described in the experimental 
section and by acid-base titrations. The results 
are summarized in Table I. The data obtained 
by the dissolution techniques were satisfactory 
at higher concentrations. They scattered con­
siderably at lower concentrations and hence for 
these only the more reproducible dilution experi­
ments are recorded. Hydrolysis of Th(IV) was 
found to become appreciable near pH 3, in agree­
ment with earlier work7'20 and to be strongly de­
pendent on the thorium concentration. From 
this dependence of n on t, one can conclude that 
monomeric hydrolysis products (e.g!, ThOH+3 or 
Th(OH)2+2) are not sufficient to explain the data. 
As shown in Fig. 2, for low values of n (n < ca. 
0.4, Region I), log n varies approximately linearly 
with log h with slope ca. —2. Thus, in this region 
the principal hydrolysis reactions probably in­
volve the formation of two moles of hydrogen 
ions per mole of hydrolysis products as, e.g., in the 
equations
_________ T h +4 +  4H 20  : Th( OH) 2 + + +  2 H ,0 +  (6)

(19) K. A. Kraus, F. Nelson and G. L. Johnson, J. Am. Chem. Soc., 
71, 2510 (1950); K. A. Kraus and F. Nelson, ibid., 72, 3901 (1950)-

(20) Recently J. Rydberg (Acta Chem. Scand., 4, 1503 (1950)) meas­
ured equilibria of Th(IV) with acetylacetone and found negligible 
effect from thorium hydrolysis up to pH 6. This is in definite disagree­
ment with the work reported here and apparently was in disagreement 
with work by Hietanen and Sill6n, quoted by Rydberg as a private 
communication.
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and
2T h + 4 +  4H 20  Th2(O H )R 6 +  2H 30  + (7)

T a b l e  I

H y d r o x y l  N u m b e r s  n of T h (IV ) as  a  F u n ction  of 
A c id it y  h an d  T h (IV ) C o n c e n tr a t io n  t in  1 71/ N aC104-  

H C 104 M ix t u r e s  
A. Dissolution Experiments

h X hi X A E, h X h\ X A E,
103 103 mv. n 103 103 mv. n

t =  1.50 x io --2 t =  2.00 x io-*
4.36 3.806 4.52 0.037 1 .790 1 .671 1.91 0.060
3.79 3.058 6.54 .049 1.216 1.008 4.98 .104
3.144 2.018 12.47 .075 1 .238 1 .013 5.31 .112
2.593 1.008 25.42 .106 0.868 0.457 16.73 .205
2.223 0.173 66.96 .137 .768 .295 24.87 .236
2.216 .169 67.55 .136 .671 .050 67.22 .311
2.154 .083 85.28 .138 t = 1.00 X IO "3

t =  7.00 x :o--3 1.122 1 .024 2.43 0.10
3.587 3.362 2.13 0.032 1.110 1.015 2.39 .10
2.517 2.075 5.47 .063 0.815 0.660 5.55 .16
1.809 1 .013 15.45 .114 .876 .706 5.62 .17
1 .782 0.962 16.33 .117 .698 .497 8.85 .20
1.431 .219 49.02 .175 .672 .459 9.93 .21
1 .396 .079 74.71 .188 . 552 .248 20.69 .30

.501 .135 33.97 .37

.499 .108 39.59 .39

.480 .074 48.26 .41

B. Dilution Experiments
t = 2.00 X t — 1.00 x t = 5.00 X t = 2.50 X

10 -3 1 0 "3 10 -4 10 -4
h X h X h X h X
103 n 103 n 10* n 103 n

1.200 0.119 1.171 0.100 1.096 0.087 1.085 0.069
1.199 .120 0.831 .148 0.824 .135 0.797 .120
1.013 .160 .762 .193 .682 .187 .674 .171
0.922 .190 .635 .248 .532 .261 .641 .178

.825 .226 .626 .261 .518 .275 .470 .253

.820 .233 .538 .281 .474 .306 .454 .276

.785 .242 .520 .347 .391 .413 .405 .318

.735 .279 .507 .368 .376 .451 .303 .464

.719 .287 .284 .524

C. Titrations
t = 7.00 to t = 2.00 to

t = 15.9 to 14.3 X 10-3 6.68 X IO“3 1.88 X IO "3
h X h X h X h X
103 n 10” n 10« n 10 n

5.79 0.02 0.741 1.13“ 1 .782 0.12 1.200 0.12
3.98 .04 .664 1.34“ 1.573 .15 1.151 .13
3.52 .07“ .651 1.32 1.357 .19 1.039 .15
2.785 .09 .627 1.45“ 1.147 .24 0.878 .20
2.779 .09 .619 1.40 0.985 .32 .794 .23
2.241 .15“ .588 1.56“ .886 .39 .683 .30
2.225 .14 . 552 1.61 .799 .50 .589 .40
1.834 .19 .529 1.72“ .738 .60 .508 . 55
L. 565 .24 .507 1.72 .621 .90 .440 .77
1.542 .26“ .466 1.87“ .450 1.52 .386 1.02
1.351 .31 .449 1.93 .150 2.49 .311 1.42
1.193 .40“ .435 1 .94 .201 2.03
1.077 .47 ..407 2.04 .089 2.77
0.947 .64 .365 2.16

.839 .85 .231 2.37

.824 .92“ .131 2.59

.732 1.07
“ Titrations of “ thorium oxyperchlorate” solutions with 

HClCfi. The other values refer to titrations of ThCl4 solu­
tions with NaOH .

At higher values of n (Region II) an increase in 
slope (more negative) occurs followed by a de­
crease for n >  1. In Region II, which in general 
can only be reached by addition of base, a large 
number of species will probably have to be con­
sidered for complete interpretation, and hence at 
present discussion will be confined to Region I, 
where Th+4 is still the principal species and where, 
thus, unambiguous interpretations appear feas­
ible. Attempts were made to fit the data in

Region I by consideration of eq. 6 and 7 with 
equilibrium constants

, (T h (0 H )2 + + )(H 30 +E
2 (T h +4) 2 (8)

(Th2( 0 H )2+6)(H 30 +)i*
(T h + 4)2 1x2 (9)

where parentheses indicate molar concentrations 
of species and G the appropriate activity coefficient 
quotients. In the symbols k and G the subscripts 
refer to the number of hydroxide ions and the 
superscripts to the number of thorium ions in the 
hydrolysis products. Since the composition of 
the solutions changes only moderately throughout 
the series of experiments, the assumption was 
made that the activity coefficient quotients G are 
constant.21 While neither eq. 6 or 7 by itself 
could explain the data, consideration of the two 
together with concentration quotients 1fc2m =
3.4 X 1(R8 and 2fc2m = 2.6 X 1(R5 (where km = 
k/G) fitted the data fairly well, as illustrated in 
Fig. 2 for a few selected concentrations. The 
deviations probably could not all arise from changes 
in G and hence in addition eq. 1 with constant

(T h 0 H +3)(H30 + ) ,x
(T h +4) 1

(10)

was considered. By trial and error “ best”  fit 
was obtained with the concentration quotients 
V  =  4 X 1(R5, =  2 X 1(R8 and 2fc2m =
2 X 1(R6. This improved the fit at low t but in­
creased the deviations at high t. Thus, if eq. 1 is 
of importance, only a four-parameter equation can 
satisfactorily explain the data, even in the narrow 
hydrolysis range of Region I. Consideration of 
the additional equilibrium

2T h + 4 +  6H 20  Th2(O H )3+5 +  3H 30 +  (11)

with constant 2fc3, together with eq. 1, 6 and 7, 
yielded satisfactory fit of the experimental data in 
Region I using ’/cim = 5 X 1 ( R 5, 'Km = 1.5 X 
H R 8, 2ft2m = 1.6 X 1 ( R 6 and 2&3m = 1 .0  X H R 8 
(Fig. 2). Since equilibrium 11 cannot account for 
the data at higher hydroxyl numbers there is little 
doubt that other species, e.g., Th2(OH)4+4 or 
trimers and tet.ramers must be postulated for 
interpretation of both Regions I and II. The use 
of eq. 11 should only be considered the introduc­
tion of an additional parameter to demonstrate 
that further equilibria occur. Consideration of 
additional equilibria or of an equilibrium different 
from 11 would affect the magnitude of all constants 
and hence the values given for 1A1m, 1&2m and 2/c2m 
are only approximate. However, it is felt that 
they are sufficiently accurate to permit the follow­
ing conclusions: In the hydrolysis of Th(IV)
polymeric equilibria are involved. A dimer is 
formed which contains two hydroxide ions. There 
is some indication for the existence of the species 
Th(OH)+3. The value of its formation constant

(21) As stated earlier, the experiments were not carried out at con­
stant “ ionic strength” but at an ionic strength (molarity scale) /i =  
1.000 +  10h Since the highest thorium concentration was 0.015 M, 
the ionic strength range is 1.000 to 1.150. It is questionable if the 
assumption that the activity coefficient quotients are constant would 
be significantly better if the ionic strength had been kept at 1.000, 
since at these concentrations the principal effects on activity coeffi­
cients result from changes in medium rather than from changes in ju.
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Fig. 2.— Hydrolysis of Th(IV ): points, observed values; dotted lines ( A ',C ',F ')  calculated for 'fem =  3.4 X 10“ 8 and 
2A'2m =  2.6 X 10~5 at t =  1.5 X l(r i2, 2 X 10~3 and 2.5 X 10 ~4; heavy lines (A to F) calculated for 1kim =  5.0 X 10~6, 1A2m 
=  1.5 X IQ"8, =  1.6 X  10 -s, 2A3™ =  1.0 X 10~8.

% m is surprisingly small (ca. 5 X 10“ 6) compared 
with the analogous constants for U+4 and Pu+4 
(ca. 3 X 10~2). The constant Yki for Th(IV) 
would not be expected to be less than one-third 
of ]ki for U(IV) if the slightly larger size of Th(IV )22 
is considered and a simple coulombic theory used.7 23

From the hydrolytic point of view the inclusion 
of Th(IV) with U(IV) and Pu(IY) in a rare-earth­
like series appears thus very questionable. Rather 
it appears that Th(IV), on the basis of the differ­
ences in the values of 'Ai™ and in the mechanisms 
of hydrolysis, differs sufficiently from U(IV) 
and Pu(IV) to make its classification in a different 
group of elements plausible. Actually, the tend­
ency of Th(IV) to form essentially reversibly low 
molecular weight hydrolytic polymers makes it 
appear similar to the considerably more acidic 
ions Zr(IV), Ce(IV) and Hf(IV), which also tend 
to form such low molecular weight hydrolytic 
polymers.24 The hydrolytic properties thus lend 
further weight to the assumption that rare-earth-

(22) The metal-oxygen distances are 2.419, 2.363 and 2.332 A. for 
Th02, UO2 and Pu(>2, respectively (W. H. Zachariasen, Phys. Rev., 
73, 1104 (1948)).

(23) K. A. Kraus and J. R. Dam, “ National Nuclear Energy Series,” 
Div. IV, Vol. 14B, No. 4.15, McGraw-Hill Book Co., Inc., New York, 
N. Y., 1949, p. 496.

(24) Zr(IV): see footnote 28; Ce(IV): L. J. Heidt and M . E.
Smith, J. Am. Chem. Soc., 70, 2476 (1948); D. Kolp and H. C. Thomas, 
ibid., 71, 3047 (1949); T. J. Hardwick and E. Robertson, Can. J. Chem., 
29, 818 (1951); K. A. Kraus, R. W . Holmberg and F. Nelson, Ab­
stracts, Portland Meeting, American Chemical Society (1947). H f(IV ): 
J. S. Johnson and K. A. Kraus, unpublished results.

like behavior of the heavy elements in aqueous 
solutions starts abruptly with uranium and not 
with actinium, as often proposed.

It may be noticed from Fig. 2 that the curve of 
log n vs. log h which seems to flatten near n =  2.5 
does not flatten near n — 2. Thoryl ions (ThO+2 
or Th(OH)2+2), or their polymers ((Th(OH)2+2),v), 
thus do not exhibit any striking stability. The 
formation of polymeric chains of (Th(OH)2+2)Ar, 
held together by hydroxide bridges, was recently 
made plausible by the work of Lundgren and Sill6n26 
on the crystal structure of basic salts of Th(IV) 
and U(IV). Since the compositon n = 2 is not 
favored, one must conclude that should these 
polymeric chains exist in solution, they tend to 
hydrolyze further, e.g., by loss of protons from the 
water molecules coordinated to the metal ions 
of the chain.

In prelimhiary ultracentrifugations of Th(IV) 
perchlorate solutions,26 aggregates were found in 
the vicinity of n =  2 with tetramers possibly oc­
curring for n just less than 2 and considerably 
larger polymers for n barely larger than 2. In the 
hydrolysis range where these polymers are formed, 
the number of possible species becomes very large, 
and a definitive interpretation does not appear 
feasible, at least until precise values of the degrees 
of polymerization are available. The use of a

(25) G. Lundgren and L. G. Sill6n, Arkiv. Kemi, 1, 277 (1950); 
G. Lundgren, ibid., 2, 535 (1951); 4, 421 (1953).

(26) J. S. Johnson and K. A. Kraus, unpublished results.
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simplified continuous polymerization hypothesis, 
such as that used by Granér and Sillén27 in their 
interpretation of bismuth hydrolysis, does not 
appear justified at this time since, apparently, it 
can lead to erroneous conclusions regarding degrees 
of polymerization.28

The hydrolysis products of thorium have been 
written as complexes with hydroxide ions (e.g., 
Th(OH)2++ and Th2(OH)2+6) rather than as com­
plexes with oxide ions (e.g., ThO++ and Th20 +6). 
The techniques used here, of course, do not permit 
a decision as tc which of these formulas is correct. 
However, recent work by Lundgren and Sillén26 
on basic salts of Th(IV) and U(IV) establishes the 
existence of hydroxide bridges in basic salts of 
these elements. Using these structure determina­
tions as a guide, one may postulate that the hy­
drolysis products of thorium are complexes with 
hydroxide ions and that the polymeric species 
such as the dimer postulated in this work are held 
together by hydroxide bridges. In addition, the

(27) F. Granér and L. G. Sillén, Acta Chem. Scand., 1, 631 (1947).
(28) In preliminary ultracentrifugations of Bi(III)-perchlorate 

solutions under conditions where Granér and Sillén calculated a weight 
average degree of polymerization N w =  20, a degree of polymerization 
of less than 6 was found, as well as considerably less polydispersity 
than indicated by Granér and Sillén (R. W. Holmberg, K. A. Kraus 
and J. S. Johnson, unpublished results). Similarly, zirconium per­
chlorate solutions were found to have a degree of polymerization of 
approximately 3 (K. A. Kraus and J. S. Johnson, J. Am. Chem. Soc., 
75, 5769 (1953)) under conditions where Connick and Reas (ibid., 73, 
1171 (1951)), also using a hypothesis of continuous polymerization, 
suggested a weight average degree of polymerization of ca. 300.

species are unquestionably hydrated and might 
be written as Th(0H )2(H20 )6+2 and ((H20 )6Thgi[- 
Th(H20 )6) +6 if a coordination number of 8 is 
assumed.

4. Hydrolysis in Chloride Solutions.—The early 
steps in the hydrolysis of ThCl4 were studied in 
KC1-HC1 solutions of total concentration 1 M. 
The data were obtained in an attempt to establish 
if hydrolysis of Th(IV) is sensitive to chloride com- 
plexing according to the equation

T h +j +  C l-  ThCl+3 (12)

for which the concentration quotient

Aoim (ThCl+s)
(T h +4)(C1_ ) (13)

had earlier been found by Waggener and Stoughton 
at /r =  1.00.16 Thorium was found to hydrolyze 
to approximately the same extent in chloride and 
perchlorate solutions. The effect of chloride 
complexing on n was estimated, and the predicted 
decrease in n was considerably outside the experi­
mental error. If chloride complexing occurs as 
postulated by Waggener and Stoughton, one must 
conclude from the insensitivity of the hydrolytic 
reaction to chloride ions that basic chloride com­
plexes of the type Th(OH)2Cl+ and Th2(OH)2Cl+6, 
etc., are formed and that the hydrolysis constants 
of such chloride complexes are approximately the 
same as those of the uncomplexed ions.

THE ADSORPTION OF ARGON ON XENON LAYERS12
B y  J. H. Singleton and G. D . H alsey, Jr .

Department o f Chemistry, University of Washington, Seattle, W ash.
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The adsorption isotherms for argon on pre-adsorbed films of xenon have been measured on graphitized carbon black, silver 
iodide and anatase. The character of the isotherms change progressively as the amount of pre-adsorbed xenon is increased. 
The limiting isotherm with increase in amount of xenon is different for the three solids. This fact indicates that there is a 
limiting film thickness, beyond w'hich the film of xenon is not stable.

Introduction
Adsorption isotherms have been measured on a 

variety of substances in the past. Most of the 
surfaces have been poorly characterized and chemi­
cally complex. Even the ideal case of argon on 
potassium chloride is not free of difficulties. One 
may have a number of crystal faces exposed, frozen 
in defects in crystal structure, and adsorbed water, 
to mention a few. Such incidental factors make 
comparisons of isotherms taken on different sur­
faces difficult. Therefore we have measured a 
series of isotherms on a given solid covered with 
various thicknesses of xenon, deposited in a re­
producible, reversible manner. The films thus 
formed are as pure as the bulk xenon itself, if we 
assume that any strongly adsorbed dirt remains 
on the surface of the solid, with which it presum-

(1) This research was supported by Contract AF19(604)-247 with 
the Air Force Cambridge Research Center.

(2) Presented at the 123rd National Meeting of the American 
Chemical Society, Los Angeles, Calif., March 16-20, 1953,

ably has specific interaction. There is then an 
analogy with the technique of evaporating metal 
films for chemisorption studies,3 * with the differ­
ence that the xenon films are in equilibrium with the 
solid.

Experimental
Vacuum System.—The adsorption measurements were 

made in a conventional constant volume system. Gas 
pressures were measured in manometers, 10 mm. in diame­
ter, read with a cathetometer graduated to 0.05 mm.

Gases.— Tank helium, from Western Oxygen, Inc., was 
better than 99.9 % pure. Nitrogen was produced by heating 
sodium azide to 350°. Xenon and argon of 99.9% purity 
wore obtained in sealed glass bulbs from Air Reduction Sales 
Co.

Adsorbents.— Silver iodide was precipitated from hot 0.1 
M  HI by addition of 0.05 M  AgNOs. It was digested for 
six hours, filtered, washed with hot water and absolute alco­
hol, and dried in a vacuum desiccator. It was always 
shielded from light.

(3) O. Beeck, A. E. Smith and A. Wheeler, Proc. Roy, Son. (London),
A 1 77 , 62 (1940),
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A sample of standard anatase,4 surface area 13.8 m .2/g . 
was obtained from Professor George Jura, University of 
California, Berkeley.

A sample of graphitized carbon black6 designated P-33- 
(2700° I was obtained from Dr. W. R . Smith, Godfrey L. 
Cabot, Inc., Cambridge, Mass. It has been shown6 to have 
the characteristics of a nearly uniform surface.

The dead space of each sample was determined with 
helium at —195, —78 and 0°. The value of vm, the vol­
ume of a monolayer, was determined with a.rgon at —195° 
and with xenon at —124.6°. B .E .T . plots wore used for 
anatase and silver iodide but the plot was unsatisfactory 
for caroon black, so “ point B ”  was estimated directly from 
the isotherm. Areas were then obtained using the figures 
of Emmett and Brunauer.6 The density of liquid xenon 
was tacen from the “ International Critical Tables”  (1926). 
The results are tabulated in Table I.

T able I
vm in ml./g. (areas in parentheses, m.2/g .)

Argon Xenon Nitrogen

Carbon black 4 .1 4 (1 1 .9 ) 2 .3 0 (11 .6 ) (12 .5)6
Silver iodide 0.47 (1.34) 0.26 (1.32) 0.29 (1.27)
Anatase 4.14 (11.9) 1.88 (9.50) (13 .8 )4
Outgassing Procedure.— Anatase and carbon black were 

heated to 300° and evacuated to 10“ 6 mm. overnight, be­
fore use. Silver iodide was outgassed at room temperature; 
higher temperatures caused loss of area. The weight of each 
sample was chosen to give a total vm of about 3 mi.

Deposition of Xenon Layers.— Preliminary experiments 
showed that a slow rate of cooling to liquid nitrogen tem­
perature was necessary to obtain one or more equilibrium 
xenon layers. At the final temperature, the vapor pressure 
of the xenon is less than 10~3mm. and it will not redistribute 
at a reasonable rate. To facilitate controlled cooling the 
sample was enclosed in a small Dewar vessel shown in Fig. 1. 
The vertical temperature gradient was minimized by making 
the entry tubes long and thin. The horizontal gradient was 
controlled by evacuating the Dewar until the desired rate 
of coo.ing was achieved. The conductivity of the sample 
was maintained by including a few millimeters of helium 
with xenon. When the sample reached the temperature 
of liquid nitrogen (2-24 hours) the helium was removed and 
the outer jacket filled with hydrogen. Rough calculations 
indicated that the thermal gradients were small; however, 
the ultimate criterion of success in deposition was the re­
producibility of the argon isotherm with further decrease in 
rate o:' cooling. Results reported here have all been repro­
duced in many cases with different sample bulbs of slightly 
changed shape and design.

Measurement of Temperature and p /p o -— In the final 
design of the sample bulb (Fig. 1) an argon vapor pressure 
thermometer was located in the center of the sample. This 
constant indication of p a was necessary for the carbon black 
isotherms, because of their complexity. For the other two 
samples po was obtained at the end of the isotherms, by in­
troducing a large excess of argon; this produced some error 
in the results for p /p 0 <  0.9. A check isotherm, using the 
refined bulb with enclosed thermometer reproduced the silver 
iodide results exactly up to p /p o  =  0.9. The temperature 
for the isotherms reported here was —1.95.8 ±  0.4°.

Measurement of the Isotherm.— Adsorption isotherms of 
argon on the bare surfaces and on a series of pre-adsorbed 
xenon layers were determined two or more times, usually 
with a, second sample of the adsorbent. The graphs (Figs. 
2-7) include only a portion of the actual points taken. The 
isothe -ms were reversible. For one or more layers of xenon 
the argon was removed completely by pumping for 15 min­
utes. The isotherm could then be reproduced showing that 
no xenon came off, and that the pre-adsorbed xenon was not 
rearranged by heat from the entering argon.

Discussion of Results
Isctherms on Graphitized Carbon Black (Fig. 2).

—Owing to the nearly uniform surface of this
(4) W. D. Harkins and G. Jura, J. Am. Chem. Soc., 66, 1362 (1944).
(5) M. H. Polley, W. D. Schaeffer and W . R. Smith, T h is  J o u r n a l , 

57, 46i (1953).
(6) ? .  H. Emmett and S. Brunauer, J. Am. Chem. Soc., 59, 1553 

(1937).
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Fig. 1.— Dewar vessel 
adsorption sample.

for

sample great care was required to obtain repro 
ducible results. Slight irregularity in the xenon 
layers creates heterogeneity and radically alters 
the isotherm for argon. In the initial experiments 
the xenon monolayer 
volume was estimated 
from the “ point B” of 
the xenon isotherm at 
—124.6° (Table I). The 
argon isotherm taken on 
this nominal one-layer 
volume of xenon showed 
a pronounced “ point B ” 
at 0.15 nominal mono- 
layers of argon (isotherm 
labeled 0.85 layer, Fig. 2).
When 20% more xenon 
was pre-adsorbed, the 
“ point B” disappeared 
(isotherm labeled 1.0,
Fig. 2). This volume of 
xenon (1.20 vm), was 
taken to be one layer and 
used to compute the 
number of layers pre­
adsorbed (no similar ad­
justment was made for 
Vm for argon and the val­
ues of 0 are plotted in 
multiples of this volume).
These two isotherms 
demonstrate the sensi­
tivity of the results to 
slight changes in coverage, and explain the necessity 
for very careful cooling to ensure that all the xenon 
reaches its equilibrium location.

The isotherms will now be discussed in order. 
(The term “ step” is used as a traditional way of 
referring to a pronounced point of inflection in the 
isotherm; it is not to be confused with a first-order 
transition, which is a real step.) With no pre­
adsorbed xenon the presence of steps indicates 
that the argon is adsorbed more or less layer by 
layer as the pressure increases. With 0.43 layer 
of xenon a sort of dual surface has been prepared, 
half xenon and half carbon. The carbon half is 
covered at p/pa <  0.01, which creates a dual surface 
of xenon and argon. The step corresponding to the 
second layer of argon on the bare carbon occurred 
at p/po =  0.35. Here a smaller step at p/p<> = 
0.2 reflects the dual nature of the surface, and the 
greater van der Waals attraction of a mixed layer 
of xenon and argon, than that of a first layer of 
argon alone. Further steps are obscured, because 
of the mixed surface.

The isotherm with 1.0 layer of xenon shows the 
return of a larger step which is now at p/pa =  0.15 
because the first layer is all xenon. The step for 
the second layer of argon is very slightly lower than 
the third layer step for the bare surface (p/p0 = 
0.6).

It is interesting that the isotherm for the 1.28 
layers of xenon crosses and recrosses the one layer 
isotherm because the step in it is at a lower p/po, 
but smaller. Evidently the fraction of a second 
layer of xenon scattered over the first layer creates
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P / P o -

Fig. 2.— T he adsorption of argon on layers of xenon on carbon black at — 195°.

Fig. 3.— A rgon isotherms on one and tw o layers of xenon on carbon black a t low  partial pressures ( — 195°): • ,  one la yer; O ,
tw o layers.
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Fig. 4.— T h e a lfonM ioii of argon on layers of xenon on silver iodide at — 195°.

some higher energy sites at the same time as it 
takes up some of the available space in the second 
layer. The crossing is repeated near p/pn = 0.0 
and again faintly at 0.8.

The first step on two layers of xenon is near p/pn 
=  0.3, very much lower than the corresponding 
step on the bare adsorbent. The isotherms on
3.6 and 9.7 layers are only slightly different, show­
ing that the van der Waals forces from the solid are 
almost negligible. The isotherm for 19.7 layers is 
indistinguishable from that for 9.7, which means 
that the surface forces are now completely negligi­
ble, or perhaps more likely that the extra layers 
condensed in low surface-area xenon crystals and 
never spread on the surface. It appears, however, 
that at least about six layers were successfully de­
posited.

Figure 3 shows argon isotherms on one and two 
layers for partial pressures up to 0.12. All iso­
therms for more than two layers lie on the curve for 
two layers, within experimental error. The iso­
therm for one layer is slightly, but definitely, below. 
It appears that a really complete, nearly uniform 
layer of xenon is produced only in the first layer, 
and that for higher layers a few xenon atoms are 
out of place, which creates a slight heterogeneity.

Isotherms on Silver Iodide and Anatase.—The 
isotherms on these solids (Figs. 4 and 5) are con­

siderably simpler than those for the carbon black. 
The isotherms show no steps, and the “ point B” 
values are not as well defined. These observations 
suggest strongly heterogeneous surfaces. In the 
absence of a sharp “ point B” an independent 
estimate of the vm for xenon is not possible. The 
number of layers of xenon was calculated from the 
B.E.T. vm values for xenon at —126.4°. In the 
case of silver iodide there is some evidence that this 
value is correct. The isotherm labeled 1.0 shows 
a slight “ point B”  near 6 =  1 at p/po =  0.25, while 
the neighboring isotherms do not. Isotherms for 
more than one layer are Brunauer’s Type III. 
There is no change in the isotherm beyond two 
layers of xenon.

In Fig. 6, the adsorption of nitrogen on silver 
iodide, with and without xenon, is compared with 
the argon isotherms. The isotherms are similar 
with nitrogen somewhat more strongly adsorbed. 
It is interesting to note that even for nitrogen, 
the “ point B ” values are poorly defined, and the 
nitrogen is weakly adsorbed. We have been in­
formed7 that this is an exception to the generaliza­
tion that nitrogen is unique in giving good “ point 
B” values and concomitant good B.E.T. plots and 
surface area measurements.

The argon isotherms on anatase are even simpler
(7) P. If. Emmett, private comimmieation.
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Fig. 5.— T h e adsorption of argon on layers of xenon on anatase a t — 195°.

than those on silver iodide. There is a decline but 
no disappearance of a vague “ point B” as coverage 
reaches one nominal layer. At 1.5 nominal layers 
the “ point B”  is gone, and beyond 1.5 layers there 
is no appreciable change in the isotherms.

Comparison of the Isotherms on Three Solids.— 
The three isotherms with no xenon and the limiting 
isotherms with many layers of xenon are compared 
in Fig. 7. Because of uncertainties inherent in

0 0 2 0.4 0.6 0.8

PlPo-
F ig. 6.— Com parison of the adsorption of nitrogen and 
argon on silver iodide a t — 1 0 5 ° :------ , n itro gen ;------- , argon.

vm values for argon, it is possible that the limiting 
curves may be as much as 20% off in absolute value. 
However the shapes are different, and they cannot 
be made to coincide by a change in the 0 scale.

Fig. 7.— Com parison of argon isotherms on carbon black, 
silver iodide and anatase a t — 195°.
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There are two explanations of the difference in the 
limiting curves that come to mind: first, that only 
a few layers can be stabilized on the surface of silver 
iodide or anatase; that thicker layers are unstable 
with respect to a bulk crystal and the thinner layer; 
second, that a structure different on the different 
solids is established in the xenon and is trans­
mitted out, layer by layer, indefinitely.

There are a number of difficulties that make the 
second alternative unlikely. The results on the 
graphitized carbon black are in harmony with the 
generally accepted view of the falling off of van der 
Waals forces8 from the (original) surface with the 
inverse third power of distance. Because of the 
non-specific nature of these forces, and the normal 
nature of the argon isotherms on silver iodide and 
anatase (bare of xenon) it is clear that a van der 
Waals field must extend from these surfaces also. 
It is unlikely that, in both cases, the hypothetical 
thickening film of xenon alters in exactly the right 
way to match this decaying field.

The proportionate change affected by the xenon 
is greatest for carbon black and least for anatase. 
This fact is in harmony with the proposed order of 
maximum layers pre-adsorbed: carbon, over six, 
silver iodide two or three, and anatase less than two.

Finally, on purely thermodynamic grounds, it is 
impossible that a film of different structure should 
be induced to grow indefinitely by a foreign body. 
The stability of the normal crystal favors a separa­
tion into a film of finite thickness and a bulk crys-

(8) T. H. Hill, J. Chem. Phys., 17, 590, 668 (1949).

tal, if it is impossible to make the transition from 
surface layer to bulk structure continuously.

Conclusion.— The results, especially on carbon 
black, support the general picture of adsorption as 
layer formation under the influence of transmitted 
van der Waals forces.9 The difficulty in reproducing 
the isotherms, unless extreme care is taken, suggests 
that the ordinary preparation of adsorbents by chem­
ical means is likely to create defects which cause 
heterogeneity, even in the absence of impurities.

Calculations have been made of the adsorption 
energy of argon on alkali halide crystals,10 with the 
assumption that the ions behaved as rare gases. 
The isotherms on many layers of xenon reported 
here do not in the least resemble those on alkali 
halides, with which the calculations agree to a 
degree. Some doubt is thrown at once on both 
the assumption and the calculations themselves.

The technique of this paper provides a method of 
estimating the number of layers of an adsorbent 
that can be successfully preadsorbed. The im­
possibility of obtaining xenon films of indefinite 
thickness on some adsorbents suggests that a 
surface may be surrounded by a repulsive zone 
which will prevent the deposition of a solid from 
the gas phase. The looser structure of a liquid 
makes the continuous transition from adsorbed 
film to bulk phase easier, but if the bulk phase is 
solid, 6 may approach a limiting value, rather than 
infinity, as p/pn approaches unity.

(9) G. D. Halsey, Jr., J. Am. Chem. Soc., 73, 2693 (1951).
(10) W. J. C. Orr, Trans. Faraday See., 35, 1247 (1939); Pror. Roy 

Soc. (London), A 173, 349 (1939).
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T h e adsorption an d  desorption of dyes, as reflected b y  spectral changes, were used to  investigate the effects o f pH , aging 
and ion exchange in colloidal solutions o f sodium silicate. A ging effects were indicated b y  a loss in the absorption affinity 
for the dyestuffs. T h e  addition of salts caused the absorption spectrum  to shift back tow ard th at of the free dye  in water, 
indicating displacem ent of the dye b y  the salts. T h e  nature of the anion appeared to be of minor im portance, whereas the 
cation was found to be the significant factor in the binding affinity of salts for the silicate sol. T h e  displacem ent series 
obtained w ith the alkaline earth and alkali elem ents was C a  >  B a  > S r > K > N a >  L i. T h e  effect ot less th an  one p art 
per million of d ivalen t cations could be observed b y  this m ethod. T h e adsorption isotherm  for crystal v io let indicated the 
m axim um  num ber o f dye molecules which m ay be bound per form ula weight of sodium silicate. T h e  free energy of binding 
was obtained on the basis th a t the binding is of a statistical nature.

In a previous publication2 it was shown that by 
the addition of a small quantity of suitable dye to 
a solution of a hydrous oxide, such effects as salt 
additions and aging upon the colloidal solution 
coulc. be followed spectrophotometrically in a 
quantitative manner. An alternate procedure for 
this type of investigation is the use of equilibrium

(1) This material is taken from the dissertation submitted by Eli 
Freeman in partial fulfillment of the requirements for the Master of 
Arts degree of Brooklyn College, New York. Presented in part before 
the Division of Colloid Chemistry of the American Chemical Society, 
Atlantic City, N. J., September 14, 1952; Abstr. Papers Am. Chem. 
Soc., 122, 2G (1952).

(2) B. Carroll and A. W. Thomas, J. Chem. Phys., 17, 1336 (1949).

dialysis. The latter method has the disadvantages 
of being time consuming and inexact for hydrous 
oxides. The inexactness is due in part to the 
necessity of using foreign electrolyte to suppress 
the Donnan effect, thus introducing appreciable 
changes in the colloidal system.

In this work a negative sol, sodium silicate, was 
investigated spectrophotometrically using the dyes 
crystal violet and methylene blue. These dyes 
were selected because it was found that they 
followed Beer’s law reasonably well, up to a con­
centration of 2 X 10 ~6 M. Furthermore, the dyes 
alone showed inappreciable spectral shifts due to
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the pH changes and salt additions employed in 
this work. Thus, the spectral changes in the dye- 
silicate solution brought about by various agents 
could be interpreted unambiguously. As an 
independent check, a few adsorption experiments 
were run using equilibrium dialysis and the re­
sulting data were in qualitative accord with those 
obtained with the spectrophotometric method.

It should be stated that our work was aided by 
the results of Merrill and co-workers3 who demon­
strated that many cationic dyes exhibit spectral 
changes in sodium silicate solutions.

Experimental
T he sodium  silicate solution, S-35 (N a 20 -3 .75 S i0 2) of the 

Philadelphia Q uartz C om pany which contained 2 5 .3 %  
S i0 2 and 6 .7 5 %  N a 20  was used in a ll experim ents. T he 
salts, potassium  chloride, sodium chloride, lithium  chloride, 
calcium  chloride, barium  chloride, strontium  chloride and 
potassium  acetate  were a ll of reagent or C  .p . grad e. M eth y l­
ene blue and crystal violet., of histological grade obtained 
from the N ational Aniline division of the A llied Chem ical 
and D y e  C orp ., were used d irectly.

pH  determ inations were made with the B eckm an M odel 
G  pH  m eter and the absorption m easurem ents were taken 
w ith a B eckm an M odel D U  Q uartz spectrophotom eter, pro­
vided w ith  a cooling block. This perm itted tem perature 
control to ± 0 .2 ° .  One centim eter cuvettes were used for 
this w ork.

T h e  m olar extinction  coefficients E  were calculated from 
the equation  E  =  1/C d  log ( I 0/ I ) where the sym bols have 
their usual significance.

Solutionsjwere mixed im m ediately before spectral m easure­
m ents were taken. M ixing and absorption m easurem ents 
were usually  com pleted w ithin five m inutes in order to m ini­
mize a n y  drifts in optical density of the d ye. Unless other­
wise stated , m easurem ents were taken a t 28°.

Results and Discussion
To use spectral measurements for determining 

quantitatively the extent of adsorption of dye in a 
colloidal solution, Beer’s law must be followed by

0 .7 0 0

0 .6 0 0

0 .5 0 0  ;
>2

0.400«*

0.300'S

0.200

N a 20 -3.75Si0 2 X  1 0 * M .

Fig. 1.— O ptical density vs. concentration of N a 20-3.75 
S i0 2 in 1 X  1 0 - 5 M  dye solution: A, crystal v io le t a t 591 m /t; 
O , m ethylene blue a t  558 mp.

(3) R. C. Merrill, R. W. Spencer and R. Getty, J. Am. Chem. Soc.,
70, 2460 (1948); R. C. Merrill and R. W. Spencer, ibid., 70, 3683
(1948); 72, 2894 (19r>0).

the free dye and by the bound dye. To obtain 
the extinction coefficient of the latter, a large excess 
of sodium silicate is used. Constancy of the 
extinction coefficient in the presence of varying 
concentration of silicate may be taken as an indica­
tion that all the dye has been complexed and that 
Beer’s law holds for the complexed dye.

Figure 1 is a plot of optical density at the spectral 
peaks of crystal violet and methylene blue at 591 
and 668 mp, respectively, versus concentration of 
Na20-3.75Si02. The concentration of dye is kept 
constant at 1.0 X 10-5 M. Upon increasing the 
concentration of the sol, there is a marked decrease 
in the optical density. As little as 1 X 10-6 
Na20-3.75Si02, causes approximately a 50% de­
crease of the optical density. At sufficiently high 
concentrations of silicate, apparently all the dye is 
absorbed. The optical density in the plateau 
region may be used to determine the extinction 
coefficients of adsorbed dye molecules. This yields 
a value of 0.43 and 0.20 as the ratio of the extinc­
tion coefficients of the bound to free dye at the so- 
called a-bands4'5 for crystal violet and methylene 
blue, respectively.

It will be seen in Fig. 1 that a large excess (>  10~3 
M) of silicate produces a noticeable increase in the 
extinction coefficients. The reason for this is not 
clear. A few qualitative measurements using 
equilibrium dialysis indicated the increase in the 
a-band value was not due to a decrease in the 
adsorption of the dye. This has also been the 
recent experience of Levene and Schubert.6 It 
has been suggested7 that high molecular weight 
polyelectrolytes may change their molecular shapes 
with increasing concentration. Such change in 
shape may conceivably affect the extinction co­
efficient of the bound dye. Also the dimeric form 
of the dye which seems to be the form adsorbed at 
low concentration of sodium silicate may tend 
toward the monomeric form when the interfacial 
area between the silicate phase and the solution is 
extended in the more concentrated silicate solutions.

Upon aging there is a considerable decrease in 
the amount of dye absorbed. This decrease is 
greater for more dilute silicate solutions. For 
example, a 7.72 X 10-4 M  Na20-3.75Si02 solution 
combined with 58% less crystal violet after standing 
for seven days at about a temperature of 25°. 
The decrease in binding of a more concentrated 
solution of the silicate (3.86 X 10" 2 M )  for crystal 
violet occurred at a lower rate, being 43% over a 
period of twenty-eight days. The dye concentra­
tion in both instances was 1.0 X 10“ 6 M.

Heating accelerates the aging process. When 
the sol (7.72 X 10-4 M  Na20-3.75Si02) was aged 
from five to ten minutes at about 80° the amount of 
dye adsorbed decreased 23%. These observations 
may be accounted for by a decrease in the number 
of available binding sites, which may be due to an 
increase in the polymerization degree of the silicate. 
Other evidence that polymerization occurs upon 
aging has been obtained from light scattering meas-

(4) L. Michaelis and S. Granick. ibid., 67, 1212 (1945).
(5) L. Michaelis, T h i s  J o u r n a l , 54, 1 (1950).
(6) A. Levene and M. Schubert, J. Am. Chem. Soc., 74, 5702 (1952).
(7) R. M. Fuoss and U. P. Strauss, Ann. N. Y. Acad. Sri., 51, 836

(1949).
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urements.8 The more dilute the solution and the 
higher the temperature, the more rapidly the 
process proceeds.

The addition of salts to a silicate-dye solution 
causes a reversal of the spectral shift in the direction 
of that for the dye alone. The effect increases with 
increasing salt concentrations, so that eventually 
the spectrum of the dye alone may be attained. 
Apparently, the salt displaces the dye from the 
sol, causing a reversal of the spectral change. 
These salt concentrations have little effect if any 
upon the spectrum of the free dye.

The effect of the nature of the anion on the 
interaction of salts with colloidal sodium silicate 
is illustrated in Fig. 2. A measure of the binding 
affinity is indicated by the amount of dye which is 
displaced from the sol. This is reflected by an 
increase in the optical density at the a-band of the 
dyes. The broken line represents the limiting value 
of the optical density at the absorption maxima of
1.0 X 1CK5 M  crystal violet in water. Keeping 
the concentration of the dye and Na20-3.75Si02 
constant at 1.0 X 10~6 and 7.72 X 10“ 5 M ,  re­
spectively, it is observed from the lower four curves 
of this figure that the nature of the anion, whether 
monovalent or divalent, plays only a minor role in 
the interaction of salts with sodium silicate. The 
effect of potassium acetate appears to be greater 
at concentrations higher than 0.01 N .  This is 
attributed to the effect of pH on the sodium silicate 
sol, due to the hydrolysis of the acetate ion.

Fig. 2.—The effect of potassium salts on the binding of 1 X 
i0 _s M  crystal violet to 7.72 X 10 "* M  Na20-3.75Si02; 
wave length at 591 m*»; optical density vs. concentration of 
salts: 0 ,  CaCb; O, KAc; •  , K 2S04; □ ,  K N 03; A, KC1; 
— , dye alone in water.

In calcium solutions, represented by the upper­
most curve, at a concentration of 0.01 N  all the 
dye is displaced. It appears that the nature of the 
cation is of major significance in the binding of 
salts. One part per million of calcium causes a 
10% increase in the optical density, as illustrated 
in this figure. The average ratio of the number of 
moles of crystal violet displaced per mole of di­
valent cation seems to approach roughly one, as 
the salt concentration is decreased.

The effect of charge of cations in the interaction
(8) A. P. Brady, A. G. Brown and H. Huff, J. Colloid Sri., 8, 252

(1953).

with sodium silicate sol and the displacement of 
bound dye is illustrated in Fig. 3. Optical density 
versus concentration is plotted for several alkali 
and alkaline earth salts containing a common 
anion. The broken line represents the limiting 
optical density at the absorption maxima of crystal 
violet in water. The concentration of Na20-3.75- 
Si02 and dye are kept constant at 7.72 X IQ-6 
and 1.0 X  10-6 M .  As a group, the alkaline earth 
salts of calcium, strontium and barium chloride 
are significantly more strongly bound by the sol, 
as represented by the top group of curves, than that 
of the alkali salts of potassium, sodium and lithium 
chloride, represented by the lower set of curves.

Fig. 3.—The effect of cations on the interaction of 1 X 
10_6Af crystal violet and 7.72 X 10-5 M  Na20-3.75Si02: 
wave length at 591 m^; optical density vs. concentration of 
salts: 1, CaCl2; 2, BaCk; 3, SrCl2; 4, KC1; 5, XaCl: 6, 
LiCl.

At a concentration of 0.01 N  all the dye is dis­
placed by the alkaline earth elements, whereas, for 
the same normality, potassium displaces 58%, 
sodium 44% and lithium 41% of the dye. In 
0.03 N  solution of the alkali salts all the dye is still 
not displaced. Apparently, there exists a definite 
order in the displacement ability for cations. For 
the alkaline earth elements, calcium appears to be 
the most strongly bound, followed by barium 
and strontium. For the alkali elements, potassium 
is the most strongly bound followed by sodium and 
lithium in order of decreasing affinity for the sol. 
The identical order was obtained substituting 
methylene blue for crystal violet. Ion-exchange 
studies reveal the same series, with the exception 
of calcium.9 By means of electrometric titrations, 
Mukherjee and Chatterjee found that the intensity

(9) J. G. Vail, “ Soluble Silicates,’ ’ Vol. I, Rein hold Publ. Corp , 
New York, N. Y „ 1952.
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of the reaction of silicic acid sol with calcium, 
barium and sodium hydroxides decreased in the 
order of calcium, barium and sodium.10 This is in 
agreement with the results in this paper. No 
data were reported for strontium, potassium and 
lithium. Merrill and co-workers in studying the 
relative affinity of the alkali salts and its inter­
action with sodium silicate sol, by following the 
changes in the absorption spectra of pinacyanol 
chloride revealed the order K >  Li >  Na. Their 
use of high concentrations of salt, sodium silicate 
and a dye which exhibits relatively large salt 
effects is probably responsible for this discrepancy. 
At these concentrations, they were unable to study 
the bivalent cations using this method due to 
precipitation.

Precipitation did not occur in this work. When 
the alkaline-earth cations are added to the silicate 
solution, the optical density of such a mixture in 
the absence of dye yields the same value as dis­
tilled water. This condition exists even at the 
cation concentration required to displace all the 
adsorbed dye as described for the results in Fig. 3.

The adsorption isotherm for crystal violet was 
determined. Assuming n  binding sites per Na20- 
3.75SiO> group, identical intrinsic binding con­
stants for all sites, and the absence of interaction 
between successively bound dye ions, the adsorp­
tion data may be represented by the equation11 

[r/(A ) ] =  nk — rk
where

moles of bound dye 
r 'otal moles of Na20-3.75Si02 
(A) =  eoncn. of unbound dye 
k — intrinsic binding constant

The adsorption data are summarized in a graph 
r/(A ) versus r, shown in Fig. 4. As is evident from

Fig. 4.—Adsorption of crystal violet by Na20-3.75Si02 at 
" 28°.

the absorption equation the extrapolated intercept 
on the abscissa of the graph is n, whereas the 
intercept on the ordinate is kn . Since the binding 
is ideal we have

nk =  k\

where fci represents the equilibrium constant for 
the first complexed dye ion. The free energy AF °1 
may be computed from the thermodynamic equation

(10) B. Chatterjee, J. Indian Chem. Soc., 16, 589 (1939); B. Chatter­
jee and A. J. Sen, ibid., 19, 17 (1942); J. Mukherjee and B. Chatterjee, 
Nature, 155, 85 (1945).

(11) G. Scatchard, Ann. N. Y. Acad. Sci., 51, 660 (1949); also see 
I. M . Klotz and J. M . Urquhart, J. Am. Chem. Soc., 71, 847 (1949).

AF°i =  — R T  In ki

The results in Fig. 4 yield a value of — (»,900 cal. 
for AF°. They indicate also an n value somewhat 
less than unity. Since dye occurs probably in 
dimeric form on the surface of the colloidal silicate, 
it would appear that some nine Si()2 groups are 
required to provide a site for crystal violet.

The adsorption data are too limited to establish 
the validity of the adsorption equation or the value 
of n  since the latter is obtained by extrapolation 
to high values of r or (A). This is a region where 
the spectrophotometric method does not provide 
adequate data. The free energy of binding may 
be more reliable since this value is based on a less 
extensive extrapolation.

An indication of the isoelectric point of the sol 
may be obtained from Fig. 5. This is a graph of 
the optical density at the absorption maximum of
1.0 X 10-6 M  methylene blue versus pH of the dye 
in 7.72 X 10” 5 M  Na20-3.75Si02. These measure­
ments arc taken immediately after the addition of 
the acid to the silicate-dye solution. Increasing 
the acidity of the solution by the careful addition 
of HC1 causes a sharp rise in the optical density 
until a pH is attained where the sol loses its ability 
to bind the dye. If this pH 2.9 is considered as the 
isoelectric point, it compares favorably with the 
values obtained by other workers. For example, 
using electrophoresis Gordon12 observed that a 
silica jel membrane was negative at a pH of 3.17 
and positive at a pH of 1.12.

pH.
Fig. 5 —Optical density vs. p H  in solutions of 1 X 10 “ 5 

methylene blue and 7.72 X  10 “ 5 M  Na20-3.75Si02 at wave 
length of 668 m/i.
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(12) N. E. Gordon, “ Colloid Symposium Monograph,”  Vol. 2, 
Chemical Publishing Co., New York, N. Y., 1925, p. 119.
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A  functional dependence o f the ha lf-w ave potential o f copper ethylencdiam ine tetraacetate (E n ta ) upon the p l l ,  in well 
buffered solutions, is discussed. T h e  form ation  o f m ultiple w aves in unbuffered solutions o f copp er E nta, contain ing 
small am ounts o f free hydrogen  or m etal ions capable o f form ing stable com plexes w ith E nta  has been studied. An ap­
prox im ate treatm ent o f this effect is given based on the I lk ov ic  th eory  and the assum ption o f depletion  o f  hydrogen  or 
m etal ions from  the so lu tion -m ercu ry  interface. T h e  interference o f  kinetic effects is stated.

It is known that the copper ethylenecliamine- 
tetraacetate (Enta) complex produces a well de­
fined polarographie wave.1 Its half-wave potential 
in buffered solutions is shifted toward more nega­
tive values with increasing pH .la Addition of 
small amounts of acids or metal ions, forming 
stable complexes with Enta, produces in unbuffered 
solutions of the copper-Enta complex a peculiar 
wave splitting.2 Similar double or multiple waves 
have up to now been chiefly observed in organic 
systems.3 In the following we report on this 
particular behavior of the copper-Enta system 
and its possible explanation.

Experimental
The apparatus used was described in a previous communi­

cation,2 as was also the preparation of Enta, copper, lead, 
cadmium, nickel and zinc solutions. The calcium nitrate 
solution was standardized according to the oxalate-per­
manganate method. The lanthanum nitrate was prepared 
from a pure oxide (purity 99%) calcinated at 950°.

The dropping mercury electrode had mVs/'/o =  2.53 
mg.Vi s e c . ‘A as determined in a solution 0.1 molar in po­
tassium nitrate, 5 X 10“*% in methyl orange, oxygen free, 
at 20.0° in short circuit. Current measurements were made 
in general in 10-mv. potential intervals.

The pH of the solutions was maintained by the addition 
of potassium hydroxide or nitric acid with potentiometric. 
control of the pH using a glass electrode mounted directly 
in the polarographie vessel. The pH of all solutions could 
thus be checked during the actual measurement. The re­
producibility of the pH control in buffered solutions as well as 
in the unbuffered solutions in the pH range 3.5 to 4.54 was 
about ±0 .02 pH unit. In unbuffered solutions in the pH 
range 5.5 to 6.5 the stability of the pH readings was about 
0.1 pH unit.

All solutions were brought to equilibrium with respect to 
the exchange reaction (see ref. 2 and 4)

CuY" +  Me(!)*+ =  M e(2)YM-»>- +  Cu + +

Experimental Results
The half-wave potential of the copper-Enta com­

plex at a given pH depends strongly upon the 
concentration of the buffer used, as well as upon

(1) (a) R. L. Pecsok, J. Chem. Educ., 29, 597 (1952); (b) II. Acker-
mann and G. Schwarzenbach, Helv. Chim. Acta, 35, 485 (1952); (c)
W. Furness, P. Crawshaw and W. C. Davies, Analyst, 74, 629 (1949);
( d )  J. Koryta and I. Kossler, Collection Czech. Chem. Communs., 15, 
241 (1950); (e) P. Souehay and J. Faucherre, Anal. Chem. Acta, 3, 
252 (1949); (f) Bull. soc. chim. France, 722 (1949); (g) R- Pribil and 
B. Matyska, Chem. Listy, 44, 305 (1950); (h) E. I. Onstott, J. Am. 
Chem. Soc., 74, 3773 (1952).

(2) K. Bril and P. Krumholz, T h is J o u r n a l , 57, 874 (1953).
(3) (a) I. M . Kolthoff and J. J. Lingane, “ Polarography,” 2nd ed., 

Interscience Publishers, Inc., Chapter X IY  and X V . (b) M. von 
Stackelberg, “ Polarographische Arbeitsmethoden,”  W . de Gruyter, 
1950, p. 309, etc.

(4) Actually in this pH range some buffering occurs due to the acid 
function of the copper Enta complex; see G. Schwarzenbach and E. 
Freitag, Helv. Chim. Acta, 34, 1492 (1951). We found by potentio­
metric titration K(;uyh =  1.2 X 103 at 20° and 0.1 ionic strength.

the concentration of the supporting electrolyte. 
At constant ionic strength, it shifts toward more 
positive values with increasing buffer concentration 
(see Fig. 1). At constant buffer concentration it 
shifts toward more negative values with increasing 
ionic strength. Beyond the dotted line in Fig. 1, 
both the buffer concentration and the ionic strength 
increase, and it is actually probable that the ap­
parently constant value of the half wave potential 
is only a result of a counterbalancing effect. 
Figure 1 shows that, at low buffer concentrations 
the half-wave potential is almost independent of 
the concentration of copper-Enta. With in­
creasing buffer concentration there appears an 
increasing shift of the half-wave potential toward 
more negative values as the copper Enta concen­
tration is increased from 10 1 to 10-3 molar.

Fig. 1.— T h e influence o f the buffer con cen tration  upon 
the half w ave potential o f  the cop p e r -E n ta  com plex. L eft  
o f the dotted  line, the ionic strength is m aintained constant, 
( m =  0 .10 ) b y  su itable add ition  o f p otassium  nitrate. 
R igh t o f the d otted  line the ion ic strength, w hich is given 
b y  the buffer concentration , increases p rop ortion a lly  to 
the buffer con cen tration : A, C H sC O O H  +  C IL C O O N a
(p H  4 .6 9 ); B, N a H 2P O , +  N a,H P O „ (p H  6 .8 8 ); C, potas­
sium tetraborate (p H  9 .32); D , N aH C O » +  N ajO O j (p H  
10.08); t =  20.0°. (A ll solutions contained  5 X  10~6%  
m ethyl orange.)
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This shift reaches about 30 mv. for solutions where 
the total ionic strength is given by the concentra­
tion of the buffer. A further increase of the buffer 
concentration (and of the ionic strength) has no 
significant effect upon this shift.

The wave slope
_ AS _

a A log 1 (id — i)

in buffered solutions of constant ionic strength
depends also upon the nature and the concentra­
tion of the buffer, decreasing slowly as the buffer 
concentration is increased, as shown in Table I.

T a b l e  I
D e p e n d e n c e o f  th e  W a v e  S l o p e , a , UPON THE CONCEN-
TRATION OF t h e  B u f f e r FOR A 10 3 M  C o p p e r - E nta

S o l u t io n  at p =  0 .1 , 2 0 .0 °

Buffer 1:1 
pH

Total molar

CILCOOH
rULC'OONa

4 .6 9

KH 2 P0 4

K2Ï1P04
6.88

HjBOj
NalLBOa

0.32

NaHCOi
NasCOa

1 0 .0 8

concn. a

o . 2 -±a 0 .0 3 0
.2 0 .031
.1 0 .0 3 8
.0 5 .039 0 .0 3 5

O co •v
i 0.0 :50 0 .0 3 5

.0 2 5 0 .0 3 2 0 .0 3 6 .0 3 6

.0 2 0 .036

.0 1 2 0 .0 4 0 0 .0 3 7 .039

.0062 0 .0 4 2 .043

“ m =  0.12 6 m  =  0.15.

In unbuffered solutions of the copper-Enta com­
plex containing very small amounts of free acid 
the polarographic wave shows a peculiar wave 
splitting illustrated in Figs. 2 and 3. Two dis­
tinct pre-waves appear clearly. The height of 
these waves, at constant copper-Enta concentra­
tion is approximately proportional to the hydrogen 
ion concentration.

E  vs. S.C.E. in mv.
Fig. 2.— Wave splitting in slightly acid unbuffered solu­

tions of copper-Fnta in 0.1 M  potassium nitrate, copper- 
Enta concentration 10~3 M ,  5 X 10~5%  methyl orange, 
l =  20.0°: I, copper-Enta wave at pH 7.1; 2, cop­
per-Enta wave at pH 3.99; 3, the calculated currentp-oten- 
tia 1 curve (for Ei the value —464 mv. was used).

In the absence of maximum suppressors two very 
prominent maxima appear in these solutions, as 
shown in Fig. 3. Methyl red, methyl orange, a- 
naphthol, caffeine and gelatin, all can be used to 
suppress these maxima. For methyl red and 
methyl orange the polarographic wave is inde­
pendent of the concentration of the maximum sup­

pressor in the concentration range of 5 X 10 ~5 to 
15 X 10-*%. By further increasing this concentra­
tion the prewave is depressed and suffers a shift 
to more negative potentials. This effect is essen­
tially the same for all suppressors used.

E  vs. S.C.E. in mv.
Fig. 3.— Wave splitting in slightly acid unbuffered solu­

tions of copper-Enta in 0.1 M  potassium nitrate, copper- 
Enta concentration 5 X 10~3 M , t =  20.0°: 1, copper-
Enta wave at pH 7.1, 5 X 10~6%  methyl orange added; 
2, copper-Enta wave at pH 3.62, no maximum suppressor 
added; 3, copper-Enta wave at pH 3.62, 5 X 10~5% 
methyl orange added; 4, calculated (see text) current- 
voltage curve for pH 3.62 (for Ei the value —464 mv. was 
used).

Iii almost neutral copper-Enta solutions the 
double wave formation disappears completely (see 
Fig. 2 and 3). Also, in solutions containing suf­
ficient excess of acid over the copper-Enta concen­
tration the double wave formation does not occur. 
There appears only a continuous shift of the half­
wave potential toward more positive values, with 
increasing acidity.

Upon addition of salts of cadmium, calcium, lan­
thanum, lead and zinc, all capable of complexing 
the Enta ion, to a nearly neutral solution (pH (5 6) 
of copper-Enta, a single prewave is produced as 
shown in Fig. 4.5 In more acid solution the hy­
drogen prewave adds to the metal induced wave.

Fig. 4.— Wave splitting in a 0.4 mM  copper-Enta solu­
tion, 0.2 mM  in metal nitrate, 0.1 M  in potassium nitrate, 
t =  20.0°, pH 6.1 ±  0.2: 1, lead nitrate; 2, lanthanum
nitrate; 3, cadmium nitrate; 4, zinc nhrate; 5, calcium 
nitrate; 6, no metal added. Abscissa scales for curves 2, 
3, 4, 5, 6, start at 100, 200, 300, 400 and 500 mv., respec­
tively, to the right of curve 1. (All solutions contained 
5 X 10-6%  methyl orange.)

(5) No wave splitting could be observed upen addition of nickel 
salts.
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Mmoles La + + +/1.
0 0.2 0.4

E  vs. S.C.E. in mv.
Fig. 5 — Wave .splitting produced by various concentra­

tions of lanthanum nitrate in a 0.4 mM  copper-Enta solu­
tion in 0.1 M  potassium nitrate at 20.0°, pH 6.2 +  0.1: 
1, current-potential plots; 2, diffusion current (induced by 
the metal )-concentration plot.

Figure 5 shows the dependence of the height of the 
metal induced wave upon the concentration of the 
metal ion in the case of lanthanum at pH 6.2 ±  
0.1. A very good proportionality is observed. 
The same was found for all other metals studied 
here.6 The height of the metal induced wave 
shows no marked dependance upon the concen­
tration of the copper-Enta complex. It has a 
normal temperature coefficient as shown by the 
fact that, all other conditions being maintained 
constant, the relation between the height of the 
first wave and the total height of the wave is, 
within the experimental error, independent of the 
temperature in the range of 0° to about 50°.

In the case of the metal induced wave as well 
as in that of the hydrogen prewave the total ionic 
strength exerts a pronounced effect upon the wave 
separation: the higher the total ionic concentra­
tion the poorer the wave separation. Thus in the 
case of calcium, the double wave formation ap­
parently disappears, in 0.5 M  potassium nitrate. 
It manifests itself only by broadening the deriva­
tive pclarograms (see Fig. 6). As shown by this 
figure the half-wave potential of the second wave 
remained almost unaltered by the change in the 
ionic strength, whereas that of the first wave is 
shifted by about 40 mv. toward more negative 
potentials with increasing ionic strength. Values 
ranging up to 70 mv. (for lead) were sound for the

(6) Actually the metal induced wave is proportional to the concen­
tration of the free  metal ion. This, in general, is different from the 
added, because of the exchange equilibrium CuY“ +  Me(2)n+ =  Meta- 
y<4 -  n) -  _j_ q u + + Only in the case of lead, however, does this correc­
tion become important. In all other cases studied here it can be neg­
lected, within the experimental error, when the wave height of the 
induced wave is measured from zero current line up (corrected for the 
residual current). This is due to the fact that the diffusion coefficients 
of the metal ions studied here, with the exception of lead, are almost 
equal (see ref. 3a, p. 52) to each other (see also ref. 2).

other metals, and of about 60 mv. for the hydro­
gen induced wave.

Fig. 6.— Derivative polarogram of a 4 X 10 4 M  copper- 
Enta solution containing 2 X 10 _4 M  calcium nitrate at 
20.0°; fx =  0.1 (© ) ;  „  =  0.5 (# ) .

Some experiments were performed using the 
streaming mercury electrode for comparison (see 
ref. 2). The wave separation is in all cases poorer 
at this electrode than at the dropping mercury 
electrode. Thus, in the case of zinc even in 0.1 M  
potassium nitrate the wave splitting at the jet 
electrode manifests itself only on the derivative 
diagrams. Raising the temperature seems to 
improve the wave separation. Only lead gives at 
the jet electrode a clean wave splitting, a good pro­
portionality existing between the free lead concen­
tration (see ref. 6) and the height of the induced 
wave.

Discussion
A. Well Buffered Solutions.— The diffusion cur­

rent constant of the copper-Enta complex is only 
about 10% smaller than the diffusion current con­
stant for copper in nitrate medium.7 In acetate 
solutions the difference observed is of about 5% 
only. This indicates a two-electron electrode 
process which can be tentatively formulated as

C uY - +  Hg +  2e =  CuHg +  Y 4“  (1)

Except in very alkaline solutions the Enta ion, 
Y 4“ , will react with hydrogen ions, free or furnished 
by proton donors as buffers or water, according to

Y 4“  +  )iH + = Y H ,(,“ ‘ )_ . . . K y a n (2)

Assuming as a first approximation the reduction 
to be reversible, the potential of the mercury elec­
trode should be given at 20° by

E  =  E„ -  0.029 log (- ^ f Y 2<Y ^ 0 F  (3)

where F is an activity factor and the (X )0 indicates 
concentrations at the electrode surface.

If reaction 2 as well as the dissociation of the 
proton donors occurs instantaneously, then the 
concentration (Y 4“ )0 of the Enta ion at the inter­
face can be expressed as a function of the total 
analytical concentration of Enta at the interface 
(Y*)o, the concentration of the hydrogen ions, and

(7) See also ref. lb, p. 487.
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of the acid dissociation constants of Enta8 ac­
cording to

(Y*)o =  (YH„)o =  (Y*-)o f  (H+)„ (4)
o

where
/ ( H + )„  =  1 +  A , ( H +)„ +  A , A ? ( H +)02 +

K.AVv'd H+)o3 + . .  (4a)
By following a treatment similar to that pro­

posed by Tomes9 in the discussion of the polaro- 
graphic reduction of mercury cyanide equation 3 
can be put into the form10

E  =  E , +  0.029 log f  (II+)„ -  0.029 log . -  * (5)Oi — J
Equation 5 presumes the validity of the Ilkovic 

equation for the diffusion of all components of the 
electrode process.

Equation 5 predicts a 29 mv. negative shift of 
the half-wave potential with a tenfold increase of 
the copper-Enta concentration. This was ex­
perimentally verified only at the highest buffer 
concentration compatible with the given ionic 
strength (see Tig. 1). The half-wave potentials 
of copper-Enta in solutions where the total ionic 
strength is that from the buffer components, are 
plotted against p(H) (see ref. 8) in Fig. 7. A very

Fig. 7.— Dependence of the half-wave potential of the 
copper-Enta complex upon the p(H) in buffered solutions. 
Ionic strength (0.10) from the buffer components, t =  20°; 
copper-Enta concentration: 2(G ), 10~ i M ;  l(-O-), 10~321f. 
Full drawn curves were calculated according to equation 5 
using E] =  — 428 mv. (All solutions contained 5 X 10~5% 
methyl orange.)

good agreement with the dependence predicted by 
equation 5 is found in the p(H) range of 4 to about 
10 using the value Ex =  —428 mv. The increase 
of the half-wave potential in alkaline medium is 
not predicted by equation 5. It might be ac­
counted for by the formation of hydroxo complexes 
of the copper ion and/or of the copper-Enta com­
plex in alkaline solutions.

Equation 5 does not account for the strong de-
(8) G. Schwarzenbach and H. Ackermann, Iielv. Chim. Acta, 30, 1768 

(1948); values reported by these authors are concentration constants; 
in the following we shall use the value of 7h+ =  0.81 for hydrogen ions 
at 0.1 ionic strength- The symbol p(H) will be used whenever the 
concentration (and not activity) of the hydrogen ions is considered.

(9) J. Tomes, Collection Czech. Chem. Communs., 9, 12, 81, 150 
(1937).

(10) The interaction of the copper-Enta complex with hydrogen 
ions can be neglected as numerically insignificant at ?>H higher than 5 
(see ref. 4 and 2).

pendence of the half-wave potential upon the 
buffer concentration.11 The strong shift of the 
half wave potential toward more positive values 
with decreasing ionic strength may only in part be 
accounted for by considering the change of the 
activity factor in equation 3 and of the K yh»12 
values in equation 4.

B. Wave Splitting in Unbuffered Slightly Acid 
Solutions.— In unbuffered solutions of the copper- 
Enta complex the p(H) at the interface will obvi­
ously increase with increasing current, due to the 
increasing consumption of the hydrogen ions by 
reaction 2. The relation between the interfacial 
hydrogen ion concentration (H+)0, and the cur­
rent can be expressed in terms of the concentra­
tions and diffusion coefficients of all proton donors, 
water included, assuming the validity of the Ilkovic 
equation, according to

4
X > ( Y H „ ) „

..............  lm = t —----------  ■ =
£ (  Y H „ V
i

A [ /V /4 ( H  + ) -  (H +)o! +  Dc„yh ’ / ’-!(C uY H -)  -
( C u Y H - ) „ |  +  £ W / d ( O H - ) o  -  ( O H - ) H  ( 6 )

This equation results from the condition of sta- 
tionarity which presumes that under equilibrium 
conditions the diffusion fluxes of all proton donors 
have to equal those of the proton acceptors.13 
The first and second right hand members of equa­
tion 6 represent, respectively, the Ilkovic fluxes of 
free hydrogen ions, and of the copper-Enta acid 
(see ref. 4); the third term represents the contri­
bution of water (as proton donor) in terms of the 
hydroxyl ions flux (see ref. 13b); n is the mean 
number of hydrogen ions bound per ion of Enta; 
it varies with p(H) (see ref. 8) according to Fig. 8 
which was computed using the dissociation con­
stants of Enta acid as determined by Schwarzen- 
bach.8 The last term in equation 6 can be dropped 
as long as the interface remains acid. Then the 
current can be expressed more simply by

i n  =  A  J~Dh ’/2( H  +) j 1 +  A’ Ci-.y h (C u Y - )  | -

Z V A ( H +)0j l  A cuYh ( C u Y - ) o| ]  (7 )

where AT;uyh is the stability constant of the copper- 
Enta acid (see ref. 4) and the diffusion coefficients 
of copper-Enta anion and copper-Enta acid are 
assumed to be equal.

(11) As pointed out by O. H. Muller in A. Weissberger, “ Physical 
Methods of Organic Chemistry,” Part II, 2nd Ed., 1949, p. 1833, ade­
quate buffering is provided when the concentration of the active part­
ner of the buffer is in a hundred-fold excess over that of the reducible 
species; the hydrogen ion concentration at the electrode surface should 
then be within about 1 % that of the bulk of the solution. This evalua­
tion is based of course upon the hypothesis of instantaneous attain­
ment of all proton equilibria. In our case a solution of 10 “4 M  copper- 
Enta in 0.02 M  1:1 acetate buffer exhibits a half-wave potential which 
corresponds to a concentration of the free Enta ion (Y 4~)o at a p(H), by 
about two p(H) units more alkaline than in the bulk of the solution 
(compare Figs. 1 and 7).

(12) Z y h ?i values at 0.5 ionic strength were reported by S. F. 
Carini and A. E. Martell, J . Am. Chem. Soc., 74, 5745 (1952).

(13) Similar relations are to be found in the literature. See, i.e., 
(a) E. F. Orlemann and I. M. Kolthoff, ibid., 64, 1044 (1942); (b) 
P. Ruetsehi and C, Triimpler, ffelv . Chim . Acta, 35, 1021, 1486, 1957 
(1952).
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Equations 5 and 7 can be solved graphically for 
(H+)0 and allow calculating the current-potential 
curve for a particular solution. This curve fits 
reasonably well the experimental results (see 
Figs. 2 and 3), considering the approximations 
introduced by using the Ilkovic equation13’14 
and the assumption of instantaneous equilibria.

The appearance of the double pre-wave can be 
explained qualitatively as follows. Let us con­
sider a 10 ~8 molar solution of copper-Enta com­
plex at a p(H) of about 3.5 (see Fig. 2). At this 
p(H) the n value will be about two (see Fig. 8). 
Now as the current increases (Fl+)o as well as 
(CuYH~)o will decrease. At a p(H) = 5.5 both 
will be already negligible as compared with the 
bulk hydrogen ion and copper-Enta acid concen­
trations. Until that point the n value will suffer 
no marked change and consequently the polaro- 
graphic current will reach a diffusion plateau. 
As the hydrogen ion concentration at the electrode 
surface will decrease further, n will start to dimin­
ish also, until reaching a new steady value of 
about one in the p(H) range 7.5 to 9.5. Thus the 
current should start to increase again after hav­
ing reached the first plateau and attain a second 
one at twice the value of the first diffusion cur­
rent. This second plateau, however, should be 
rather indistinct as at p(H) 7 the current will soon 
further increase due to the OH -  term in equation 6.

The numerical value of the total height of the 
prewave should be given by

tdi.2 =  A'Z>h'/<H  +) j l  +  X cuyh(C uY - )  I (8)

This equation is in a good quantitative agreement 
with the experiment (see Figs. 2 and 3). The 
first part of the prewave is found to be somewhat 
higher than was to be expected.

The shift of the half-wave potential of the pre­
wave toward more positive values with decreasing 
ionic strength (see Experimental results) can be 
accounted for only qualitatively on the basis of 
the foregoing discussion.

C. Wave Splitting in Neutral Unbuffered Solu­
tions of Copper-Enta Complex by Metal Ions.— If a 
nearly neutral solution of the copper-Enta complex 
contains metal ions Memn+ capable of forming 
stable complexes with Enta, then the following 
reaction should be considered in addition to reac­
tion 2

Y ^  +  M e o - ^ Y M e e , 14- : -  ( K Me y) (9)

In the following we shall neglect the formation of 
ion pairs between the metal Enta complexes and 
metal ions, as well as the presence of the Me(2)Y 
complex in the bulk of the solution which is ap­
preciable only for lead under our experimental con­
ditions (see ref. 2 and 6). Then the current ob­
served should vary according to
i =  K / W / ’ (M eY )0 -  (M eY )i -  X D y - /< Y ‘ “ )oT (H +)„

=* m U /f i i M e )  -  (M e)«Ì -  K Cv '/< Y 1“ ),, / (H + )„
(10)

In all cases studied here the metal complexes have
(14) (a) J. Koutecky and R. Brdioka, Collection Czech. Chem. Com­

mune., 12, 337 (1947); (b) P. Delahay and coll., J. Am. Chem. Soc.t 
1949-1953; (c) ?. Delahay. ibid., 74, 3497 (1952); (d) see also ref. 3.

P(H ).
Fig. 8 .—The variation of the mean number of hydrogen 

ions bound per ion of Enta with p(H ); calculated according 
to Schwarzenbach8 values of the dissociation constants of 
Enta acid; t =  20°, «u =  0.1.

stability constants higher than 1010 (see ref. 4). 
In nearly neutral solutions, the reaction of Enta 
ions (liberated at the drop surface) with hydrogen 
ions can thus be neglected until the concentration 
of the metal ions in the interface drops below a 
very small value. Under those conditions (10) 
reduces to

i ^ A Z W / ’ KM e) -  (M e)„) (11)
According to this equation, the current should 
reach a steady value, when the metal ion concen­
tration at the interface becomes small in compari­
son with the concentration in the bulk of the solu­
tion. A further increase of the current should 
then occur due to the increasing contribution of 
the second term in equation 10. The usual dif­
fusion plateau of the copper-Enta complex should 
be reached finally. The first diffusion current 
should be proportional to the metal concentration, 
in agreement (see ref. 6) with the experiment (see 
fig. 5).

The wave splitting of course will occur only if 
the concentration of the metal ion is smaller than 
the concentration of the copper-Enta complex. 
As a matter of fact at higher metal concentration 
a single wave appears, whose half-wave potential 
shifts toward more positive values with increasing 
metal ion concentration.

In order to express the potential of the dropping 
mercury electrode as a function of the current, 
equation 4 should be substituted by

4
( Y * ) 0 =  ( M e Y ) o  +  £  ( Y H „ ) 0 =  f / ( H + ) o  +

AWMebKY*-)» (12)
Combining equations 3 and 12 one gets the follow­
ing simple expression for the half-wave potential 
of the metal induced wave
F y 2 =  E i +  0.029 log K Mey  +  0.029 log ( 1 3 )t'di
where id, is the diffusion current of the metal in­
duced wave. It follows from (13) that the greater 
the stability constant of the metal ion complex 
with Enta, the better the separation of the metal 
induced wave. Actually the shift predicted by 
equation 13 is only in a rough qualitative agree­
ment with the experiment. Figure 4 shows a half­
wave potential separation of about: 250, 190, 
160, 140 and 90 mv. for lead, lanthanum, cadmium,
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zinc and calcium, respectively, whereas the pre­
dicted values are (see ref. 4): 530, 450, 480, 470 
and 310 mv.

According to equation 13 the half-wave poten­
tial of the metal wave should shift at a constant 
metal concentration to more positive values with 
increasing copper-Enta concentrations. At a con­
stant copper-Enta concentration the half-wave 
potential should shift toward more negative values 
with increasing metal concentrations. Both pre­
dictions are fullfilled at least in a qualitative way 
(see Fig. 5).

The dependence of the half-wave potential on the 
ionic strength (see Experimental part) can only 
partly be accounted for by considering the influence 
of the ionic strength upon the equilibria involved.

D. Interference of Reaction Rates in the Polaro- 
graphic Reduction of the Copper-Enta Complex.— 
It seems that at least some of the discrepancies ob­
served between theory and experiment can be 
attributed to the influence of non-equilibrium 
conditions in the mercury-solution interface (see 
ref. 3 and 14a, b, c).

It was found that nickel ion does not produce 
the wave splitting observed with all other metals 
studied here. This indicates the possibility that 
the equilibrium 9 is not very rapid. This possi­
bility is further confirmed by the fact that for all 
metals studied here the wave splitting is much less

clean at the jet electrode than at the dropping 
mercury electrode. As pointed out previously15 
at the jet electrode only very fast reactions can 
manifest themselves fully.

The strong dependence of the half-wave poten­
tial upon the buffer concentration indicates that 
slow proton equilibria in the mercury-solution 
interface can also interfere kinetically in the ob­
served phenomena. In addition to reactions 2 
one should consider here also the dissociation 
equilibria of the buffer16 as well as the possibility of 
a direct reaction between the acid component of 
the buffer and the Enta ion liberated in the elec­
trode process (see i. e., ref. 16a). Each of these 
reactions can be slow enough to disturb the over­
all process.

Finally the rather strong dependence of the half­
wave potential upon the ionic strength could be 
interpreted partly at least in terms of the Bjerrum- 
Brönsted concept of ionic reactions: the increase 
of the ionic strength accelerating or retarding the 
rates according to the charges of the reaction 
partners.17

(15) (a) J. Heyrovsky and J. Forejt, Z. physik. Chem., 193, 77 
(1943); (b) see also ref. 2.

(16) (a) C. R. Castor and J. H. Saylor, J . Am. Chem. Soc., 75, 1427 
(1953); (b) O. H. Müller, ibid., 62, 2434 (1940); (e) see also ref. 14c.

(17) See, i.e., S. Glasstone, K. J. Lai Her and II. Eyring, “The 
Theory of Rate Processes,” McGraw-Hill Book Co., Inc., New York, 
N. Y ., 1941, Chapter VIII.
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Isotherms of argon and oxygen, nitrogen and carbon monoxide, xenon and propane, in the neighborhood of liquid oxygen 
and nitrogen boiling points, on sintered and ground calcium fluoride powders have been determined. Marked inflections in 
the isotherms for argon and oxygen were found. Nitrogen and carbon monoxide conformed to the BET equation (Type II). 
With xenon and propane the data fall on a single smooth curve of adsorbed volume versus relative pressure. The data have 
been examined in terms of two-dimensional changes of state, horizontal interactions and derived thermodynamic data.

Recently, Young and Tompkins2'3 examined and 
augmented the observations and calculations of 
Orr4 pertaining to the interactions of gases with 
surfaces possessing periodic structures, such as 
ionic crystals. In a re-evaluation of Orr’s work 
with non-polar gases on Csl, Tompkins and Young3 
suggest that adsorption was taking place on the 
(110) plane of Csl. As adsorption progressed to 
the more uniform parts of the surface, horizontal 
interaction effects became significant and the 
localized (square) array of molecules condensed to 
an hexagonally close-packed layer. This rear­
rangement in molecular orientation was associ­
ated with a phase change. These events con-

(1) Abstracted from a thesis by Harold Edelhoch, presented in par­
tial fulfillment of the requirements for the Ph.D. degree in Princeton 
University, 1947.

(2) D. M . Young, Trans. Faraday Soc., 47, 1228 (1951); 48, 548 
(1952).

(3) F. C. Tompkins and D. M . Young, ibid., 47, 77 (1951).
(4) W . J. C. Orr, ibid., 35, 1247 (1939); Proc. Roy. Soc. (London), 

A 173, 349 (1939); J. K. Roberts and W . J. C. Orr, Trans. Faraday Soc., 
34. 1346 (1938).

tribute an additional heat term based on lateral 
interactions to the predominant one occurring 
between the adsorbed molecules and the adsorbent. 
If the latter heat effects are sensibly constant, a 
maximum in the heat curve will be evident.

Crawford and Tompkins5 have measured the 
adsorption of polyatomic molecules on BaF2 
and CaF2. They have concluded that the ad­
sorbed molecules formed a localized layer on the 
crystal planes with their distribution fixed by the 
lattice structure of the adsorbent.

The nature of the adsorbed phase has received 
considerable attention, notably by Hill,6 Gregg,7 
and Jura and Harkins.8 The latter have postu-

(5) V. A. Crawford and F. C. Tompkins, ibid., 44, 698 (1948); 46, 
504 (1950).

(6) T. L. Hill, J. Chem. Phys., 14, 441 (1946); 15, 767 (1947); 17, 
520 (1949). For a critical review of physical adsorption theory see 
chapter by T. L. Hill, in “Advances in Catalysis,” Academic Press, 
Inc., New York, N . Y ., 1952.

(7) S. J. Gregg, in “ Surface Chemistry,”  Butterworths Scientific 
Publications, London, 1949.

(8) G. Jura and W . D. Harkins, J. Am. Chem. Soc., 68, 1941 (1946).
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later! a one to one correspondence between the 
various states of adsorbed gases with those of in­
soluble films on liquid subphases. Principally 
employing organic vapors and working near room 
temperature, they have noted many cases of dis­
continuities and inflections in their isotherms 
which they related to two-dimensional phase 
transitions.9 Halsey10 has considered the mechan­
ics of isothermal adsorption processes revealing 
inflections, etc., in terms of cooperative phenomena.

The following paper presents the results of 
measurements of the adsorption of a series of gases 
on a single sintered and ground surface of CaF2. 
These results are similar to those observed by Orr4 
and Ross.11 A recent report by Ross12 offers con­
firmatory evidence of the presence of discontinuities 
and inflections in physical adsorption isotherms.

Experimental
M ateria ls .— Nitrogen, oxygen, argon and xenon were 

commercial preparations of the “ spectroscopically pure”  
grade. These gases were used directly from their glass 
containers. Carbon monoxide, propane, helium and 
methane were of tank origin and were dried by passing 
through a CaCl2, ascarite and P2Os train. Propane was 
fractionally distilled several times in the all-glass manifold. 
Helium was purified further by passing over copper at 500°, 
CuO at 300°, and activated carbon at —195°.

Ethyl iodide and ethyl ether were standard materials of 
reagent grade and were used without further treatment. 
Solid CO2 was purchased locally.

Baker’s C.p . grade of CaF2 was used. A small sample 
was sintered at 410° for two hours in a stream of hydrogen 
and then milled in a stone ball mill for 12 minutes at room 
temperature. All measurements in this paper were per­
formed on this sample (no. 1, Table I) except those included 
in Fig. 2. These latter samples (no. 2-5, Table I) of CaF-2 
differed only in variation of the sintering temperature and 
the grinding time.

T a b l e  I

E ff e c t s  o f  S in t e r in g  a n d  G r in d in g  on  A d so r p tiv e  
C a p a c it y  a n d  M a g n it u d e  o f  I n f l e c t io n s

Sample Sintering Grinding Surface
no. temp., °C. time, min. area,“ in.2/

1 410 12 ( 9 .6 /
2 250 0 14.1
3 500 4000 4.9
4 500 100 2.8
5 850 200 0.8

0  Surface areas calculated by using “ B”  point method for 
definition of monolayer coverage. 6 Determined from V m of 
nitrogen isotherm.

M ethods. A. Preparation of Constant Tem perature 
B ath s.— Liquid oxygen and methane were prepared by con­
densing tank gases in Pyrex tubes, suspended in a thermos 
flask containing liquid nitrogen. Freezing mixtures of 
ethyl iodide and of ethyl ether were obtained by cooling 
with liquid nitrogen until a viscous two phase mixture of 
solid-liquid resulted.

B . Tem perature Control and M easurem en t.— Nitro­
gen, oxygen, argon and carbon monoxide isotherms were 
measured at liquid nitrogen and oxygen temperatures. 
Temperature fluctuations during experiments were followed 
with an oxygen vapor pressure thermometer. Where 
small temperature changes were observed average values 
were used for determining the saturated vapor pressures 
(po). Acetone-C02 mixtures provided temperature control 
for the propane run.

(9) G. Jura, W. D. Harkins and E. H. Loeser, J. Chem. Phys., 14, 
344 (1946); G. Jura, E. H. Loeser, P. R. Basford and W . D. Harkins, 
ibid., 14, 117 (1946).

(10) G. Halsey, ibid., 16, 931 (1948).
(11) S. Ross, J Am. Chem. Soc., 70, 3830 (1948).
(12) S, Ross, ibid.. 75, 6081 (1953).

C . Adsorption M easurem en ts.— An all glass adsorption 
apparatus of conventional design gave pressures to 10 ~6 
mm. Adsorption pressures were read from a mercury man­
ometer. Adsorption isotherms were obtained by the suc­
cessive addition of small increments of gas to an adsorption 
chamber at constant volume and temperature. All adsorp­
tion measurements attained equilibrium within the time re­
quired to adjust the mercury level and read the manometer.

Results
Argon and Oxygen.— Four independent runs 

including three adsorption and one adsorption- 
desorption, were performed on sample no. 1 to 
verify the reproducibility and reversibility of the 
adsorption behavior of argon near 79UK. This 
series of experiments is summarized in Fig. 1, 
and Table II contains a sample of the experimental 
points collected from the three adsorption iso­
therms. The magnitude of the inflections could 
be modified appreciably by varying the sintering 
and/or grinding treatment of the CaF2. These 
samples were treated under the conditions listed 
in Table I and their isotherms appear in Fig. 2. 
The relative pressure and coverage at the inflection 
point appear to remain moderately constant with 
the change in surface area incurred by the sinter­
ing process. A complete isotherm of sample 5 
(to p/po ~  0.95) resembled Type II in Brunauer’s 
classification13 and showed very little, if any, in­
flection. Argon isotherms at several temperatures 
on CaF2 sample no. 1 appear in Fig. 3.

T a b l e  II

S a m p l e  of  A rg o n  A d so r p tio n  D a t a  a t  78.8 °K. o n  410°- 
S in t e r e d  CaF2

Fm = 2.66 C C . (S.T.P.), P0 == 24.4 cm.

CC.
V,
S.T.P.

P,
cm. e log e

1 - 9
V,

cc. S.T.P.
P,

cm. 9
, 6 
IOgl—

0 .336 0.32 0.126 0.84 1.87 1.68 0.702 0.373
.456 .49 .171 — .69 2.10 1.93 .787 .570
.635 .88 .238 - .50 2.27 2.32 .850 .754
.750 1.10 .282 - .40 2.35 2.86 .880 .866
.882 1.29 .330 — .31 2.46 3.42 .922 1.073
.941 1.39 .353 — .26 2.48 3.71 .932 1.137

1 .32 1.54 .495 - .008 2.62 4.95 .980 1.690
1 .65 1.66 .620 .213 2.66 5.35 1.00

When oxygen was substituted as the adsorbate, 
substantially similar effects to those observed with 
argon were evident (see Fig. 4).

Nitrogen and Carbon Monoxide.— The isotherms 
observed with nitrogen and carbon monoxide as 
adsorbates appear in Fig. 5. The adsorption data 
fit well the usual BET plots from which a surface 
area of 9.6 m.2/g. has been calculated, using
16.2 A.2 as the cross-sectional area of nitrogen.14 
To calculate the surface coverage (0) with argon,

T a b l e  I I I  

BET P a r a m e t e r s

Adsor­
bate

7m.
cc.

(S.T.P.) C

a ,kcal./
mole

Eh,
kcal,/
mole

n 2 2.35 1700 2.5 1.33
CO 2.68 750 2.5 1.41
Xe 1.19 2.6 3.5 3.25
Calls 0.60 5.2 8.2 7.55

(13) S. Brunauer, “Adsorption of Gases and Vapors,”  Princeton 
University Press, Princeton, 1943, p. 150.

(14) P. H. Emmett and S. Brunauer, J. Am. Chem. Soc., 59, 1553 
(1937).
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Fig. 1.— The results of three independent adsorption runs and one adsorption-desorption run of argon on CaF2 at 78.8°*K. 
• , O, A , -°, represent the adsorption-desorption points, respectively.

Fig. 2.— Argon adsorption isotherms near 79°K. on sin­
tered CaF2 samples of different surface areas: sample no. 2, 
O (A ); 3, •  (B ); 4, A (C).

Fig. 3.— Variation of argon adsorption with temperature: 
(A) o ,  78.8°; (B) « .  89.7°: (C ) ©, 112°K.

Vm (monolayer volume) was obtained by abjusting 
the nitrogen value of Vm (see Table III) by the 
ratio of cross-sectional areas for the two gases, 
i.e.., 16.2/14.4.14

Fig. 4.— Oxygen adsorption isotherm on CaF, plotted against 
relative pressure: (B) * .  89.5°K.; (A) o , 78.0°K.

Fig. 5.— Isotherms of nitrogen at: 78.3°, •  (A ); 89.8°K., o  
(B), and carbon monoxide at 77.9°K., (j (C).

Xenon and Propane.—Xenon isotherms were 
measured at three temperatures. All the data 
could be fitted by a single smooth curve when the 
adsorbed volume was plotted against relative 
pressure, as shown in Fig. 6. The results of a pro­
pane isotherm, extending close to saturation pres­
sure, are shown in Fig. 7.
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Fig. 6.— Xenon adsorptions plotted against relative pressures: • , 157.0°Iv.; 161.0°K .; O, 189.2°K. The points at
161.0° and 189.2°K. represent the sum of two independent isotherms obtained under identical conditions.

Thermodynamic Calculations.—Since important 
information concerning the mechanism of adsorp­
tion processes may be acquired from considerations 
of heat and entropy contributions to the free 
energy, isotherms for argon, nitrogen and xenon 
were measured at several temperatures. The 
differential thermodynamic constants of adsorp­
tion for these gases on CaF2, as a function of 
coverage, have been computed from equations 
(1, 2 and 3)15 and are shown in Figs. 8, 9, 10, 
respectively. The saturated vapor pressures were 
taken as the standard state.

- A - e M w O e  (1>
F g -  Fa =  R T  In po/p (2)

S g ~  Ss =  (H o  -  H s ) -  (F Cr -  F „ ) / T  (3)

Discussion
Test of Adsorption Equations.—From the work of 

Hill,6 Tompkins and Young,3 Gregg,7 and Jura 
and Harkins,8 it is evident that a two-dimensional 
change of state occurs with argon and oxygen in 
the region where the isotherm shows an inflection. 
Accordingly, those theories of adsorption that 
neglect to account for the possibility of horizontal 
interactions, phase changes and cooperative effects 
will be incapable of representing the adsorption 
data.16 Since the BET theory does not provide 
for these contingencies, it will fail.

(15) T. L. Hill, J. Chem. Phys., 17, 520 (1949).
(16) O. Theimer (Trans. Faraday Soc., 48, 326 (1952)) has presented 

an interesting discussion of the adsorbent surface properties requisite 
for fulfillment of the BET theory.

Fig. 7.— Complete propane adsorption isotherm on CaF2 at 
193°K.

A solution to the problem of nearest neighbor 
interactions for localized molecules on a uniform 
surface is the quasi-chemical approximation17

V =  P  exP ~  ( j r  )  =  V  F -  O exP ~  ( “ i0 )

(4 )

where p is the gas pressure, 9, the fraction of 
sites occupied by molecules, k, the gas constant, 
T, the temperature, w, the interaction energy 
of two adsorbed molecules on nearest neighbor 
sites and p° is a constant at a particular temperature.

(17) See R. H. Fowler and E. A. Guggenheim, “ Statistical Thermo­
dynamics, M Cambridge University Press, Cambridge, 1939, Chapter 10.
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Fig. 8.—Differential thermodynamic functions of argon 
calculated from 78.8 and 89.7°K. isotherms.

Fig. 9.—Differential thermodynamic functions of nitrogen 
on CaF2.

Fig. 10.— Differential thermodynamic functions of xenon on 
CaF2 (F m =  1.19 cc. STP).

If log p is compared with log 0/1 — 0 +  
«10 a rectilinear relationship should result with a 
slope of unity. When = 0 equation 4 reduces 
to the Langmuir isotherm equation. The in­
fluence of several values of «i on the argon data at 
78.8°K. is shown in Fig. 11.

Hill, employing an equation of state for a two- 
dimensional van der Waals gas, has derived equa­
tion 5 for adsorption on most of the first layer.

xC = r ^ e exp ( r ^ d  -  a0)  (5>
where x =  p/p„; 0 =  Nb'/A = V/Vm) C = 
constant ex p ^  — cl)/RT; a = 2a'/b'kT, p 
is the pressure and pa the saturated pressure; V

is the adsorbed volume and Vm is the volume of 
gas necessary to form a unimolecular volume on 
the adsorbent surface; A is the adsorbent surface 
area; a' and b' are two-dimensional van der 
Waals constants; — «i and — cl represent the 
potential energy of a molecule in the first layer 
and the potential energy of molecules in higher 
layers, respectively.

Fig. 11.— Langmuir, van der Waals and Lennard-Jones 
and Devonshire plots of argon adsorption data at 78.8°K. 
The ordinate has the following significance: Langmuir plot, 
log 0/(1 — 0), 6 (C ); quasi-chemical approximation, 
log 0/(1 -  0) -0 .43 5«i 0; «i =  2.30, O (B ); ai =  4.14, 
O (A); van der Waals plot, log 0/(1 — 0) +0.435 (0/(1 — 
0 -  «0); a =  0 ,0  (F ); «  =  2.3, C (E); a =  4.14, •  (D).

Figure 11 shows the results of applying equa­
tion 5 to the argon data with the same three values 
of the attractive interaction parameter (a) as 
was employed with equation 4. It is apparent 
from inspection of the curves in Fig. 11 that 
neither the quasi-chemical nor van der Waals 
approximations offer much hope in characterizing 
the argon adsorption data. Similar interpreta­
tion proved inadequate for the 89.8°K. argon iso­
therm data.

Two-dimensional Critical Constants.— Hill6 has 
explored some of the properties of the isotherm 
which can be derived from Devonshire’s two- 
dimensional analog of the Lennard-Jones and 
Devonshire (LJD) equation of the liquid state. 
Inspection of the argon isotherm at 78.8°K. sug­
gests a closer correlation with the LJD theory, in 
that the critical area (0C) appears to be nearer the 
LJD value of 0.71 than the-0.33 value of van der 
Waals theory, or the 0.50 value of the quasi­
chemical analysis.

Since so few two-dimensional critical constant 
data are available, especially for permanent gases, 
it seemed of interest to compute these quantities 
for argon. Actually, judging from the steepness of 
the inflection argon shows at 78.8°K., it appears
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to he sufficiently close to critical behavior to 
yield critical constant data of some significance.

To calculate surface pressures by the Bangham- 
Gibbs equation very low pressure isotherm data 
should be available. These data are lacking in 
the argon isotherms. Since the initial slope is 
relatively small, it was considered that this region 
could be represented by a suitable extrapolation, 
for computational purposes. A quadratic extrap­
olation of the low pressure argon data to zero 
pressure was performed. Surface pressures (4>) 
were calculated, using Hill’s notation16 as in 
equation 6, by numerical integration of the iso­
therm data and these appear in Fig. 12. Critical

0 = KkTJoP V dlnp (6)

constants, recorded in Table IV, correspond to 
values of <p and A/N at the maximum in the com­
pressibility (£) curve of equation 77 

„ _ A  1 _dF_ 
p RT V*d In p ( 1

Also listed in Table IV are the theoretical critical 
constant values of van der Waals and LJD theory.

T a b l e  IV

A r g o n  C r it ic a l  C o n st a n t s

To, <t>C, Ac/ N,
°K . dynes/cm. A.2

T his paper 78 .8 3 .9 25
van der W aals” 75 0 .9 35
Lennard-Jones and D evonshire” 79 1 .9 26

“ T h e expressions for the critical constants o f van  der 
W aals and Lennard-Jones and D evonshire two-dim ensional 
equations of state  were taken from  reference 9.

The critical constant values for argon are in 
best accord with LJD theory. In view of the 
strong periodic surface forces and equivocal planar 
structure prevailing on the surface of the doubly 
charged ionic adsorbent, further speculations 
hardly seem warranted.

Comparison of Gases.— It is manifest from Fig. 4 
that oxygen parallels argon in its adsorption char­
acteristics on CaFi. This was to be expected since 
the cross-sectional areas and potential energy curves 
of oxygen and argon are very similar. Orr4 found 
that the behavior of these two gases on KC1 (and 
Csl) was almost identical. He observed that the 
characteristic maxima in the A //-0  curves differed 
by approximately 100 calories, while the adsorbed 
volumes were only ~ 1 %  displaced from each 
other. Our results show a variation of about 50 
calories in heat and less than 1% in volume for 
these two gases. The oxygen isotherms bear a 
close resemblance to those of argon but are of less 
general interest since they lack the sharp vertical 
inflection noted with argon. For this reason, 
calculations and discussion have been concen­
trated on argon.

Nitrogen and carbon monoxide show more typi­
cal behavior and constitute a second type of ad­
sorption on CaF>. As with argon and oxygen, 
their size and potential energy parameters closely 
resemble each other. They are more strongly ad­
sorbed, and evidently do not show the pronounced 
inflections at comparable coverages found with

Fig. 12.— Surface pressure-area curves of argon at 
78.8° (lower curve) and 89 .7°K . (upper curve), following 
H ill,6 K  =  1  / V mb ';  r  =  A V A .

argon and oxygen. This may be a reflection of 
the fact that the nitrogen and carbon monoxide 
isotherms are considerably above their two- 
dimensional critical temperatures (T2r ~  0.5TSc). 
However, it should be noted that the first observa­
tion for nitrogen at 89.8°K. occurred at about 
1.1 X 10_3x and 0.450 (see Fig. 5). If adsorbed 
nitrogen formed a van der Waals layer, the critical 
pressure and area constants would occur near 5 X 
10“ 6.tc and 0c/36.

Although Orr4 groups nitrogen in the same class 
with argon and oxygen for KC1 and Csl as ad­
sorbents, he states, “ In some unpublished, ad­
sorption experiments on LiCl, nitrogen and carbon 
monoxide isotherms behaved very similarly and 
differed quite markedly from the shape of the 
argon isotherms.”  In the present series on CaF2, 
a similar division was found.

From theoretical arguments Orr has concluded 
that the maximum in the heat curve coincided with 
the completion of a monolayer. If the Fm calcu­
lated for nitrogen by BET theory is adjusted by 
the ratio of the diameters of nitrogen and argon, 
the maximum in the heat curve occurs at 0.720 
for argon (and for oxygen). The nitrogen value 
of Vm is supported by the sharp change in the 
shape of its heat curve at this value (see Fig. 9), 
as would be expected for strongly adsorbed mole­
cules. IS

These results may be compared with observa­
tions by Keenan and Holmes20 of argon adsorption 
on KC1 where a maximum in the heat curve oc­
curred at 70% of the BET Vm value. In fact, 
Tompkins and Young3 have calculated for weakly 
adsorbed oxygen on Csl at 80°Iv. (BET value 
of C =  200) that the maximum in the heat curve 
should occur at 80-85% of the BET value. With 
higher values of C, as observed with nitrogen and 
carbon monoxide, a more abrupt change in AH 
should occur close to a 0 value of unity. By

(18) There is some evidence19 indicating that on crystal faces con­
taining a particular geometry (i.e ., 100 face of Cu) nitrogen may be 
oriented with its long axis normal to the surface. If this occurs on 
CaFi, then the maximum in the heat curves would occur close to 
0 ^  1 if we use Rhodin’s suggested value of 12.2 A, as the cross-sec­
tional area of nitrogen.

(19) T. N. Rhodin, Jr. in “ Advances in Catalysis,“  Vol. 5, Academic 
Press, Inc., New York N. Y., 1953.

(20) A. G. Keenan and J .  M. Holmes, T h i s  J o u r n a l , 53, 1309 (1949). 
The surface areas of Keenan and Holmes' samples of KC1, calculated 
from the nitrogen isotherms, are about 20% smaller than those ob­
tained from argon (and oxygen). Hence if the nitrogen surface areas 
were used with the argon adsorption data, the maximum in the heat 
curve would appear much closer to monolayer coverage.
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considering the adsorbed volume at the point of 
maximum slope in the heat curve as the termina­
tion of monolayer coverage, Tompkins and Young 
were able to obtain consistent values for the 
surface area of Csl based on the cross-sectional 
areas of argon, oxygen, nitrogen and carbon 
monoxide.

All the xenon data may be fitted by a single 
curve when the adsorbed volume was plotted 
against relative pressure. The BET theory de­
scribes this type of adsorption when C is close to 1, 
i.e., Type III in Brunauer’s classification.13 Con­
sequently the heat of adsorption is of the same 
magnitude as the heat of liquefaction. From a 
consideration of che compressibility curves of the 
various types of isotherms depicted by Brunauer, 
Gregg and Jacobs21 deduce that with the Type III 
isotherm the adsorbed gas molecules do not tend 
to complete a first layer and therefore are not 
likely to show phase transformations.

Thermodynamic Considerations.— The adsorp­
tion isotherms of argon, nitrogen and xenon on a 
single sample of sintered and ground CaF2 repre­
sent three divergent types of adsorptive behavior. 
Each gas possesses a distinctive thermodynamic 
pattern in all three functions, i.e., free energy, 
heat and entropy. It should be noted that the 
nitrogen data are limited to the region near the 
completion of the monolayer; the argon and 
xenon data include observations on most of the 
first adsorbed layer, while xenon adsorption also 
extends considerably into the multilayer region.

The free energy curves of nitrogen and xenon 
appear to change monotonically with surface 
coverage, with increasing and decreasing slopes, 
respectively. Argon free energy changes, how­
ever, pass through a broad region with a slope near 
zero, indicative of a phase change.

Similarly, the isosteric heat curves of each gas are 
characteristic of each type of adsorption process. 
As already mentioned, the nitrogen heat curve 
displays a sharp change in slope close to the com­
pletion of a monolayer, while the heat curve of 
xenon remains essentially invariant over several 
layers of gas adsorption.22 Argon, however, ex-

(21) S. J. Gregg and J Jacobs, Trans. Faraday Soc., 44, 574 (1948).
(22) The heat of adsorption of xenon on CaF2, for V — 0.04 to 0.80 

cc. (V m =  1-19 cc.), calculated from either the 157-189°K. or 161— 
189°K. isotherms fall in the range 3250 ±  50 cals./mole; the 157- 
161°K. isotherm data give values of 3400 ± 1 0 0  cal./mole. 0.80 cc. 
represents the limit of the 189°K. isotherm data. Above this volume 
the experimental curves diverge from linearity and interpolation of 
pressure values becomes less precise. Moreover, for a given error in 
a pressure value, the error in the heat values calculated from the

hibits a broad maximum which cogently reflects 
the magnitude of the horizontal interactions be­
tween adsorbed molecules.

Maxima in heats of adsorption have been re­
ported for a number of gases on a variety of sur­
faces.23“ 25 With nitrogen on graphon23’24 the 
maxima in the heat curve occurred at ~0.70- 
0.750. With krypton25 on nylon, polyethylene 
and collagen, a multiplicity of heat effects were en­
countered in the first layer. For all these systems 
the BET equation was found applicable. The free 
energy in most instances decreased almost mono­
tonically without any evidence of a phase trans­
formation.

A comprehensive, detailed study of the varia­
tion of heats with coverage for specified faces of 
single crystal surfaces of copper and zinc has been 
presented by Rhodin.26'27 Maxima in the heat 
curves have been observed close to monolayer 
coverage. These maxima were ascribed to lateral 
interaction effects and are significantly greater in 
magnitude than those observed by us for argon 
and oxygen. Considerable evidence, both from 
consideration of packing and coordination numbers 
between surface atoms and adsorbed atoms and 
from energetics (variation of intensity of maxima 
with crystal face) is suggestive of localized ad­
sorption on specific lattice sites. It is of interest 
to find localized adsorption accompanied by 
strong lateral interactions with no evidence of an 
inflection or phase change. It is also apparent 
that the BET equation (but not the assumptions) 
readily fits the data since Rhodin found agreement 
with theory from p /p0 = 0.05 to 0.40.19

Acknowledgments.— Our best thanks are ex­
pressed to Dr. George G. Joris, who assisted con­
siderably in the supervision of this project. The 
work was carried out during World War II with the 
facilities made available by the Manhattan District 
Project under Contract No. W7405—Eng 98 at 
Princeton University.
157-161 °K . isotherms average about five times as great as when em­
ploying the 189°K . isotherm. The heat range of the second cc. of 
adsorbed gas is 3600 ±  300 cal./mole. Above the second cc. the calcu­
lated heats remain surprisingly uniform at 3200 ±  50 cal./mole. In 
view of these minor discrepancies a single average value of 3250 cal./ 
mole has been assumed for the heat of adsorption of xenon for the 
entire isotherm.

(23) R. A. Beebe, J. Biscoe, W. R. Smith and C. B. Wendell, J. 
Am. Chem. Soc., 69, 95 (1947).

(24) L. G. Joyner and P. H. Emmett, ibid., 70, 2353 (1948).
(25) A. C. Zettlemoyer, A. Chand and E. Gamble, ibid., 72, 2752

(1950).
(26) T. N. Rhodin, Jr., ibid., 72, 5691 (1950).
(27) T. N. Rhodin, Jr., T h i s  Journal, 57, 143 (1953).
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There is considerable confusion in the literature in regard to the properties of SiO solid and to the question of its thermo­
dynamic stability. The available data have been critically reviewed and experiments designed to clarify the behavior of 
SiO. The conclusions reached may be summarized as follows: A mixture of Si and Si02 will vaporize to form pure SiO gas 
which has a Ai7c29g of formation of —21,411 ±  570 cal. or a dissociation energy to the gaseous atomic elements of 169,300 ±  
3100 cal, Si02 vaporizes under neutral conditions predominately to SiO and 0 2 gases. Solid SiO may be prepared in a 
metastable amorphous or poorly crystallized form by condensation of SiO gas upon a cold surface. The most characteristic 
property of this solid, useful in its identification, is an electron or X-ray diffraction ring corresponding to a d-spacing of 
3.60 ±  0.05 A. SiO is found to be optically isotropic and X-ray data indicate a cubic symmetry for the better crystallized 
samples. This solid is completely soluble in HF and is believed to have an average heat capacity at constant pressure of 
9.19 ±  0.16 cal./deg./mole in the region of 338°K. The metastable SiO solid prepared by quenching of SiO gas begins 
to disproportionate to Si and Si02 at an appreciable rate at around 400-700°. SiO solid appears to be thermodynamically 
unstable at all temperatures below 1450 °K. Experimental evidence is offered which indicates that at some higher tem­
perature SiO solid becomes stable with respect to Si and SiO» and has a melting point higher than 1975 °K.

Stability of SiO Gas.—The existence of gaseous 
SiO has been established unequivocably by spec­
troscopic investigations.3' 7

The first recognition of the chemical importance 
of the gaseous molecule SiO was by Potter8’9 who 
found that a sublimate of the composition SiO could 
be obtained by heating mixtures of Si and Si02. 
Since then five10 different pairs of investigators 
have studied equilibria involving gaseous SiO and 
their data allow one to calculate the heat of forma­
tion of SiO gas. The data have been evaluated, 
using the free energy functions tabulated as a func­
tion of temperature by the National Bureau of 
Standards11 for Si (solid), H2(gas), 0 2 (gas) and H20  
(gas).

In the calculations which are to follow, the free 
energy functions for Si02 (tridymite and cristobal- 
ite) were obtained by combining the values of 
St $2*98 and from Kelley12 with the values
of Sms listed by Kelley,13 and the following H^s — 
Ha values which were obtained by graphical inte-

(1) (a) Presented at Symposium on “ High Temperature Chemis­
try’ ’ sponsored by the A.E.C. and O.N.R., Chicago, April, 1952. 
(b) Based on thesis by R. K. Edwards, submitted to the University 
of California in partial fulfillment of the requirements for the Ph.D. 
degree, September, 1951. (c) This research performed under A.E.C.
Contract No. W-7405-eng-48 and described in detail in declassified 
report UCRL-1639, March 12, 1952.

(2) American Chemical Society Predoctoral Fellow, 3 years.
(3) A. de Gramont and C. de Watteville, Compt. rend., 147, 239 

(1908).
(4) W . Jevons, Proc. Roy. Soc. {London), 106, 174 (1932).
(5) P. G. Saper, Phys. Rev., 42, 498 (1932).
(6) K. F. Bonhoeffer, Z. physik, Chem., 131, 363 (1928).
(7) D. Sharma, Proc. Nat. Acad. Sci. India , A14, 37 (1944).
(8) H. N. Potter, Trans. Am. Electrochem. Soc., 12, 191, 215, 223 

(1907).
(9) Earlier work by Potter appears in the patent literature and is 

cited in the review by C. A. Zapffe and C. E. Sims, Iron Age, 149,
[4] 29, [5] 34 (1942).

(10) The data from a subsequent paper, N. C. Tombs and A. J. E. 
Welch, J. Iron Steel Inst., 172, 69 (1952), became available since the 
presentation of this work at the High Temperature Chemistry Sym­
posium and have been treated in the present paper.

(11) “ Selected Values of Chemical Thermodynamic Properties,” 
National Bureau of Standards, loose leaf tabulations.

(12) K. K. Kelley, “ Contributions to the Data on Theoretical 
.Metallurgy. N. High Temperature Heat Content, Heat Capacity 
and Entropy Data, for Inorganic Compounds”  (Bull. 476, Washington, 
1949).

(13) K. K. Kelley, “ Contributions to the Data on Theoretical 
Metallurgy. X I. Entropies of Inorganic Substances” (Bull. 477, 
Washington, 195(Ti.

gration  o f the heat ca p a city  data  o f A n d erson 14: 
tridym ite , 1701 ±  10 c a l./m o le  and cristobalite, 
1667 ±  10 ca l./m o le .

T h e  spectroscop ic  data  listed b y  H erzb erg 16 were 
used to  ca lcu late th erm od yn am ic fu n ction s  fo r  SiO 
b y  the com m on  m eth ods described  b y  K e lle y .12’13 
A ll fundam ental constants were taken  to  agree w ith 
the values g iven  b y  the N ation a l B ureau  o f S tand­
a rd s .11 O n ly  the LS +  electron ic state need be con ­
sidered as the nearest k n ow n  state, V ,  is 42835.3 
c m . '1 higher and b y  an a logy  w ith  GO, there is no 
reason to  expect an y  other low  ly ing  leve ls .16 N o  
an harm onicity  corrections were used as h igh  v ib ra ­
tiona l levels are n ot largely  p op u la ted  even  at the 
h igher tem peratures. (T h e  v ib ra tion a l con tribu ­
tion  to  the en trop y  at 140 0 °K . is on ly  0 .655 en trop y  
unit.) T h e  fu n ction s so derived  are tabu lated  in 
T a b le  I.

T a b l e  I
T h e r m o d y n a m ic  F u n c t io n s  fo b  G a s e o u s  SiO

F t  -  #o° H°t  -  H°a

T, °K .
T

cal./m ole/°K.
T

cal./m ole/°K.
$T>

caL/m ole/°K.

298.16 -4 3 .5 4 8 6.986 50.534
900 -5 1 .5 2 4 7.587 59.111

1000 -5 2 .3 2 8 7.673 60.001
1100 -53 .0 62 7.751 60.813
1200 -53 .7 39 7.821 61.560
1300 -5 4 .3 68 7.884 62.252
1400 -5 4 .9 54 7.941 62.895
1500 -5 5 .5 04 7.992 63.496
1600 -56 .021 8.039 64.060
1700 -56 .5 10 8.081 64.591
1800 -56 .9 73 8.120 65.093
1900 -57 .4 13 8.156 65.569
2000 -5 7 .8 32 8.188 66.020

W h en  considering a particular equ ilibriu m  the 
(A E t — AHa) /T  values were ca lcu lated  at even
tem peratures and then in terpola tion  to  the desired 
tem peratures was done graph ica lly . T rid y m ite  
w as taken  as the form  o f silica in  the range 1143- 
1 7 4 3 °K . and  cristobalite  was taken  as the stable 
form  from  1743 -1983° K .16

(14) C. T. Anderson, J. Am. Chem. Soc., 58, 568 (1936).
(15) G. Herzberg, “ Molecular Spectra and Molecular Structure,”  

Vol. I, Spectra of Diatomic Molecules,”  D. Van Nostrand Co., 
New York, N. Y ., 1950.

(16) F. P. Hall and H. Insley, J. Am. Ceramic Soc., Part II, 19 (1947).
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The heat of formation of cristobalite determined 
by Humphrey and King17 was used together with 
the low temperature heat contents to obtain AHo = 
— 208,020 ±  180 cal./mole for cristobalite. From 
transition temperature data and free energy func­
tion data the value AH$ =  457 ±  520 cal./mole 
for Si02 (cristobalite) =  Si02 (tridymite) was cal­
culated. Thus AHo =  —207,633 ±  730 cal./mole 
was used for the formation of tridymite.

The first reaction we will consider is H2(g) +  
Si02(s) =  SiO(g) +  H20(g) which was studied by 
Grube and Speidel18 by a flow method in an alumina 
tube between 1473 and 1773°K. Eleven meas­
urements up "o 1673°K. yield AIJ° =  134,749 
±  1400 cal.19 with Si02(s) in the tridymite form. 
Three measurements at 1773°K. yield AHS =  
136,853 ±  700 cal. with Si02(s) in the cristobalite 
form. They observed attack of their alumina 
tubes by SiO and it seems likely that their SiO 
pressures are low, but no correction is made for 
this. Using these data and the heat of formation 
of silica, one obtains for Si(s) +  V20 2(g) = SiO(g), 
AH298 = —15,291 ±  2000 cal. per mole.

The second reaction is Si02(cristobalite) =  SiO(g) 
+  l/ 20 2(g) as measured by Brewer and Mastick20 
using an effusion method. Three measurements 
between 1840-1951°K. yield Aif„° =  186,578 ±  
2,700 cal. from which one obtains AH2̂  =  —21,159 
±  2900 cal. for the formation of SiO(g) from the 
elements. This value differs from the value they 
give because of an error in the free energy function 
for SiO gas that they used.

The third reaction is Si(s) +  Si02 (tridymite) = 
2SiO(g) as measured by Schafer and Hornle21 using 
an effusion method. Seventeen measurements be­
tween 1336 and 1429°K. yield A Ho =  164,242 
±  450 cal. from which one obtains A7//98 = —21,- 
411 ±  570 cal. for the formation of SiO(g) from 
the elements. Four determinations at 1460°K. 
diverge from the determinations at lower tempera­
tures yielding AH° =  165,546 ±  630. These 
uncertainties include assumed uncertainties in the 
(AF° — AHq)/T functions used. For comparison 
purposes, the actual probable error in the data 
alone, ±160 cal. for the low temperature data and 
±340 cal. for the 1460°K. data, should be con­
sidered since the error in the functions would 
cancel. Thus the divergence of these data is 
beyond experimental error and is considered sug­
gestive of the formation of a solid SiO phase from 
Si and Si02 at the higher temperature.

Gel’d and Kochnev22 have also studied the 
vaporization of SiO from a mixture of Si and Si02 
by an effusion method. They believed that they

(17) G. L. Humphrey and E. G. King, J. Am. Chem. Soc., 74, 2041 
(1952).

(18) G. Grube and H. Speidel, Z. Elektrochem., 53, 341 (1949).
(19) The probable error used throughout except as otherwise noted 

is defined by the equation

r =  0.6745 — 7*V (n — 1)
where r is probable error, i is deviation of ¿’th result from average, and 
n is total number of results.

(20) L. Brewer and D. Mastick, J. Chem. Phys., 19, 834 (1951),
(21) H. Schafer and R. Hornle, Z. anorg. allgem. Chem., 263, 261 

(1950).
(22) P. V. Gel’d and M . K, Kochnev, Zhur. Priklad. K h i m 21, 

1249 (1948)

had a solid SiO phase present, but at their tem­
peratures, as will be shown later, solid SiO is un­
stable with respect to Si and Si02, and their data 
have been treated as those of Schafer and Hornle.21 
Eleven measurements between 1173 and 1428°K. 
yield AHo = 170,644 ±  1200 cal. for Si(s) +  
Si02(tridymite) = 2SiO(g) or AH%w — —18,212 ±  
960 cal. for the formation of SiO(g) from solid Si 
and gaseous 0 2.

Tombs and Welch10 studied the same reaction 
as Grube and Speidel, also by the flow method. 
Their ten data in the 1501°K. through 1742°K. 
range have been recalculated, assuming the equilib­
rium to be with the Si02 in the tridymite form. 
The thirteen data in the 1758 to 1926°K. range are 
recalculated, assuming cristobalite as the stable 
Si02 form. The first set of data yields AHo — 
124,414 ±  1700 cal. and leads to AH°m = —26,004 
±  2400 cal. for the heat of formation of SiO(g) 
from the elements. The second set yields, re­
spectively, the values 129,503 ±  1300 cal. and 21,269 
±  1500 cal. The latter measurements were in a 
temperature range which permitted better gas 
ratio analyses. Their measurements of the SiO(g) 
pressure over a mixture of Si and Si02 by the flow 
technique will be discussed later.

Baur and Brunner23 have determined the vapor 
pressure of Si from which one can obtain AHo =  
88,962 cal. for the heat of sublimation. They used 
an alumina container which can be reduced by 
silicon but the rate seems to be small enough not to 
cause interference in the dynamic method of boiling- 
temperature observation that they used, and this 
heat of sublimation is not believed to be in error by 
more than ±2500 cal. Using this value and the 
heat of dissociation of oxygen given by the Bureau 
of Standards,11 one can calculate the dissociation 
energy of SiO gas to the gaseous atoms. The 
results are given in Table II.

From these data one may take / i 298 =  —21,411 
±  570 cal. as the best value for the heat of forma­
tion of SiO(g) and the dissociation energy is taken 
as 7.34 ±  0.13 e.v. This is in good agreement 
with the Do of 7.4 e.v. obtained by Herzberg15 
from a linear Birge-Sponer extrapolation.

From the agreement among the various data, 
the behavior of SiO gas appears well established. 
The thermodynamic data demonstrate that a 
mixture of Si and Si02 yields virtually pure SiO 
gas while the vaporization of Si02 under neutral 
conditions yields SiO and 0 2 gases as the main 
species. The Si02 molecule could not be as im­
portant as the SiO molecule under neutral condi­
tions although it might be more important under 
highly oxidizing conditions. The gas SiO is a 
monomer.

Preparation of SiO Solid.— Since a mixture of Si and Si02 
vaporizes to pure SiO, one would expect to be able to obtain 
SiO solid by quenching SiO vapor. Tone24 25 and Winkler26 
could only obtain a mixture of Si and Si02 by such a proce­
dure, but Potter8-9 claimed to be able to prepare SiO solid 
by suitable quenching. He reported that this solid dispro-

(23) E. R. Baur and R, B. Brunner, Helv. Chim. Acta, 17, 958, 
(1934).

(24) F. J, Tone, Trans. Am. Electrochem. Soc., 7, 243 (1905); 
further work done on Tone’s original preparations is given by H. N. 
Baumann, Jr., ibid., 80, 95 (1941).

(25) C. Winkler. Per., 23. 2642 (1890).
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T a b l e  II
Investigators and 

equilibrium studied

Grube and Speidel
H2(g) +  Si02(I, II)“ =  H20(g ) +  SiO(g) 

Brewer and Mastick 
Si02(II) =  Si(g) +  VrfWg)

Gel’d and Koehnev 
Si(s) +  Si02(I) = 2SiO(g)

Schafer and Hornle 
Si(s) +  Si02(I) =  2SiO(g)

Si(a) +  V>Oi(g) = SiO(g) 
AH2gs, cal.

-15 ,2 91  ±  2000 

-2 1 ,1 5 9  ±  2900 

-1 8 ,2 1 2  ±  900 

-2 1 ,4 11  ±  570
Tombs and Welch

H2(g) +  Si02(I) =  H20(g ) +  SiO(g) -2 6 ,0 0 4  ±  2400
Hs(g) +  SiOj(II) =  H20(g ) +  SiO(g) -2 1 ,2 6 9  ±  1500

“ (I) refers to tridymite. (II) refers to cristobalile.

SiO(g) =  Si(g) +  O(g)
AHq , cal. or e.v.

160,175 ±  4600 or 7.074 ±  0.200

169,043 ±  5400 or 7.328 ± 0 .2 4 0

166,096 ±  3500 or 7.200 ±  0.150

109,296 ±  3100 or 7.339 ±  0.130

173,889 ±  5000 or 7.537 ± 0 .2 2 0  
169,154 ±  4000 or 7.333 ± 0 .1 7 0

portionated to Si and Si02 upon annealing. Since Potter’s 
work a voluminous literature has accrued. SiO solid is 
usually prepared by heating Si02 with some reducing agent 
such as Si, C or SiC or by heating Si with some oxidizing 
agent such as a metallic oxide and condensing the resulting 
SiO gas by rapid quenching. There is now a multiplicity of 
evidence from X-ray diffraction and electron diffraction 
studies26-31 which leaves little room for doubt that a diffrac­
tion ring corresponding to a d-spacing of 3.60 ±  0.05 A. 
is to be associated with SiO solid. This ring, which will 
hereinafter be referred to as the “ characteristic ring,”  is al­
most always quite broad and most often alone so that the 
amorphous appearance long attributed to solid SiO finds 
agreement with this evidence of lack of appreciable long- 
range order. Hass31 has presented the electron diffraction 
pattern for amorphous Si and König28 has tabulated both 
the electron and X-ray diffraction patterns of amorphous 
Si02 and one can eliminate the possibility that the character­
istic diffraction ring of SiO could be due to amorphous Si or 
Si02.

Properties of SiO Solid.—Because solid SiO has 
a very similar appearance to the mixture of Si and 
Si02 which often results if the quenching of SiO 
vapor is not rapid enough, many of the properties 
ascribed to SiO are actually due to these mixtures. 
If the criterion of possessing the characteristic dif­
fraction ring of SiO is used, one can establish some 
other properties which belong decisively to SiO 
solid.

The physical appearance of SiO solid has been 
variously reported. In cases where identification 
has been probably assured, the range in color runs 
from “ brown transparency” 28 for thin film to “ dark 
brown to black, massive, glass-like,” 31 “ fine dark 
powder,” 26 “ black glassy,” 32 and “ black resinous- 
looking” 30 for the heavier deposits. Deposits 
which have decomposed to Si and Si02 seem to be 
more often of a lighter brown color. However, 
many indications lead one to suppose that the 
color of pure SiO solid or a mixture of Si and Si02 
can fall within a range of light brown to black.

Erasmus and Persson30 found that material 
having the characteristic ring was completely 
soluble in HF while a mixture of Si and Si02 dis­
solves only partially, leaving the Si as a residue. 
Inuzuka26 confirmed this. Potter8'9 carefully meas­
ured the average specific heat of his “ brown

(26) H. Inuzuka, Mazda Kenkyu Ziho, 15, 161, 237, 305, 374 (1940).
(27) Private communication from Dr. Inuzuka.
(28) H . König, Optik, 3, 419 (1948).
(29) G. Hass and N. W. Scott, J . Optical Soc. Am., 39, 179 (1949).
(30) II. Erasmus and J. A. Persson, J. Electrochem. Soc., 95, 316

(1949). •
(31) G. Hass, J. Am. Ceram. Soc., 33, 353 (1950).
(32) G. Grube and H. Speidel, Z. Elektrochem., 53, 339 (1949).

powder”  in the interval 30-99° and he compared 
his results with several reference runs on crystalline 
Si and Si02 and amorphous Si and Si02. The 
results of his reference runs are in very good agree­
ment with the accepted values today and it is 
believed that the increase in heat capacity of 1.14 
cal./mole/deg. of the “ brown powder”  over that 
of Si-Si()2 mixtures is significant. This conclusion 
is substantiated by the measurements which 
showed the heat capacity of the “ brown powder” 
to decrease after anneahng at 400° becoming 
essentially that of a Si-Si02 mixture after four 
hours. Since Potter’s “ brown powder”  did not 
completely dissolve in HF, his SiO undoubtedly 
was contaminated with some Si and Si02. Thus 
the heat capacity at constant pressure of 9.19 ±  
0.16 cal./mole/deg. that one obtains from his data 
should represent an upper limit to the value.

The density of SiO appears to be about 2.15 
±  0.03 g./cc. This property does not seem useful 
for distinguishing between SiO and mixtures of 
Si and Si02 as Hass31 has reported considerable 
variations of the bulk density with variation of rate 
of condensation from the gas phase. Erasmus and 
Persson30 report a dielectric constant of 5.0 for a 
frequency of 0.05 megacycle and a power factor of 
0.011 for a sample which can be characterized as 
SiO on the basis of other properties reported.

SiO oxidizes readily. Thus the powder is pyro­
phoric. König28 demonstrated the oxidation of 
SiO films at room temperature. Hass31 found rate 
oxidation at room temperature as high as 100 A. 
per hour and careful techniques are required to 
obtain SiO samples with the correct composition.

Crystal Structure of Solid SiO.— Inuzuka26 in 
1940 was the first to present X-ray and electron 
diffraction data on solid SiO. His work has re­
ceived insufficient recognition in the literature 
because of the unavailability of his publica­
tions.

His work is of special interest in that he obtained 
several diffraction rings in addition to the charac­
teristic ring subsequently reported several times. 
He prepared SiO gas by vaporization in vacuum 
from a mixture of Si02 and C in a graphite crucible. 
The SiO was condensed on the water cooled walls. 
His sample had less than 0.5% carbon. His pro­
cedure yielded a “ hne dark powder” and appar­
ently a higher degree of lattice order than did other 
methods. He found SiO to be optically isotropic,
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as was found later by Beletskii and Rapoport.33 
Because of the high symmetry, Inuzuka was able 
to evaluate his X-ray data to obtain a cubic lattice 
of a0 =  6.4 A. with eight molecules per unit cell 
with the T® space group. On the other hand, 
Beletskii and Rapoport,33 who have supposed 
Inuzuka had only a mixture of Si and SiC, report 
that their own X-ray Owork establishes a cubic 
lattice with a0 =  5.16 A. However, they present 
no data and many of the lines indicated by their 
lattice constant are found among Inuzuka’s pat­
terns. The carbon analysis on the latter’s material 
seems to rule out the finding of SiC.

Rate of Disproportionation of SiO Solid and its 
Stability Range.—As noted earlier, SiO solid 
oxidizes at an appreciable rate even at room tem­
perature. The first evidence of decomposition was 
reported by Potter8'9 who observed a conspicuous 
change in the specific heat after four hours at 400° 
in sealed glass or silver containers. Hass31 found 
SiO films to be converted to amorphous Si and 
amorphous Si02 after two hours at 700°. Similar 
treatment at 900° yielded crystalline Si and amor­
phous Si02. Erasmus and Persson30 and Schäfer 
and Hörnle21 heated SiO samples to temperatures 
ranging from 1000 to 1375° and obtained silicon, 
indicating disproportionation. We have heated 
intimate mixtures of Si and Si02 at 1300° for periods 
from 20 to 30 minutes in argon. Upon cooling to 
room temperature, the mixtures were X-rayed and 
the X-ray diffraction results showed the major 
phases to be silicon and a-cristobalite with some 
a-quartz present. The results are in agreement 
with the results obtained when SiO was used as the 
starting material.

On the other hand, Grube and Speidel32 and 
König34 claim that SiO is stable below 900° for 
periods of time as long as l/t hour. It is difficult 
to explain the disagreement. The SiO used by 
König was 70 A. thick and was on a platinum sheet. 
It is conceivable that a thin film of SiO might be 
stabilized by the supporting material under condi­
tions where the bulk phase would be unstable.

The results, showing disproportionation of SiO 
after high temperature treatment, do not neces­
sarily prove the instability of SiO at the high 
temperatures. They only indicate that there is at 
least a region ol instability between room tempera­
ture and 1000°. The SiO actually might be stable 
at the high temperatures but disproportionate 
during the cooling.

Because it is difficult to quench the solid samples 
rapidly enough to retain any SiO that might be 
stable at high temperatures, it is necessary to use 
some method that can detect SiO at the high 
temperature. The high-temperature X-ray camera 
is a logical tool to use for such problems.

High Temperature X-Ray Examination of SiO,-Si Samples. 
Experimental.— Mixtures of Si and Si02 were examined in a 
high-temperature X-ray camera to determine the stability 
range of SiO sold . 99.87% silicon powder containing 
0.007% carbon, less Ilian 0.015%, Mn, less than 0.01% Ca 
and P, and less than 0.004%, Cr, Ti, Zr, Co and Ni was 
used. The SiO., in the form of silica gel, was extremely

(33) M . S. Beletskii and M . B. Rapoport, Doklady Akad. Nauk. 
S.S.S.R., 72, 699 (1950).

(34) H. König, private communication, July 20, 1951.

flocculent and finer than 400 mesh. It contained less than 
0.01% Mg and less than 0.1%  each of Al, Ca, Fe and Na 
according to spectroscopic analysis. A modified Unicam35 
high-temperature X-ray camera of 19 cm. diameter was used. 
Experiments were limited to a maximum temperature of 
900° by failure of the windings at higher temperatures.

The samples were contained in silica glass capillaries of 
about 0.2 mm. outside diameter with walls as thin as pos­
sible. Copper X-ray radiation was used. Before X-ray 
examination, the mixture of Si and SiO. in an equal molar 
ratio was degassed for ten minutes at 1400° in an alumina 
crucible and only that material not in contact with the 
alumina was used.

The samples were heated in the high-temperature X-ray 
camera to allow opportunity for reaction before the X-ray 
exposure. Total heating times up to 44 hours at 900° were 
used.

Discussion of Results.—No X-ray evidence for 
formation of a new phase or for any lessening of 
the Si concentration was found. All X-ray dif­
fraction lines could be attributed to Si plus a mix­
ture of ß-tridymite and /3-cristobalite. The lattice 
parameters of the silica forms were the same to 
within ±0.0005 kX. whether heated alone or with 
silicon. Likewise no evidence for appreciable solid 
solubility of oxygen in silicon was found. The 
lattice constant of silicon in these mixtures was 
found to be 5.4200 ±  0.0005 kX. unit at 9° and 
5.4367 ±  0.0005 kX. at 900°, in good agreement 
with values from which Becker36 and Hölbling37 
obtained their thermal expansion coefficients for 
pure silicon if one corrects their “ brightness”  
temperatures to true temperatures. These ob­
servations confirm that SiO solid is not a stable 
phase at temperatures up to 900°.

Thermodynamic Stability of SiO Solid.—Von 
Wartenberg38 has determined the heats of solution 
of SiO, Si and Si02 in AgC104-H F solutions. 
Wartenberg’s data yield for the reaction Si(s) +  
Si02(cristobalite) =  2SiO (amorphous), AH298 = 
0.0 ±  3.0 kcal. Within the experimental error, 
SiO gave the same heat of solution as a mixture 
of Si and Si02. König34 has indicated that he had 
examined Wartenberg’s SiO and found the charac­
teristic diffraction ring which would distinguish 
the SiO from a mixture of Si and Si02. The data, 
then, indicate that SiO is just on the verge of sta­
bility, and thus this situation is analogous to the cases 
of FeO, GeO and SnO where only limited temperature 
ranges of stability are observed. We have demon­
strated by our high-temperature X-ray camera ob­
servations that SiO is unstable at 900° and is 
undoubtedly unstable in the range 400-900°. 
Taking this observation together with limits to the 
heat of formation of SiO fixed by the data of War­
tenberg, it is of interest to see if reasonable values 
of the heat capacity and entropy of SiO will predict 
its stable existence at other temperatures. The 
entropy will be the decisive factor and it must be 
considered carefully. As a first approximation, 
Latimer’s rule39 was used. Values obtained by 
this rule for oxides of Ti and Si were compared with 
the experimental values and a correction applied 
to the value calculated for SiO. The entropy of

(35) Obtained from Unicam Instruments, Ltd., Arbury Works, 
Cambridge, England.

(36) K. Becker, Z. Physik, 40, 37 (1926).
(37) R. Hölbling, Z. cmgeio. Chem., 40, 655 (1927).
(38) H. Von Wartenberg, Z. Elektrochem., 53, 343 (1949).
(39) W. M. Latimer, J. Am. Chem. Soc., 73, 1480 (1951)
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crystalline SiO is taken as 9.4 entropy units at 298°
K. and is not believed to be uncertain by more than 
1 ¿entropy unit. We must consider that SiO as 
actually!produced is amorphous and could have a 
higher entropy by as much as R In 2 as a rn tximum. 
This randomness entropy was roughly estimated as 
0.9 e.u. on the assumption that it would be about 
the same as given by Simon and Lange4" for SKX 
glass. Thus the entropy of amorphous SiO is 
taken as 7.3 e.u. at 298°K. Combining these 
data, we can write for the reaction, y 2Si(s) +  
1/ 2Si02̂ cristobalite) =  SiO (amorphous), A/SS,s = 
—0.05 ±  1.0 e.u., and A F ms =  0 .0 ±  3.3 kcal. 
The result is indecisive as far as stability at room 
temperature is concerned. The reaction would 
have slightly less tendency to go if quartz were 
considered instead of cristobalite.

It now becomes necessary to estimate the effect 
of increasing the temperature. The heat capacity 
of SiO has been determined at 338°K. by Potter.8’9 
The heat capacity of TiO is given by Kelley.12 
Lewis and llandall41 point out that many isotropic 
crystalline substances have Cy values which are the 
same function of T/9 where d is a characteristic 
constant for the particular solid. Using the 
known heat capacity for SiO at one temperature 
with the value for TiO at the same temperature, 
the ratio of characteristic constants was deter­
mined and applied to obtain the following equation 
for crystalline SiO: Cp = 10.57 +  2.98 X 1 0 — 
2.72 X 106T~2. From the equation can be cal­
culated that the entropy at 1200°K. is 22.4 e.u. 
for crystalline SiO and 23.3 e.u. for amorphous 
SiO. This value may be checked by the same use 
of Latimer’s rule that would be used to obtain 
£298 but by using entropies at 1200°K. Consider­
ing all uncertainties, the entropy at 1200°K. 
should not be in error by more than 3 e.u. Finally, 
one obtains for l/ 2Si(s) +  y 2Si02(cristobalite) = 
SiO (amorphous), AS° =  1.5 ±  3.0 e.u., AH° =
1.0 ±  3.0 kcal., and AF° — —0.9 ±  G.6 kcal. 
The errors indicated are not probable errors but are 
believed to be the maximum derivations possible. 
Nevertheless, the uncertainty is too large to allow 
any decisive conclusion from the thermodynamic 
data a.one. However, it will be noted that there 
is a definite trend toward increase in stability as the 
temperature is increased as one finds for FeO. 
Taking the observation of instability at 900°, 
one can confidently say that there will be no region 
of thermodynamic stability at lower temperatures. 
There remains the intriguing possibility that SiO 
may be stable at temperatures higher than 900°. 
We have previously shown that mixtures of Si and 
Si02 heated to 1300° gave no evidence of SiO upon 
cooling to room temperature, but any SiO that, 
might form would undoubtedly disproportionate 
upon cooling with the quenching rates used.

It is of interest to examine the data of Schafer 
and Hornle21 for the reaction Si(s) +  Si02 (tri- 
dymite) =  2SiO(g) that was considered earlier in 
the paper. If SiO becomes a stable solid phase in 
the temperature range of their experiments, their

(40) F. Simon and F. Lange, Z. Physik, 15, 312 (1923).
(41) G. N. Lewis and M . Randall, “ Thermodynamics and the Free 

Energy of Chemical Substances,”  McGraw-Hill Book Co., Inc., 
New York and London.

data might give some indication of this. As noted 
earlier their measurements between 1336 and 
1429°K. were very concordant, but their four 
measurements at 1460°K. diverged from the other 
determinations by an amount that seemed to be 
outside the experimental uncertainty. This might 
be due to SiO becoming the stable phase between 
1429 and 1460°K.

Melting Point of SiO.— Potter8 has presented one 
important observation tending to indicate the 
stability of SiO at high temperatures. He reported 
that he could not liquefy SiO at 1700°. If SiO 
were not stable at this temperature and he had a 
mixture of Si and Si02, he would have observed 
some melting since Si02 glass softens below 1700° 
and silicon melts well below this temperature. It 
appeared worthwhile to attempt verification of 
Potter’s observation.

E xperim ental.— A Si02 tube of 13 mm. inside diameter 
and 1 mm. wall thickness was filled with the same mixture 
(Si +  S i02) as used in the previous X-ray work, except that 
no preheating had been done. The bottom end of the tube, 
Fig. la, was healed by two oxy-hydrogen torches while a 
vacuum (mechanical pump) was being drawn on the system. 
Heating in this fashion allows gradual collapse of the tube 
from the bottom upwards so that- sintering takes place under 
compression and finally complete constriction of the upper 
tube is achieved (Fig. lb ). An additional Si02 glass rod 
working handle was fused on to the other end of the cylindri­
cal ampule thus prepared (Fig. lc ). Now, using the ar­
rangement illustrated in Fig. Id, an attempt was made to 
draw off the ampule in the middle section where the heat 
from the two torches was concentrated. In spite of the fact 
that the center section was the hottest region, the drawing 
off occurred at the ends (A and B of Fig. Id).

TO VACUUM PUMP

-------------------------
'------------A quARTZ glass rods

( c )

Fig. 1. —Melting point apparatus.

Discussion of Results.—The results seem to 
indicate that the solid mixture has a melting point 
higher than either of its components and that
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hence a new phase such as the solid SiO may have 
replaced the mixture.

The Thermoelectro valve Effect, Experimental
Introduction.—Examination of all the data to 

this point indicates that SiO solid is thermo­
dynamically unstable at all temperatures below 
1200°K. and undoubtedly below 1450°K. On the 
other hand the available thermodynamic data 
would not be inconsistent with a stable SiO at 
temperatures above 1450°Iv. The data of Schafer 
and Hornle21 have an anomaly between 1429 and 
1460°Iv. which may be an indication of the forma­
tion of stable SiO. Our experiments have con­
firmed the observation of Potter8 that a mixture 
of Si and Si02 does not show the melting behavior 
expected of such a mixture and it appears that a 
high melting SiO phase is formed. Thus it was 
considered worthwhile to devise an experiment to 
test the formation of SiO at high temperatures.

It would be expected that SiO would have a 
different electrical conductivity than a mixture of 
Si and Si02. Gel’d and Kochnev22 report that 
material which they believe to be SiO has an elec­
trical resistivity of about 5 X 106 ohm-cm. Eras­
mus and Persson30 found that SiO samples with the 
characteristic diffraction ring were almost non­
conductors while disproportionated SiO samples 
that were mixtures of Si and Si02 were electrical 
conductors with high resistance. It is believed 
that ordinary silicon with the usual small metallic 
impurities would be a much better conductor than 
SiO. If this were so, a rod of a sintered mixture of 
Si and Si02 used as an electrical heating element 
would heat to the temperature at which transforma­
tion to SiO takes place. The transformation to 
SiO would increase markedly the resistance and 
prevent any further heating.

¡4-1.1 c m -» |

-QUARTZ GLASS ROD AT COMPOSITION SIO
5 mm 0 . D ( a )

AND W IRE

(b) UNIT I .

(<J)

(e) UNIT m .

Fig. 2.— Tkermoelectrovalve elements.

If the reversible transformation were extremely 
rapid, one would observe a fixed transition tem­
perature independent of reasonable variation in the 
applied voltage. If the transformation were rela­
tively slow, one might expect oscillations in the 
current drawn and the temperature of the rod, 
since overheating would occur before transforma­
tion had taken place and then undercooling would 
occur due to lagging of the disproportionation 
reaction. The quenching experiments previously 
discussed would certainly indicate that the dis­
proportionation reaction at least would be rapid.

M ateria ls .—The silicon used was the same as used in the 
high-temperature X-ray experiments and was passed through 
a 200-mesh screen. The silica was high purity cristobalite42 
that had been passed through a 325-mesh screen.

Preparation of R esistan ce E lem en ts.—Several different 
resistance elements were developed in the course of exploring 
different facets of the phenomenon. Three units are shown 
in Fig. 2.

All resistance rods were made up of mixtures of Si02 and 
Si in equal molal percentages so that the over-all composi­
tions would correspond to the stoichiometry of SiO. Outer 
envelopes of the resistance rods were made of quartz glass.

Unit, I (shown in Fig. 2b) was prepared by heating the 
mixture section as hot as possible with a pair of oxy-hydrogen 
torches while at the same time pressure was exerted by means 
of the two close-fitting quartz glass rods (C & E of Fig. 2a). 
The quartz rods were then removed, a small amount of Si 
powder sprinkled on one end of the sintered mixture and a 
Mo wire electrode inserted. The tube was held in a vertical 
position and treated in the oxy-hydrogen torch until the Si 
fused to both the Mo wire and the mixture. The process 
was repeated for the other end. Several attempts were 
necessary before sufficiently sturdy and satisfactory con­
tacts were achieved.

An improved and simple technique of introducing the re­
fractory metal electrode was used in the preparation of Unit 
II (Fig. 2c), which was prepared in the same manner as Unit 
I with the exception that thin tungsten ribbon electrodes 
were lapped over the ends of the close-fitting quartz glass 
rods and thus held against the silicon powder during fusing. 
The quartz glass rods fused in place and a sturdy unit with 
flexible electrode leads was achieved. This particular unit 
was purposely slightly constricted during the early stages of 
sintering the mixture, for reasons which wall bo apparent later.

Unit III (shown in Fig. 2e) differed from Unit II only in 
that special care was taken to obtain a uniform core of as 
dense a sintered mixture as possible by using a small di­
ameter mixture section prepared as in Fig. 1. Then a sec­
tion was broken out (Fig. 2d) and placed in a larger tube, 
the walls of which were collapsed down around the small tube 
section and fused to it.

Apparatus and Calibration.— The refractory metal elec­
trodes were connected to a 60 cycle a.c. power source with 
variable voltage of up to 457 volts. Voltages were observed 
on an R.C .A . Volt Ohmyst Junior electronic voltmeter.

An electrical switch arrangement was used to introduce 
to the circuit either a 0-10 ampere ammeter, or this amme­
ter in series with a Weston Model 476 milliammeter of 0-250 
milliamperes range.

Temperature readings were taken with a Leeds and 
Northrup optical pyrometer mounted about two feet from 
the heating rod. Correction of temperature readings for 
non-black body conditions were made, based on calibration 
of the pyrometer at the freezing point of Si. The Si in a 
quartz glass tube of the same dimensions as the resistance 
elements was heated with the oxy-hydrogen torch and 
“ brightness temperature”  readings were taken at the freez­
ing point arrest 1683°K. It was seen that the Si-quartz 
tube interface surface was of the same light brown, non- 
glossy character as the heating element quartz tube inter­
face, as one would expect. In consequence, identical emis- 
sivities were assumed and the relationship obtained was

y, -  | =  -1 .7 4  X 10~5 deg.-1

(42) The authors are grateful to Dr. K. K. Kelley of the U. S. 
Bureau of Mines, Berkeley, California, who furnished this material.
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where T  is the true temperature and S  is the brightness tem­
perature (on the absolute scale).

Experimental Results.— The first experiments were per­
formed with Unit I. Approximately 400 volts were applied 
across the tube and the sintered mixture section was ob­
served to rapidly heat up to a dull red and then suddenly 
to form a bright boundary zone (H of Fig. 2b) approximately 
one to two millimeters thick and extending completely 
around the tube. At the time of the formation of the bright 
boundary zone, the electrical current began to oscillate be­
tween the values 75 and 150 milliamperes. The frequency 
of oscillation was approximately one per second.

A few simple tests were performed to see if their results 
would also be in accord with expectations. Heating of the 
mixture by use of a torch caused the current to fall quickly 
to approximately 75 milliamperes— the lowest value for the 
usual oscillation. More intensive heating caused the cur­
rent to decrease slowly, but the current could not thus be 
extinguished. When the torch was removed the bright 
boundary was seen to reappear and the oscillation again set 
in. On the other hand, if cold air were blown across the 
tube the current increased to the high value, 150 milliam­
peres, and remained there without detectable oscillation. 
In this case the bright boundary did not disappear. When 
the blowing of cold air across the tube was ceased, oscillation 
again set in. The voltage across the tube was varied from 
457 to 330 volts, and the temperature of the hot boundary 
zone was found to remain constant at 1463°K., within ex­
perimental error of measurement. At, voltages lower than 
about 300, the process was unable to maintain itself and the 
tube cooled dowm. It is important to note that any time a 
rod cooled dowm to the point of the disappearance of the 
bright boundary it would not again begin to conduct current 
and form the bright boundary (even when full voltage was 
applied across the tube) unless auxiliary heating was done 
with a torch.

The bright boundary zone extending around the tube is a 
wavy line whose small nodes are apparently constantly 
shifting in position. Measurement with a pyrometer was 
difficult since a pulsing fluctuation within tiie boundary zone 
itself can be seen to be constantly taking place. An at­
tempt was made to see if the bright boundary might be 
caused to shift in position by applying intensive heating 
toward the end of the mixture more remote from the bound­
ary. This did cause the original boundary to disappear, 
but when the heat was removed the new bright boundary, 
where the torch had been applied, shifted by jumps until it 
wras essentially in its original position. The frequency of 
oscillation was found to be inversely related to the applied 
voltage and directly related to the cooling convection air 
currents in the room. The frequency of oscillation varied 
from about 120 oscillations per minutes for a voltage of 457 
to zero, in some cases, at, 300 volts.

Measurements made of the temperatures as a function of 
voltage throughout the course of two days showed that there 
was no systematic variation of temperature within the range 
of voltages 300 to 457.

Later the tube was broken open for inspection. A con­
spicuous ring of recrystallization around the interior of the 
quartz glass envelope wras noted and this corresponded in 
position and width to the former bright boundary zone. 
This opaque ring was noted before the tube was broken open 
but it was then thought, to belong to the mixture. A void core 
dowm about half the length of the mixture zone was found. 
It is supposed that the mixture had not, been as wall sintered 
as previously thought and that, gradual transference of the 
mixture from the central core to its outer extremes took 
place. The cross sectional area of the void w'as about one- 
fourth the total cross sectional area of the sintered mixture.

In the core area the mixture was a rich golden brown when 
viewed under the microscope. It appeared decidedly ho­
mogeneous, but X-ray diffraction showed clearly that silicon 
wras present. The other lines in the pattern w-ere not very- 
distinct but it appeared that each of the three room tem­
perature modifications of Si02 were probably present. The 
exterior of the mixture zone was light brown and as such 
answered the general description of the amorphous mixture 
that has often been reported in the literature.

A new tube, Unit II of Fig. 2c, was made. It was quite 
uniform but with a slight, constriction in the center section 
so that one might test as to whether the bright boundary' 
zone did not necessarily form at the narrowest, cross sec­
tional area. When about 385 volts were applied across the

tube, considerable arcing took place in the region of the mix­
ture-electrode interface. This was allowed to continue, and 
after about 15 seconds a bright boundary formed right at 
the mixture-silicon interface, P of Fig. 2c. After about ten 
minutes this bright, boundary zone was observed to have 
shifted slowly until it, had moved about three millimeters 
toward the center section, O of Fig. 2c. The current was 
then shut, off for a time. Reapplication of voltage across 
the tube did not, result in spontaneous heating and the torch 
was applied to the center section. The boundary then 
formed at the center section, N of Fig. 2c, but for a short 
time a partial second boundary coexisted at O. This tube 
was not, broken apart for inspection since it was desired for 
laboratory demonstration. The average temperature of 
the bright boundary w7as 1447°K.

The Unit III tube, as noted above, was constructed to 
obtain an especially well-sintered rod of uniform cross sec­
tion. It was desired to find out if one could obtain uniform 
heating instead of only localized bright boundary zone heat­
ing. Furthermore, it was desired to see if the void core pre­
viously mentioned could be eliminated through having the 
mixture sufficiently well sintered.

That, the rod was well sintered and without initial void was 
established by microscopic examination during the prepara­
tion of the unit. When 350 volts was applied across the 
tube as usual, spontaneous heating occurred. Very uniform 
heating took place, and the mixture reached a temperature 
of 1323“K . at, 350 volts at, almost two amperes. Since the 
system was electrically fused at two amperes, it was neces­
sary to turn off the powmr and insert a larger fuse. Four 
hundred and forty volts were applied and considerable arcing 
took place for a few- seconds; then the current, suddenly 
went to 60 milliamperes and the usual bright boundary zone 
formed at approximately the mid-point, of the mixture sec­
tion, T  of Fig. 2e. The temperature of the bright zone w-as 
1459 °K.

The tube was broken open after it had been in operation 
onlv a few minutes and an inspection was made for voids. 
Only a very small pinhole void was found.

The mean bright boundary temperature w7as 1461°K., 
based on all (84) temperature observations made with all 
tubes used. The average deviation from the mean was 
± 2 2 °K . and the maximum deviation from the mean was 
+78°K .

Discussion of Results.—The agreement, of the 
bright boundary temperature of 1461 ±  18°K. 
with the value 1445 ±  15° K. which one would 
infer, based on the anomaly in the vapor pressure 
data of Schafer and Hornle, is impressive. The 
conformity of the behavior of the thermoelectro­
valve experiments with predictions seems to clearly 
indicate that SiO solid becomes stable at, about 
1450°K. and above, by the reaction

VaSi(s) +  ‘ ASiO, =  SiO(s)

and that the reaction is quite rapidly reversible. 
The latter is in agreement with the fact that 
quenched solid phase preparations have always re­
vealed the disproportionation products.

Since the time of the earlier presentation of this 
work,1 Hoch and Johnston43 have conducted a 
study, using a high temperature X-ray camera, 
and they confirm the existence of a new high tem­
perature phase in the Si-SiCU system. They were 
unable to find the new phase at a temperature as 
low as 1520°K., however. As mentioned pre­
viously, Tombs and Welch10 have conducted flow 
method SiO(g) pressure measurements (1573— 
1920°K.) over material nominally a mixture of 
Si and Si02. They assumed that an experimental 
error of ±20%  accounted for the discrepancy be-

(43) Michael Hoch and Herrick L. Johnston, “ Formation, Stability, 
and Crystal Structure of Solid Silicon Monoxide,”  presented at the 
123rd American Chemical Society National Meeting, March, 1953, 
Los Angeles.
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tween their work and that of Schäfer and Hörnle.21 
It is now clear that the data of Tombs and Welch 
belong to the reaction SiO(s) =  SiO(g) and they 
lead to mean values of AH° = 58,550 cal./mole 
and A<S'° =  25.45 cal./mole/'deg. for this process 
in the temperature range of the study. The en­
tropy which this value would imply for either solid 
SiO or a mixture of Si and Si02 seems much too 
high. Extrapolation of the data of Tombs and 
Welch11 and of Schäfer and Hörnle21 to convergence 
would predict a transition temperature for the 
reaction, ^Sits) +  J^Si02(s) =  SiO(s), of ap­
proximately 1560°K., but the entropy considera­
tion does not permit reliance on the extrapolation.

The new phenomenon of the thermoelectrovalve 
effect is itself interesting to discuss since it has not 
been previously reported. The formation of a 
bright boundary rather than a uniformly hot section 
of the heating rod is easily understood. As the 
first few nuclei of solid SiO are formed, greater 
electrical resistance is encountered in the given 
cross sectional zone and continued catastrophic 
formation of solid SiO results in the formation 
of the boundary. The experiments show that 
although the boundary may form initially any place 
it none the less migrates to the limiting cross 
sectional area.

The frequency of the current oscillation seems to 
be governed by the balance between the rate of 
power input and the rate of heat loss. Thus cooling 
the tube by blowing cold air over it caused the 
frequency to go to zero and the tube to require 
maximum power input. Heating the tube caused 
the frequency to go to zero at minimum power 
input. Other things being held constant, the 
oscillation frequency increased as the voltage 
was increased or as the current carried decreased.

It is to be noted, however, that intense heating of 
the mixture section did not reduce the current 
carried much below the minimum value existing 
during normal operation, and it is necessary then to 
suppose that the conductivity of the solid SiO 
probably becomes appreciable at higher tempera­
tures.

The voids formed at the cores of the rods are pre­
sumed to be due to a vaporization and reconden­
sation process of SiO to form a more dense mixture.

The necessity for heating a tube to initiate 
conduction on the occasion of any reuse is not 
clear. If it may be assumed that conduction is 
principally by means of silicon-to-silicon particle 
contacts, one might suppose that operation of the 
process resulted in reduced particle size (as evi­
denced by microscopic homogeneous appearance) 
and as a consequence Si02 insulation between 
silicon particles could take place. Since the 
conductivities of both Si and Si02 increase with 
temperature, heating would tend to break down the 
barriers.

During the course of the experimentations, 
alternate explanations for the supposed thermo­
electrovalve effect were considered. The tem­
perature calibration work was done in order to 
eliminate the possibility of the phenomenon being 
associated with the melting of silicon and the 
decrease in conduction which would result in the 
contraction on melting of the silicon. Experi­
ments conducted verified the work of von Warten- 
berg44 as to the large volume contraction undergone 
by silicon on melting, but the temperature of the 
thermoelectrovalve phenomenon is too far removed 
from the melting point of silicon to permit the 
supposed alternate mechanism.

(44) II. von Wartenberg, Naturwissenschnften, 36, 373 (1949).

INFLUENCE OF ADSORPTION OF WATER AND QUINOLINE ON THE 
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A  m ethod is described for the sim ultaneous m easurem ent of the adsorption and resistivity  at constant tem perature and 
relative pressure for the adsorbates w ater and quinoline on a synthetic alum ina-silica cata lyst adsorbent. M easurem ents 
were made over a range of tem peratures and relative pressures, thus providing, in addition to  a series of adsorption isotherms, 
resistiv ity-su rface coverage isotherms corresponding to the adsorption isotherm s and the resistivity-tem perature relations 
a t constant adsorption. In  this w ay  it w as possible to determ ine the surface com ponent of the total resistiv ity  and show the 
relations betw een surface resistiv ity  and adsorption at various tem peratures. T h e results show th at surface resistiv ity  
js critica lly  dependent upon the am ount of gas adsorbed on the surface of the catalyst. M oreover, it is shown th at quinoline 
in the low surface coverage ranges enhances surface con du ctivity  much more strongly than w ater a t com narable surface 
coverage. T his rem arkable effect is attributed to the influence of quinoline on the sh ift in coordination of surface alum inum  
ions from the 6- to the 4-coordinated state. Interesting unexplained correlations betw een the resistiv ity  and relative pres­
sure also are shown.

The conductivity in polar crystals is believed to 
be composed of two parts, (1) the bulk conductivity 
associated with the migration of ions through the 
bulk solid by way of lattice defects of the Schottkv

(I) This paper is nased on the thesis presented by Rex O. Daniels 
in partial fulfillment of the requirements for the degree of Doctor of 
Philosophy, June, 19o2.

and Frenkel types, and (2) the conductivity associ­
ated with free surfaces and interfacial boundaries. 
The former follows generally the Arrhenius law, 
A\,e~E''/RT, and gives a straight line on a plot of 
log (7b vs. \!T. The latter, however, is quite 
erratic according to most experimental observation 
concerning the low temperature conductivity of
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Fig. 1.— Sample cup and its position in furnace: A, insula­
tion; E, ceramic tube; C, aluminum block; D, glass ad­
sorption tube; E, tungsten contacts to resistance meter; 
F, heating element.

polar crystals. Even so, it is possible to express 
the conductivity of polar crystals approximately 
by the equation

cr =  -(- (1)

of these studies that much of the erratic behavior 
of log a vs. l/T curves at low temperatures found 
in the literature may be associated with inadequate 
control of atmospheric conditions.

This investigation was undertaken as the be­
ginning of an anticipated long-range project to 
provide a better understanding of surface con­
ductivity in view of the importance of this factor in 
dust precipitation by means of the Cottrell pre-

Fig. 2.— Resistivity against weight adsorbed per gram for 
water adsorption on synthetic catalyst.

Fig. 3.— B.E.T. plot for water adsorption on synthetic catalyst.

where the first term on the right refers to the bulk, 
and the second to the surface (or inter­
facial) conductivity. In general Ah A,
and I?b Es hence the high temperature 
conduc tivity involves effectively only the 
bulk conductivity while at sufficiently 
low temperature the bulk conductivity 
may be neglected in favor of the surface 
conductivity. Also, there exists a tem­
perature region of 50-100° where both 
terms need to be taken into account; an 
equation of this sort does not lead to a 
sharp discontinuity in the log a vs. l/T 
curve.5

Most studies of the conductivity of 
polar crystals have ignored the influence 
of adsorbates on the surface conductivity.
Recent studies3 have shown, however, 
that adsorbates can and do influence the 
low temperature conductivity pro­
foundly. This is shown clearly by the 
work of Schmidt who studied the influ­
ence of water vapor pressure on the conductivity 
of a synthetic catalyst.4 One suspects as a result

(2) Far a review of conductivity in polar crystals see N. F. Mott 
and R. W . Gurney, “ Electronic Processes in Ionic Crystals,”  Oxford 
University Press, New York, N. Y ., 1940.

(3) J. F. Chittum, J. H. Hamilton and H. J. White, unpublished 
Laboratory Reports on Temperature and Humidity Effects on the 
Resistivities of Dusts as Applied to Cottrell Precipitator Operation.

(4) W . A. Schmidt, Ind. Eng. Chem.. 41, 2428 (1949).

cipitator. It is believed also that the results of 
fundamental studies of surface conductivity may 
find important applications in various other fields, 
e.g., heterogeneous catalysis where ion mobilities 
are no doubt of great importance. Furthermore, 
if it were possible to provide a relationship between 
surface conductivity and the adsorption isotherm, 
an important new tool would be provided in studies
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of surface chemistry. One purpose of this paper 
is therefore to provide (empirically) expressions for 
the following three relations

w /w . — f(x) (2)
a =  g (w /w s) (3)

«■ =  h(x) (4)
for the particular systems under investigation. 
Here w  is the weight of adsorbate adsorbed on the 
solid of weight w „  x  is the relative pressure of the 
adsorbate, f, g, and h are functions to be deter­
mined experimentally.

Fig. 4.— Resistivity against weight adsorbed per gram for 
quinoline adsorption on synthetic catalyst.

Experimental Methods and Results
The adsorbent used in this study was a synthetic alumina- 

silica catalyst used by the petroleum industry in fluidized 
catalytic cracking columns. It was prepared by the simul­
taneous precipitation of silica and alumina from solution 
giving a mixture of approximately 90% silica and 10%

Fig. 6.— Plot of log A s vs. w /w „  for both water and quinoline 
adsorption on synthetic catalyst.

alumina. Its size was about 200 mesh. Adsorbates were 
water and quinoline.

The method used for measuring adsorption isotherms was 
an adaptation from the technique of Mills, Boedeker and 
Oblad.6 The sample was maintained at a fixed tempera­
ture in an atmosphere of inert gas pre-saturated with the 
adsorbate at a predetermined temperature. The amount 
adsorbed by the sample was measured by a direct weighing 
technique using nitrogen and (in some cases) air as the carrier 
gas.

An important modification to the method of Mills, et a l., 
developed here was the use of a porous sample 
cup for rapid attainment of equilibrium. The 
sides of the sample cup were made of 0.012" 
lead-free glass and the bottom and top (elec­
trodes) of porous stainless steel of 35 micron 
porosity. The coefficients of expansion of the 
glass side walls and the porous steel ends were 
similar permitting operating temperatures 
greater than 300° without damaging the cup. 
The glass sides and metal discs were machined 
to close tolerances to prevent the powder from 
passing between them. A silver strip ( l/¡¡-inch 
wide) was painted about the outside of the cup, 
touching platinum loops. This made electrical 
contact with the bottom disc through a tungsten 
clip holding the bottom in place; and conse­
quently, with the resistance measuring circuit 
when the cup was pulled into position. To 
eliminate stray currents and glass surface effects, 
a guard circuit was provided by placing a guard 
ring around a small disc of known area, the 
small disc being insulated from the guard ring 
by a glass insert. During the pre-saturation 
period, the porous sample cup was seated against 
a ground glass joint projecting downward in the 
adsorption chamber. This forced the gas stream 

to pass through the sample and thereby greatly shortened the 
time required for equilibration of the sample. Measurements 
were made after lowering the sample cup from a support 
w-hieh held it against the ground glass joint (Fig. 1).

(5) G. A. Mills, E. R. Boedeker and A. G. Oblad, J. Am. Chem. 
Soc., 72, 1554 (1950).

Fig. 5.— B.E.T. plot for quinoline adsorption on synthetic catalyst.
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T a b l e  I

R e l a t iv e  I n f lu e n c e  of W a t e r  an d  Q u in o l in e  on  Su rfa c e  C o n d u c t iv it y  o f  C a t a l y s t
X t. W/Ws Moles/ ws Resistivity, ohm cm.

°c. Water Quinoline Water Quinoline Water Quinoline pw/pq
0 .1 125 0.0435 0 .170 0.00242 0.00131 2 .5  X  10l° 1 .2  X  109 208

175 .035 .122 .00195 .00094 7 .0  X  101» 3 .9  X  10s 180
0 .2 125 .0535 .210 .00297 .00162 2 .0  X  1010 7 .7  X  108 26
0 .3 125 .063 .253 .00350 .00195 3 .7  X  109 5 .8  X  103 6 .3

While a large amount of data were accumulated in this 
study, in the interest of brevity only the results of the final 
runs are presented here. The <r, x , w/w, data for ^rater on 
the catalyst are shown in Figs. 2 and 3 while those for quino­
line are given in Figs. 4 and 5. The reproducibility of re­
sults may be judged somewhat from the smoothness of the 
curves of Figs. 2 and 5.

Discussion of Results
The tr(T ) data calculated from the isotherms at 

constant w/ws were found for water as the adsorbate 
to follow approximately

<r =  5.3 X  HF'e-32’200'1, +  A B(.w/wa)e~s’m 'T (la)

with the As(w/ws) relationship given in Fig. 6. 
While equation la expressed the experimental 
data quite reliably, it was actually not possible 
from the data to evaluate each of the three con­
stants Ab, Eh and Ea within limits of less than 
about 25%, due to the experimental error and 
compensating effects between the constants. It is 
an interesting and significant fact that equation 
la also applied, with the same values of Ab, Eh and 
ES: to the system in which quinoline was the 
adsorbate. Again As(w/ws) for quinoline is given 
in Fig. 6. The experimental method used here was 
inapplicable above 200° for quinoline because of 
electrical leakage. These results show that ab­
sorption is an important factor in the low tempera­
ture conductivity of ionic crystals and that the log 
cr vs. l / T  plot (Figs. 7 and 8), in the region where

bulk conductivity is negligible, is linear only when 
the ratio w/ws is held constant.

Table I shows an interesting phenomenon with 
regard to the influence of water and quinoline on 
the surface conductivity of the catalyst. The 
lower conductivity of the adsorbed water is very 
apparent in the lower relative pressure regions.

Bernal and Fowler6 accounted for surface con­
ductivity by the so-called “ proton-jump” mecha­
nism due to adsorbed water. This theory may 
account for the results with water as adsorbate, but, 
of course, not in the case of quinoline. It is 
surprising indeed that the conductivity at a given 
coverage was several times greater with quinoline 
than with water. This result suggests a mecha­
nism for surface conductivity in the alumina-silica 
system based on the theory of Milliken, Mills and 
Oblad.7 According to their theory, the calcined 
catalyst is a potential Lewis acid in an octahedral 
or 6-coordinated configuration. Under the in­
fluence of a Lewis base such as quinoline, the 
structure shifts to a tetrahedral or 4-coordinated 
one. Assuming that the conductivity of the cata­
lyst is due primarily to the interstitial migration of

Fig. 8.— Surface conductivity resulting from adsorption 
of quinoline on synthetic catalyst (lines calculated from 
equation la , symbols represent experimental values).

(6) J. D. Bernal and R. H. Fowler, J. Chem. Phys., 1, 515 (1933).
(7) T. H. Milliken, Jr., G. A. Mills and A. G. Oblad, Faraday Soc

Disc., No. 8, 279 (1950)
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Al+++, one would expect the conductivity in the 4- 
coordinated alumina to be much greater than that in 
the 6-coordinated state because the former would be 
a more open structure. Since quinoline is a strong 
Lewis base, it would tend to convert the surface 
states largely to the 4-coordinated structure, leaving 
the A1 +++ in the surface layer highly mobile. On 
the other hand, water would act as a much weaker 
base and would probably convert only a small frac­
tion of the states to the 4-coordinated structure by 
an equilibrium of the type

A
2(A1— O— Si) +  H 20  

I
O

I
0
1

2H +(—0 —Al—O—Si) -
I

O

in which the equilibrium is shifted to a limited 
extent to the right depending on the structural 
influence of the cristobalite silica, i.e., upon the 
catalytic activity. The extent of the shift would 
depend on the extent of activation of the catalyst. 
This suggests that the same factors which 
would tend to displace the above equilibrium to 
the right would also tend to promote catalytic 
activity. This theory is subject to two types of 
direct evaluation. First, one may measure directly 
the ion mobilities, and second the conductivities 
of catalysts under varying degrees of activation. 
No attempt has yet been made to apply these tests.

The g(w/ws) function (equation 3) was not ob­
tained in completely analytical form. Equations 
la and Fig. 6 will, however, suffice to describe this 
function. The h(x) functions found empirically 
in this study were interesting indeed, but no 
explanation of them was readily apparent. For

water as adsorbent, it was found that the equation

a =  a(T)e+ax''‘ =  p - 1 (4a)

gave a satisfactory representation of the h(x) 
function of equation 4. Here a(T) is a tempera­
ture dependent constant determined at constant 
x  by means of equation la, and a is a temperature 
independent constant the value of which was 8.3 
±  2.0 for water. For quinoline the corresponding 
relationship for h(x) was found to be

<r = a (I> + « 1',° = p-> (4b)

with a(T) again dependent only on temperature 
through equation la and a was again a constant 
of value approximately 4.0 ±  1.0.

Finally, it is of interest to note that the surface 
area 2, computed from the isotherm by the B.E.T. 
method fell off (approximately) linearly with 
increasing temperature from about 250 m.2/g . 
at 40° to 100 m.2/g . at 200° with water as ad­
sorbate. In the case of quinoline, according to 
computations by the B.E.T. method, 2 changed 
from about 400 m.2/g . at 100° to 250 m.2/g . at 
200°. While the same trends were observed with 
water and quinoline, the observed values of 2 
were about twice as large with quinoline as with 
water, indicating an error or errors in the assigned 
area per molecule for quinoline and/or water. 
It should be noted that the present technique, 
while considered good for the present purpose, does 
not claim the accuracy of the low temperature, 
high vacuum, nitrogen absorption method. Even 
in the latter, it is difficult to achieve a reproducibil­
ity of better than 20%. Hence, it is possible that 
the indicated variation of 2 with temperature may 
be spurious.

CALCIUM SILICATE HYDRATE (I)
By Sidney A. G reenberg

Contribution from  the Johns-Manville Research Center, Manville, New Jersey
Received December 10, 1953

Dehydration curves, surface area measurements and differential thermal analyses were made on calcium silicate hydrate 
(I)  compounds formed in dilute suspension and hydrothermally up to 186° from C a O :S i0 2 mole ratio mixtures of 1 :1 , 
1 :2 , 1 :4 , 2 :1  and 4 :1 . Various forms of calcium silicate hydrate (I) including crestmoreite were prepared. Evidence 
was obtained which showed that the 3 :2  C a O :S i0 2 ratio is maximum in the hydrate except under extreme reaction condi­
tions. Chemical evidence also is presented which substantiates the presence of C a[Si02(0 H )2] groups in the hydrate struc­
ture. In dilute suspension at 93° calcium hydroxide was found to react completely with equimolar or excess amounts of 
hydrated silica.

In this paper, a report is given on a study of some 
of the conditions under which calcium silicate hy­
drate (I) (CSHI) is synthesized and on an examina­
tion of the products formed. It has already been 
shown1 that calcium silicate hydrate (I) is formed 
at room temperature from calcium hydroxide and 
silica gel and on the hydrolysis of t.ricalcium silicate. 
The compound has also been formed hydrother­
mally2-4 from the same reactants. Calcium sili-

(1) H. F. W . Taylor, J. Chem. Soc., 3682 (1950).
(2) L. Heller and H. F. W. Taylor, ibid., 2397 (1951).
(3) Ibid., 1018 (1952).
(4) Ibid., 2535 (1952).

cate hydrate (I) is reported5 to have a composition 
of 0.8-1.5 CaO'Si02-ATLO with X  approximating 
0.5, 1.0 and 2.5. An orthorhombic unit cell has 
been proposed56 for this compound with a =  5.62 
A., b =  3.66 A.oand c or interlayer spacings of 9.3,
10.4 and 14.0 A. depending upon the water con­
tents (A) which are given above. No conclusive 
evidence exists6 on whether Ca++Si02(0H )2-2 or

(5) H. F. W. Taylor, ibid., 163 (1953); “ Proceedings of the Third 
International Symposium on the Chemistry of Cements,”  London, 
1952, in press.

(6) J. D. Bernal, J. W. Jeffery and H. F. W . Taylor, Mag. Concrete 
Research, 49 (1952),
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T a b l e  I

S u m m a r y  o f  E x p e r i m e n t a l  C o n d it io n s  a n d  R e s u l t s
Sample Hydrothermal conditions CaO:Si02 Reagents -f Surface areano. “U. lime, hr. ratio hydrated silica X-Ray and optical results (sq. m./g.)
A -l 186 15 1:1 CaO C SH I“— strong pattern; calcite trace
B -l 170 24 1:1 Ca(O H )2 CSH I -(- trace calcite 90
B-2 170 48 1:1 Ca(O H )2 C SH I +  trace calcite 49
B-4 170 96 1:1 Ca(O H )2 CSH I +  trace calcite 31 .
B-18 170 432 1:1 Ca(OH )2 CSH I +  trace calcite 25
C -l 148 18.5 2 :1 CaO Ca(O H )2— strong pattern; CSHI 

and calcite— weak patterns
76

C-2 148 18.5 4 :1 CaO Ca(OH )2— strong pattern; CSH I 
and calcite— weak patterns

C-3 170 24 2 :1 Ca(O H )2 Ca(O H )2— strong pattern; CSHI 
and calcite— weak patterns

C-4 170 24 4 :1 Ca(O H )2 Ca(O H )2— strong pattern; CSIII 
and calcite— weak patterns

D -l 148 24 1 :2 Ca(OH )2 CSH I and calcite— not well defined 161
D -2 148 24 1:4 C a(O H ), C SH I— weak pattern 40
D -3 170 24 1 :2 Ca(O H )2 CSHI, 14 .5  and 8 .5  A . spacings
D -4 170 24 1 :4 Ca(O H ), CSH I, 14.5  and 8 .5  A . spacings
E -l Heated in suspen­

sion at 93°
1:1 CaO Ca(O H )2— strong pattern; CSH I 

and calcite— weak patterns
E-2 Heated in suspen- 1:1 Ca(O H ), Ca(O H )2— strong pattern; CSH I 26

sion at 93° and calcite— weak patterns
“ CSH I =  calcium silicate hydrate (I).

Ca++(Si030H )_ 1(0 H )_I groups are present in the 
hydrate.

The hydrate has been found to be stable to be­
tween 750 and 800°, in which temperature range it 
converts to ,3-wollastonite.5'7 The calcium silicate 
hydrate (I) compounds reported here were formed 
at 93° at atmospheric pressure and with hydrother­
mal conditions in saturated steam at 148, 170 and 
186°. CaOiSiCh mole ratios of 1:4, 1:2, 1:1, 2:1 
and 4:1 were used in the reaction mixtures. The 
products were examined and identified by Debye- 
Scherrer patterns. Thermal dehydration curves, 
differential thermal analyses and surface area meas­
urements were used to study the properties of cal­
cium silicate hydrate (I) formed under the variety 
of conditions mentioned above.

Experimental
Materials.— The calcium hydroxide of analytical reagent 

grade, the calcium carbonate and hydrated silica (8 3 .2 %  
S i02) of standard luminescent grade were purchased from 
Mallinckrodt. The mineral wollastonite was obtained from 
Cabot. The calcite studied by thermal decomposition 
measurements was a single crystal of Iceland Spar. By  
heating the calcium carbonate four hours at 1000°, it was 
converted to calcium oxide. The calcium hydroxide used 
in the dehydration experiment was prepared from this cal­
cium oxide. The purity of the calcium oxide and hydrated 
silica was carefully examined chemically and spectrograph- 
ically, and the reagents were found to be very pure.

Preparation at Atmospheric Pressure.— Equimolar mix­
tures of calcium oxide or hydroxide and hydrated silica in 
dilute water suspension were heated on a steam-bath at ap­
proximately 9 3 °. After three hours of heating the products 
were filtered, washed with acetone and dried in a vacuum- 
desiccator over calcium chloride. Reactions were carried 
out in Pyrex, platinum and stainless steel vessels, but no 
differences in the products were found.

Preparations under Hydrothermal Conditions.— Mixtures 
of calcium oxide or hydroxide and hydrated silica were heated 
on a steam-bath for three to four hours. The products were 
filtered and then treated hydrothermally in steam under 
equilibrium conditions. After hydrothermal treatment,

(7) E. Thilo, II. Funk and E. M. Wichmann, Abhand. Deut. Akad.
TFiss, Berlin, No. 4, 1 (1950).

the hydrates formed were washed with acetone and dried in 
a vacuum-desiccator over calcium chloride. Very little of 
the original mixture was found to be lost by this treatment, 
and it is, therefore, assumed that the products have the same 
C aO : S i02 ratios as the reaction mixtures.

X-Ray Apparatus.— Debye-Scherrer diagrams were ob­
tained with nickel-filtered copper radiation in a 114.59 mm. 
diameter camera. Exposures of four hours were usually 
adequate, but products formed at atmospheric pressure 
were irradiated for 20 hours to obtain more intense patterns. 
In order to reduce stray radiations a nickel-foil filter was 
placed in contact with the film. This procedure was pre­
viously used by Heller and Taylor.2

Thermobalance Measurements.— Weight loss curves were 
made with a Chevenard thermobalance according to the pro­
cedure outlined by D uval.8 Sample weights of 0.7236 g. 
were generally used and exceptions are noted. A controlled 
heating rate of 8 °/m in . was employed. Because calcium 
silicate hydrates continue to lose weight to 1000°, it was 
necessary to estimate the slope of their curves to 1000° in 
the presence of calcium hydroxide and carbonate decompo­
sition breaks in order to determine the concentration of the 
latter compounds.

Surface Area Measurements.— The measurements were 
made by the nitrogen gas adsorption method .9 The samples 
were degassed at room temperature to avoid any thermal 
changes in the hydrates.

Differential Thermal Analysis.10— Alumina was used as 
a standard. A  controlled heating rate of 12 .5 °/m in . was 
employed. Measurements were made at the Rutgers 
School of Ceramics by M r. M . G . McLaren through the 
courtesy of Professor J. Koenig.

Results and Discussion
The experimental conditions, reagents and a 

summary of the results are presented in Table I.
Products Formed Hydrothermally (186°). CaO: 

Si02, 1:1.— A hydrated calcium silicate (sample no. 
A -l) was prepared hydrothermally at 186° after 
15 hours of reaction from an equimolar mixture of 
calcium oxide and hydrated silica.

(8) C. Duval, “ Inorganic Thermogravimetric Analysis,’ ' Elsevier 
Publishing Co., New York, N. Y ., 1953.

(9) P. H. Emmett and T. Dewitt, Ind. Eng. Chem., Anal. Ed., 13, 
28 (1941).

(10) W. J. Smothers, Yao Chiang and Allen Wilson, “ Bibliography 
of Differential Thermal Analysis,”  University of Arkansas, Institute 
of Science and Technology, Research Series No. 21, 1951.
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The Debye-Seherrer pattern of the hydrate was found to follow closely that of the calcium silicate hydrate (I) previously reported.1112 A trace of calcite could be identified bv the doublet at 1.87o “and 1.92 A.13 No calcium hydroxide lines were found.Thermal dehydration curves of calcium silicate hydrate (I), hydrated silica, calcite, calcium hydrox­ide and wollastonite were obtained. The curves (except wollastonite) are shown in Fig. 1.

Fig. 1.— Dehydration curves: 1, calcium silicate hydrate 
(I) (sample no. A - l ) ;  2, hydrated silica; 3, calcite; 4, cal­
cium hydroxide.

The thermal dehydration curve of the calcium silicate hydrate is continuous, which is characteris­tic of the zeolites.14 A similar continuity may be noted in the dehydration curve 2 of hydrated silica. The completeness of the calcium hydroxide reaction in the calcium silicate hydrate is apparent since no calcium hydroxide break is observed in the 450 to 650° range. The calcium hydroxide breakdown may be noted in curve 4. However, a break in the hydrate curve between 750 and 825° is also pres­ent in the calcite and calcium hydroxide curves (3 and 4) and is obviously due to carbonate decompo­sition. The per cent, of calcium carbonate was found to be 1.7 in the hydrate, none in the hydrated silica, 3.5 in the calcium hydroxide and 96.5 in the calcite. The curve for the mineral wollastonite showed a weight loss only in the range of the break­down of calcium carbonate. Total water contents were 15.0% in the calcium silicate hydrate (I) and 16.8% in the hydrated silica.The resemblance is marked between the dehydra­tion curves of the hydrate and hydrated silica. Both lose the majority of their water below 300° and then a more gradual almost constant loss is maintained to approximately 850°. A loss of 57% of total water is found below 300° in the hydrate and hydrated silica loses 75% of its water in this temperature range.Differential thermal analysis curves are pre­sented in Fig. 2 of the calcium silicate hydrate (I), of an unreacted equimolar mixture of calcium hy­droxide and hydrated silica, of hydrated silica and
(11) H. F. W. Taylor, M in. Mag., 30, 155 (1953).
(12) G. F. Claringbull and M. H. Hey, ibid., 29, 960 (1952).
(13) ASTM X-ray Card Index, 1st Supplement, August 1945.
(14) V. A. Kind, S. D. Okorokov and E. P. Khodikel, Tsement., 6, 

32 (1939).

of wollastonite. An endothermic peak at 865 0 and an exothermic peak at 965° will be noted in the DTA curve of the hydrated silicate. The 865° en­dothermic peak could immediately be ascribed to the breakdown of calcite, which has been found to de­compose in this temperature range.16 The unre­acted mixture of calcium hydroxide and hydrated silica showed no energy change to 1000° as can be seen in the DTA curve 2 except for the decomposi­tion of calcium hydroxide at 560°.16 Wollastonite, similarly, was not found to have a marked energy change up to 1000° (curve 4). Hydrated silica presented a usual DTA curve17 with no marked peaks (curve 3).

Fig. 2.— Differential thermal analysis curves: 1, calcium 
silicate hydrate (I) (sample no. A -l ) ;  2, calcium hydroxide 
and hydrated silica; 3, hydrated silica; 4, wollastonite.

In an effort to establish the origin of the 965° peak, samples of calcium silicate hydrate (I) (sam­ple no. A-l) weieheated at8°/min. to 700, 750, 800, 900 and 1000°. Debye-Scherrer patterns of the heated samples showed that calcite lines disappear above 750°, that calcium silicate hydrate (I) is ap­parently stable to 900° although the X-ray pattern is weak, and that calcium silicate hydrate (I) con­verts to j3-wollastonite between 900 and 1000° un­der these conditions.
Products Formed Hydrothermally (170°). A. CaO:Si02, 1:1.—A series of hydrates (sample no. B-l, B-2, B-4, and B-18) were synthesized hydro­thermally at 170° with reaction times of 1, 2, 4 and 18 days, respectively.Debye-Scherrer patterns of the hydrates exhib­ited a pattern similar to that for calcium silicate hydrate (I). No changes in the patterns with time of reaction were noted.The dehydration curves of the products were typical of calcium silicate hydrate (I). Very little calcium carbonate was found to be present in any of the samples. After 18 days of reaction, the curve of sample no. B-18 showed no breakdown of calcium carbonate. Apparently all the calcium carbonate had slowly reacted with the silica. The water contents of the samples, which are shown graphi­cally in Fig. 3, decreased with time of reaction.The surface areas of the sample, which may be noted in Fig. 3, were also found to decrease with
(15) R. M. Gruver, J. Am. Cer. Soc., 33, 96 (1950).
(16) G. L. Kalousek and M. Adams, J. Am. Concrete Inst., 77

(1951).
(17) E. A. Hauser and D. S. le Beau, T h i s  J o u r n a l , 56, 136 (1952).
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R E AC TIO N  T I M E , D A Y S.
Fig. 3.— Variation with reaction time of water content, •  and 

surface area, O.

time of reaction. It was also observed that the surface area of sample no. B-18 rose to 44 sq.m./g. from 25 sq.m./g. when the hydrate was degassed at 176° instead of at room temperature.
Products Formed Hydrothermally (148 and 

170°). B. CaO:Si02, 2:1 and 4:1.—Hydrates with CaO: Si02 ratios of 2:1 and 4:1 were pre­pared hydrothermally at 148° (sample no. C-l and C-2) and 170° (sample no. C-3 and C-4) with reaction times of 18.5 and 24 hours.Debye-Scherrer patterns of the products exhib­ited mainly strong calcium hydroxide patterns. 
However, very weak lines at 3.07 and 1.84 A. were evidence of the presence of calcium silicate hydrate (I). Heller and Taylor4 found similar products on hydrothermally (100 to 200°) treating reaction mixtures with CaO: Si02 ratios of 2:1 and 3:1.The dehydration curves of the hydrates are pre­sented in Fig. 4. In general, the curves have the shape characteristic of calcium silicate hydrate (I). Breaks in the curves may be noted in the decompo­sition ranges of calcium hydroxide and carbonate.Sample no. C-3 and C-4 with calcium oxide to silica ratios of 2:1 and 4:1 hydrothermally treated at 170° were found to contain 11.7 and 29.2% unre­acted calcium oxide (calcium hydroxide and carbon­ate) . The unreacted calcium oxide contents of the corresponding samples (C-l and C-2) prepared at 148° were 14.6 and 36.9%. It is interesting that the mole ratio of CaO (reacted) :Si02 (total) in sample no. C-l, C-2 and C-3 was approximately 3:2 but that sample no. C-4 which had been prepared at 170° from a CaO:Si02, 4:1 mole ratio of rea­gents showed a CaO (reacted): Si02 (total) of ap­proximately 2:1.

Products Formed Hydrothermally (148 and 
170°). C. CaO:Si02, 1:2 and 1:4.—Hydrates with CaO: Si02 ratios of 1:2 and 1:4 were prepared hydrothermally at 148° (sample no. D -l and D-2) and at 170° (sample no. D-3 and D-4).Debye-Scherrer patterns of the samples prepared at 148° showed weak calcium silicate hydrate (I) patterns. However, the samples prepared at 170° showed patterns of calcium silicate hydrate (I) which were quite strong and weak calcite patterns.

Fig. 4 .— Thermal dehydration curves of hydrates formed 
from C aO : S i02 reaction mixtures of 2 :1  and 4 :1 . Dehydra­
tion curves: 1, C -l (2 :1 , 148°); 2, C-2 (4 :1 , 148°); 3, C-3 
2 :1 , 170°); 4, C-4 (4 :1 , 170°). (C a O :S i0 2 ratios and tem­
perature of hydrothermal treatment are g’ven in parentheses.)

The patterns include most of the spacings of natu­ral crestmoreite.6-11 In addition, spacings at 8.2, 
4.7, 4.2, 3.79 and 3.13 A. appear. The 8.2 A. spac­ing has been reported11 in wilkeite.The thermal stability of the synthetic crestmore­ite was traced by heating samples at 8°/min. to 200, 400, 600, 800, 900 and 1000°. Debye-Scher­rer patterns of the heated samples were taken. It was found that the decomposition followed that of natural crestmoreite described by Taylor/ with 
only a few differences. The 11.3 and 14.5 A. lines 
were stable to 400°, at 200° a 9.2 A. spacing ap­peared, which was lost0 between 200 and 400°. By 600°, 11.3 and 14.5 A. spacings were not pres­
ent, but a new 12.3 A. line (strong) appeared. By 
800°, this spacing disappeared and a 11.5 A. spac­ing (VS line) became evident. Between 800 and 900° the pattern of synthetic crestmoreite had faded and the patterns of a- and /3-wollastonite 
were found. An 8.2 A. spacing (medium intensity line) was present to 800°.The dehydration curves of the samples are typi­cal for calcium silicate hydrate (I). Relatively small amounts of calcium carbonate impurities are present in the samples. The water contents of the samples prepared at 148° decreased from 17.1 to 13.8% with a rise in Si02:CaO ratio from 2:1 to 4:1. Similarly, in the corresponding samples pre­pared at 170° the reduction was from 14.8 to 10.9%.

Products Formed Hydrothermally at Atmospheric 
Pressure (93°).—Equimolar mixtures of calcium oxide and hydroxide and hydrated silica (sample no. E-l and E-2) were heated in dilute suspension at approximately 93° and atmospheric pressure.A Debye-Scherrer pattern of sample no. E-l ob­tained from a 20-hour exposure showed a strong calcium hydroxide pattern and a weak calcium sili­cate hydrate (I) pattern.The thermobalance curve of sample no. E-l shown in Fig. 5 exhibited a typical calcium silicate hydrate (I) curve with 1.0% unreacted calcium hydroxide, 3.8% calcium carbonate and 20.0% wa­ter present in the sample. The unreacted calcium hydroxide was thus sufficiently concentrated to give a pattern.4
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T h e  d eh ydration  curve, g iven  in  F ig . 5, o f  sam ple 
n o . E -2  serves to  illustrate tw o  in teresting poin ts. 
F irst, n o  u nreacted  ca lciu m  h yd rox id e  is ev ident. 
S econ d , the sam ple was n ot va cu u m  dried  and  the 
w eight loss m a y  be  n oted  to  begin  at a m u ch  low er 
tem perature th an  th at show n in the v a cu u m  dried  
sam ple n o . E - l .  N o  u nreacted  ca lciu m  h yd rox ide , 
4 .6 %  ca lciu m  carbon ate and  2 9 .3 %  w ater were 
fou n d  in this sam ple.

Fig. 5.— Thermal dehydration curves of calcium silicate 
hydrate formed at 9 3 °: 1, sample no. E - l ;  2, sample no. 
E-2.

Conclusions
Conditions for the Preparation of Calcium 

Silicate Hydrate (I).— T a y lor  and  H eller1-4 have 
p rev iou sly  reported  the preparation  o f ca lcium  
silicate h ydrate (I) a t room  tem perature and h yd ro - 
therm ally  from  C a O : S i0 2 m ixtures o f  1 :1 , 3 :2 , 2 :1  
and 3 :1 . In  this study , ca lciu m  silicate h ydrate 
(I ) was prepared  in d ilute suspension a t 93° after 
three hours o f  reaction  and h ydroth erm ally  at 
148, 170 and 186° from  equ im olar m ixtures o f  ca l­
cium  h ydroxide and  h ydrated  silica. In  addition , 
various form s o f ca lciu m  silicate h ydrate  (I )  have 
been  prepared  from  reaction  m ixtures w ith  C a O : 
S i0 2 ratios o f 1 :2 , 1 :4 , 2 :1  and 4 :1 .

T h e  prod u cts  form ed  from  2 :1  an d  4 :1  ratio m ix ­
tures conta in  unreacted  ca lciu m  h ydrox ide . A  
m axim um  role ratio o f 3 :2  o f  the reacted  ca lciu m  
h yd rox id e  to  to ta l silica  was fou n d  in these sam ples 
excep t the one prepared  at 170° w ith  a 4:1 C a O : 
S i0 2 ratio, w h ich  had  a ratio o f reacted  ca lciu m  h y ­
d rox ide  to  to ta l silica greater than 3 :2 . W ith  such 
an excess o f  ca lciu m  h yd rox id e  present, it is rea­
sonable to  assum e that a ll the silica h ad  reacted. 
T a y lo r 1 fou n d  a  m axim um  3 :2  ratio in ca lcium  
silicate h yd rate  (J) form ed  at room  tem perature.

W h en  an excess o f  silica is present in  the reac­
tion  m ixture in the ratio o f  2 :1  and  4 :1  S i0 2: C aO , 
p rod u cts  are fo rm ed  w hich  con ta in  stron g  lines for  
c spacings o f  14.5 A . an d  w eak 11.3 A . lines w hich  
are also present in natu ra l crestm ore iteA 11

Determination of Unreacted Calcium Hydroxide. 
— I t  is apparent from  the results o f  this investiga­
tion  th at produ cts form ed  from  C a O :S i0 2 m ixtures 
o f  1 :1 ,  1 :2  and  1 : 4  con ta in  v e ry  little  unreacted 
ca lciu m  h yd rox id e  even  after o n ly  three hours o f 
reaction  at 93° in d ilute suspension. I f  ca lcium  
h yd rox id e  is ad sorbed6 on  the silica particles, that 
con d ition  m u st be  very  unstable and chem ical

reaction must immediately follow. In agreement with the work of Taylor6 it was found that the quantitative determination of uncombined cal­cium hydroxide in the presence of hydrated cal­cium silicates was not possible by usual extraction procedures.18 However, by use of the Chevenard Thermobalance it was possible to determine cal­cium hydroxide quantitatively.
Stability of Calcium Silicate Hydrate (I) Ca02: Si02, 1:1.—When this compound is heated for pro­longed periods it converts to |8-wollastonite at 750 to 800° A7 However, when the compound is heated rapidly at 8-12.5°/min. it has been shown in this work by X-ray and DTA that the structure converts to /3-wollastonite between 900 and 1000°. These results agree with those of Kind, et a l.u  The differential thermal analysis of an unreacted equimolar mixture of calcium hydroxide and hy­drated silica offered no evidence that the materials react in the solid state below 1000°. Similarly, (S- wollastonite was not shown to undergo any phase changes below 1000°.The thermal stability of calcium silicate hydrate (I) does not seem to support the theory of Bernal19 that hydrogen bonding occurs along the fiber axis. 

This author believes the 3.6 A. periodicity along the fiber axis of many hydrated calcium silicates is possible because of hydrogen bonding.
Stability of Synthetic Crestmoreite (14.5 A. 

Spacing).—The thermal stability of this variation of calcium silicate hydrate (I) is lower thanothat 
of the compound without the wider 14.5 A. c- spacing. It was found to convert at 8°/min. to the wollastonite forms between 800 and 900° and the wide spacings were observed to decrease as the samples were heated. In general, the results agree with those found by Taylor5 on the natural products.

Constitutional Water in Calcium Silicate Hy­
drate (I).—It has been reported14 that theoretical silicic acid probably contains silicon tetrahedra co­ordinated by four hydroxyls. This compound Si(OH)4 is very reactive and would then poly­merize20 to a hydrated silica particle with Si-OH groups on the surfaces and in the pores. This theory of the structure would thus indicate that water is chemically bound in the structure in SiOH groups.

Bernal19 has stated that hydrated calcium sili­cates may be related to other hydrated silicates by having Si04-4, Si03(OH)% Si02(0H )2“2 and SiO- (OH)3“1 groups. Evidence for the Si-OH linkage exists in afwillite Si03(0H )-3 groups,21 which are also believed to be present in dicalcium silicate a -  hydrate.22The results reported here seem to substantiate the theory that calcium silicate hydrate (I) is built up of Ca+2 and (H2Si04) -2 groups23’24 rather than
(18) R. H. Bogue, “ The Chemistry of Portland Cements,”  Reinhold 

Publ. Corp., New York, N. Y., 1943.
(19) J. D. Bernal, Brit. J. Appl. Phys., 3, 277 (1951).
(20) M. V. Tamele, in “ Chemical Architecture,”  “ Frontiers in 

Chemistry,”  Vol. V, Interscience Publishers, Inc., New York, N. Y., 
1948.

(21) H. D. Megaw, Acta Cryst., 2, 419 (1949).
(22) L. Heller, Brit. J.  Appl. Phys., 3, 277 (1951).
(23) P. S. Roller and G. Erwin, J. Am. Chem. S o c 62, 461 (1940)
(24) E. Thilo, Angew. Chem., 63, 201 (1951).
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Ca+2(3i08H) (OH) ~2 groups.6 This is based on the 
evidence that the dehydration curve of calcium sili­
cate hydrate (I) is similar to that of hydrated silica 
which contains presumably only one species of 
hydroxyl groups. However, the possibility always 
exists that the decomposition of the other tetra- 
hedra proposed may take place in the same tem­
perature range as that of hydrated silica.26

The conclusions offered above are based on the 
assumption that vacuum drying removed sorbed 
water. This assumption is based on several pieces 
of evidence.

First, Shapiro and Weiss26 have found that vac­
uum drying of hydrated silica removes free water. 
It is, therefore, reasonable to assume that free water 
is also removed by the same treatment from the 
hydrated silicate since the same attractive forces 
are probably active.

Second, the indication that water lost below 300° 
is not sorbed is shown by the lack of correlation be­
tween the water lost below 300° and the surface 
areas of the compounds (sample no. B-l, B-2, B-4, 
B-18) formed at 170° after 1, 2, 4 and 18 days of 
reaction. For example, the 1-day compound has 
a surface area of 90 sq. m ./g. which is over three 
times that of the 18-day sample, yet the former 
sample loses 13% less water below 300° than the 
latter sample.

Third, the removal of water (presumably uncom­
bined) from air dried calcium silicate hydrate (I) 
begins at a much lower temperature than that for 
the vacuum dried samples. This may be noted in 
the dehydration curves illustrated in Fig. 5.

Hydration States of Calcium Silicate Hydrate 
(I): A. CaO:Si02, 1:1.— The theoretical amount 
of water in a compound with the composition 
Ca0-Si02-H20  is 13.4%. Compounds formed with 
this ratio of calcium hydroxide to silica were found 
to have water contents varying from 15% after 15 
hours reaction at 186° (A-l) to 11.8% after 18 
days of reaction at 170° (B-18). These results 
seem to indicate that the Ca0-Si02-H20  composi­
tion is fairly closely approximated. Inall of these 
compounds there were found 11-11.3 A. spacings,

(25) T. Tamura and M . L. Jacicson, Science, 117, 381 (1953).
(26) I. Shapiro and H. G. Weiss, T h i s  J o u r n a l , 57, 219 

(1953).

which are stable to 900° when the compound is 
heated at 8°/min.

B. CaO:Si02, 1:2, 1:4.— Compounds formed 
from this ratio of components were found to have 
water contents varying from 17.1 to 10.9%. Ac­
cording to Taylor5 the 14.5 A. spacing of these 
compounds should correspond to a compound with
2.5 moles of water. Therefore, if the calcium hy­
droxide reacts with the maximum amount of silica, 
then the compound should have the composition 
0.8CaO-SiO2- 2.5H20. This compound would con­
tain 30% water. A comparison of the water con­
tents in this series of compounds showed that the 
unreacted silica contains 2.2% water which leaves 
only 18.4% for the remainder of the hydrated cal­
cium silicate. Thus, the evidence does not sup­
port the proposed layer structure6 for calcium sili­
cate hydrate (I).

Interpretation of Surface Area Measurements.—
In Table I and Fig. 3 are given the surface areas 
of a series of compounds (B-l, B-2, B-4 and B-18) 
prepared at 170° after 1, 2, 4 and 18 days of reac­
tion. It may be noted in Fig. 3 that the surface 
area decreases from 90 to 25 sq. m./g. in 17 days 
of reaction which indicates that the particle size is 
increasing with time of reaction. The increase of 
surface area of sample no. B-18 with the tempera­
ture (at which the sample is degassed for the sur­
face area measurement) seems to present evidence 
that the porosity of the sample increases with loss 
of water.

It may be seen in Table I that sample no. E-2 
which was prepared at 93 0 has a surface area of 26 
sq. m./g. A comparison of this area with those of 
the hydrothermally treated samples indicates that 
these particles are larger and X-ray patterns show 
that they are not so well crystallized.

A comparison of the surface areas of samples no. 
B-l, C-l, D -l and D-2 shows that with a large ex­
cess of calcium oxide or of silica, the compounds 
have lower surface areas than those of the equimo­
lar or 1:2 CaO: Si02 ratio compounds. This would 
be expected in the samples with an excess of cal­
cium hydroxide or hydrated silica in the reaction 
mixture. The unreacted material would, of course, 
have a much lower surface area than that of the 
calcium silicate hydrate (I).27

(27) Unpublished results.
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A  useful thermodynamic function has been developed which permits ( 1 ) fitting of high-temperature heat content data with 
algebraic equations by a fast and accurate method; (2) accurate smoothing of high-temperature heat content data, (3) 
correlation of low-temperature heat capacity data with high-temperature heat content data; (4) accurate evaluation of 
heats of transition and fusion at high temperatures; (5) accurate calculation of heat capacities at high temperatures from  
heat content data.

Many laboratories arc engaged in measurements 
of low temperature heat capacities, in which a 
measured amount of heat is added to a sample to 
raise its temperature by a relatively small amount. 
The heat capacity at the mean temperature is cal­
culated from the energy supplied, divided by the 
temperature rise, the assumption being made that 
the heat capacity varies linearly with temperature 
over this small temperature interval. Precisions 
in the heat capacities measured by this method 
usually do not exceed a few tenths of one per cent.

Most attempts to use this method at moderately 
high temperatures have failed, however, so far as 
accuracy is concerned, because it was impossible 
to evaluate satisfactorily the corrections for heat 
interchange with the surroundings. In fact, the 
experimental plots of most lowr-temperature heat 
capacity data will have more scatter of the ex­
perimental points in the neighborhood of room 
temperature than at lower temperatures. Conse­
quently, the experimental method most widely 
employed for extending thermodynamic data 
above room temperature has been the method of 
mixtures, or so-called “ drop”  method, in which a 
sample is heated in a furnace to a temperature T, 
allowed to drop into a calorimeter maintained at 
some convenient temperature near room tempera­
ture (e . g 298.16°K.), and the amount of heat 
delivered to the calorimeter, H i — # 298.i6, meas­
ured. i

The curves obtained by the usual plot of ex­
perimental H i — H298.i6 values vs. T, barring 
anomalies such as transitions and fusions, can be 
roughly approximated as straight lines, with 
H i — #298.16 =  0, when T =  298.16°K. Such 
a plot is not satisfactory for obtaining smoothed 
values of H i — # 298.i6, especially at the lower 
temperatures, where a certain vertical displacement 
becomes percentage-wise a much greater error. 
Some investigators plot the function (H i — 
#298.i6)/(T — 298.16) vs. T, which permits some 
magnification o: the vertical scale, since the func­
tion is not equal to zero at 298.16°K., but becomes 
Cp298.i6 at this temperature.

High-temperature heat content data should not 
be considered entirely divorced from low'-tempera- 
ture heat capacity data for the same substance, and 
yet it is difficult to correlate the two sets of data. 
A few investigators attempt to differentiate 
graphically their high-temperature heat content 
curves* 1 in order to evaluate the heat capacity at

(1) (a) D. C. Ginnings and R. J. Corruccini, J . Research Natl. Bur. 
Sta?idards, 38, 593 (1947); (b) G. Rutledge, Phys. Rev., 40, 262 (1932).

high temperatures, but such a procedure is diffi­
cult and laborious, and its success depends a great 
deal on how well the heat content curves have been 
smoothed. There is no assurance that the heat 
capacities thus obtained will correlate smoothly 
with low-temperature heat capacities in the neigh­
borhood of room temperature. Most low-tempera­
ture investigators graphically integrate their heat 
capacity curves to obtain lowr-temperature heat 
content values. This procedure is not too diffi­
cult, but, as mentioned above, the heat content 
plot is rather insensitive, and is a poor method 
for trying to correlate the two sets of data.

A few' years ago the author2 presented a graphi­
cal method for obtaining the best heat content 
equation of the form

H t -  #298.16 =  aT  +  bT2 +  cT ~ l +  d (1) 

to fit a set of experimental high-temperature heat 
content data. In its differentiated form the equa­
tion becomes

Cp =  a +  2bT -  cT ~ 2 (2)

If the value of CP298.i6 is known from heat capacity 
measurements at room temperature, one boundary 
condition is satisfied by setting Cp =  Cp298.i6 in 
equation 2 when T =  298.16°. The other bound­
ary condition to be satisfied is that H i — # 298.i6 =  
0 when T =  298.16° in equation 1. This reduces 
the number of constants to be evaluated to two, 
and the following relationship can be derived
T [(H t — #298.16) — Cp298.16( T  — 298.16)]

(T  -  298.16)*

bT  +  (298.16)* 3̂)

If the function on the left side of equation 3 is 
evaluated for each measured high-temperature 
heat content value, and the results are plotted 
against T, the resulting plot will be a straight line 
if the measured data are fitted exactly by equation
1, the slope of the line being b, and the “ y” -
intercept c / (298.16)2. The constants a and d 
are evaluated from the boundary conditions at 
298.16°K. The high-temperature heat content 
of most substances can be fitted over a wide 
temperature range by an equation of the form of 
equation 1 with a maximum error of only a few 
tenths of a per cent. For example, a straight 
line drawn in the high-temperature region of the 
function plot for aluminum oxide (Fig. 1) with a 
slope of 0.0117 and a “ ¡¡/’ ’-intercept (value of the 
function at T =  0) of 33.75 yields the following

(2) C. H. Shomate, J . A m . C h em . S o c ., 66, 928 (1944).
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heat content equation, which fits the smoothed 
data within 0.5% in the range 298-1200 °K.
H t — #298.i«(abs. j./m ole) =  105.78T  +

0.0117r 2 +  3,000,o o o r -1 -  42,641

In addition to the utility of the function for 
fitting high-temperature heat content data with 
algebraic equations, it has several other practical 
applications, which will be described.

Smoothing of High-Temperature Heat Content 
Data, and Correlating with Low-Temperature Heat 
Capacity Data.— In order to apply the function to 
low temperature heat capacity data, the latter 
must first be graphically integrated to give heat 
contents below 298.16°K. In a paper on “ Heat 
Capacity Standards”  Ginnings and Furukawa® 
have presented a table of smoothed values of the 
heat capacity and heat content of aluminum oxide 
(synthetic sapphire) from 0 to 1200°K. The 
function curve for these heat content data is 
shown in Fig. 1. The curve bears a resemblance 
to the heat capacity curve of aluminum oxide, 
except that it does not have the pronounced S- 
shape in the neighborhood of 50-100 °K. It 
should be noted that there is no discontinuity in 
the curve at 298.16°K.

Fig. 1.— Thermodynamic data for A120 3 (C ^s-is =  79.01 
abs. j. deg.-1 m ole-1 ).

The extreme sensitivity of the function curve 
is indicated by a point above the curve at 500°K., 
in which the true Him — H298.16 value has been in­
creased by 0.5%. Errors of 0.1% in the heat 
content are easily detectable in this method of 
plotting, and since this is approximately the pre­
cision being achieved with some high-temperature 
heat content apparatuses, it is important not to

(3) D. C. Ginnings and G. T. Furukawa, J. Am. Chem. Soc., 75, 522
(1953).

sacrifice this precision in smoothing the data. 
Other graphical methods currently used do not have 
this sensitivity.

The question arises as to what effect an er­
roneous value of CP298.i6 has on the application of 
the method. As far as smoothing the high- 
temperature heat content data is concerned, the 
value adopted for C^w.ie is immaterial, since in re­
calculating smoothed values of HT — H29s.i6 
from the function curve the erroneous value is 
eliminated. However, if a value close to the true 
value of (7p298.i6 is adopted, the function curve will 
have only slight curvature in the high-temperature 
region.

In applying the function to both high and low 
temperature data for the same compound, an 
erroneous value of Cp298 i6 is easily demonstrated 
by the function curve. Figure 2 shows a plot of 
the function for aluminum oxide, in which a value 
of Cp298.i6 =  79.17 abs. j./deg./mole is used. This 
is only 0.2% higher than the true value of 79.01 
abs. j./deg./mole used in Fig. 1, but the dis­
continuity at 298.16°K. is quite marked.

TEMPERATURE, *K.
Fig. 2.— Thermodynamic data for AI20 3 (C p298.i6 =  79.17 

abs. j. deg.-1 m ole-1 ).

A more vivid example is shown in Fig. 3, in 
which the function is applied to the data for 
titanium metal taken from a Bureau of Standards 
compilation.4 On a heat content plot the dis­
continuity is undiscernible. Most probably the 
error here is principally in the high-temperature 
heat content data, rather than in the value of 
0 P298.i6 =  6.01 cal./deg./mole used to calculate the 
function curve.

Even in the absence of high-temperature data, 
the function is useful in determining how to draw

(4) National Bureau of Standards, “ Selected Values of Chemical 
Thermodynamic Properties, Series I I I ”  (June 30, 1949).
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Fig. 3.— Thermodynamic data for Ti (C,,298-i6 =  6-01 cal. 
deg.“ 1 m ole-1).

low-temperature heat capacity curves in the 
neighborhood o: room temperature, where the data 
are least accurate. If the heat capacity curve, as 
drawn, yields a maximum in the function curve 
below 298.16°K., then the heat capacity curve 
should be raised slightly. On the other hand, if 
the function curve has an inflection point upward 
below 298.16°K., the heat capacity curve should 
be lowered slightly in the neighborhood of room 
temperature. These shifts in the heat capacity 
curve normally will not exceed a few tenths of a 
per cent., which is approximately the precision 
of the experimental data near room temperature.

Evaluation of Heats of Fusion and Transition 
at High Temperatures.— One of the disadvantages 
attributed to the high-temperature drop method is 
that it is not always adequate for obtaining heat 
effects at transition points, especially if the heat of 
transition is small. For example, Coughlin and 
Orr6 reported measurements of the high-tempera­
ture heat content of barium metatitanate, and 
were unable to calculate the heat associated with 
a Curie-type transition occurring at 393 °K. 
Figure 4 shows a heat content vs. temperature 
plot of their data, in which the transition is almost 
undiscernible.

Todd and Lorenson6 made low-temperature 
heat capacity measurements on barium meta­
titanate which .disclosed the existence of anomalies 
at 201.6 and 284.9 °K., with heats of transition of 
12 and 26 cal./mole, respectively. A recomputa­
tion of their data showed a heat of 33 cal./mole 
for the 284.9c transition, the difference being 
in the judgment on how to draw the “ normal” 
heat capacity curve in that region. Todd and 
Lorenson also made low-temperature heat ca­

ts) J. P. Coughlin and R. L. Orr, J. Am. Chem. Soc., 75, 530 (1953).
(6) S. S. Todd and R. E. Lorenson, ibid., 74, 2043 (1952).

Fig. 4.— High-temperature heat content of B a T i0 3.

pacity measurements on a crystalline solution of 
barium and strontium metatitanates (0.543 Ba- 
TÌO3 O.457 SrTiOs) in the hope of lowering the 
393° Curie point to a temperature within the 
range of their measurements (below 298°K.). 
The result, however, was the elimination of all 
transitions in the range 50-298°K.

The evaluation of the heat of the 393 °Iv. transi­
tion is easily accomplished by the application of 
the function to Todd and Lorenson’s “ normal”  
curve for barium metatitanate, and to Coughlin 
and Orr’s experimental data. The results are 
shown in Fig. 5. If 75, 85 and 95 cal./mole are 
successively subtracted from Coughlin and Orr’s 
data above 393 °K. before applying the function, 
the three upper curves in Fig. 5 are obtained. It 
should be noted that Coughlin and Orr rounded 
their heat content results to the nearest 10 cal./ 
mole, allowing possible rounding errors of 5 cal./ 
mole, which is about the precision to be attached 
to the heat of the 393“-transition of 85 cal./mole. 
This uncertainty compares favorably with the un­
certainty of the heat of the transition at 284.9 °K.

If the heat capacity curves below and above an 
anomaly (transition or fusion) are markedly dif­
ferent, so that it is difficult to draw a smooth 
“ normal” heat capacity curve through the region 
of the anomaly, a similar difficulty will be en­
countered in drawing a continuous function curve 
in this region after the heat associated with the 
anomaly is subtracted. However, in the latter 
case, if the two function curves intersect at the 
temperature of the anomaly, then the correct heat 
has been subtracted to obtain the high-tempera­
ture curve.

Oftentimes it is difficult to ascertain on a heat 
content vs. temperature plot whether a particular 
point contains a small amount of premelting or
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Fig. 5.— Thermodynamic data for BaTiOs (Cpswie =  24.49 
cal. deg.-1 m ole-1 ).

pretransition effect, but when the function is 
applied to the results, these effects are more easily 
identified. This observation is illustrated with 
data for potassium sulfate in Figs. 6 and 7. Both 
the low-temperature heat capacity data7 and the 
high-temperature heat content data8 for potassium 
sulfate are included in Fig. 7, in which the iso­
thermal transition at 856 °K. and the fusion at 
1342°K. are greatly magnified.

Calculation of High-Temperature Heat Capaci­
ties.—Since the function plot is an effective method 
for smoothing high-temperature heat content data, 
it also permits accurate calculation of high- 
temperature heat capacities. For example, in the 
function plot for aluminum oxide (Fig. 1), the values 
of 39.09 and 39.51 are read from the curve at 490° 
and 510°Iv., respectively, from which are calcu­
lated 7/490 — H298.16 = 18,093, and //510 — H295.16 = 
20,214 abs. j./mole. Cpsoo is then calculated to be 
(20,214 — 18,093)/20, or 106.05 abs. j./deg./mole, 
the value reported by Ginnings and Furukawa.3

Since the value for Hm — HWie usually has 
been tabulated already, an easier method for calcu­
lating CpBoo employs the following relationship 
derived by differentiating the function with re­
spect to T: CPT =  (Ht — H298.16)(T T  298.16)/ 
(T -  298.16)T  -  (298.16)(Cp298.i6)/T +  (6) 
(T — 298.16Y/T, where b is the slope of the func­
tion curve at temperature T. The value of Cpt 
calculated from this expression is entirely inde­
pendent of the value adopted for Cp29a.i6; any 
change in Cp298.i6 is compensated by a correspond­
ing change in b. At 500 °K. b is calculated to be 
(39.51 -  39.09)/20, or0.021o, and Cmo =  151.45 -  
47.11 +  1.71, or 106.05 abs. j./deg./mole. An error

(7) G. E. Moore and K. K. Kelley, J . Am. Chem. Sor.., 64, 2949
(1942).

(8) C. H. Sliomate and B. F. Naylor, ibid., 67, 72 (1945).

500 150,0

Fig.

1000
TEMPERATURE, °K.

-High-temperature heat content o f K .SO i.

500 1000 1500
TEMPERATURE, “ K.

Fig. 7.— Thermodynamic data for K 2SO 4 (C^s-ie =  31.27 
cal. deg.-1 m ole-1 ).

o f  1 0 %  in  th e d e te rm in ation  o f th e  slo p e , b, o f 
th e  fu n ction  cu rve a ffects th is h ea t c a p a c ity  resu lt  
b y  o p ly  0 .1 7  abs. j . /d e g . /m o l e ,  or less th a n  0 .2 % ,,  
w h ereas an  error o f 1 0 %  in the s lo p e  o f th e h ea t con­
te n t  cu rve d irectly  a ffects th e v a lu e  of C v b y  1 0 % .

Miscellaneous Applications.— J oh n ston  and
B a u e r9 h av e  u sed  th e fu n ctio n  to  d erive general

(9) H. L. Johnston and T. W. Bauer, ib id  73, 1119 (1951).
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expressions for AH, AS and AF as functions of 
temperature for a dissociation reaction from heat 
capacity and thermochemical data at 298.16°K. 
and dissociation pressure data at higher tempera­
tures.

In some instances base temperatures other than 
298.16°K. may be more convenient. For example, 
273.16°K. may be a more convenient base for 
those employing an ice calorimeter in measuring 
high-temperature heat contents, where values of

Ht — H-273.16 are recorded. With lower base 
temperatures the sensitivity of the function plot 
is decreased. If a base of 0°K. is used, the func­
tion simplifies to (Ht — Ho)/T.

It is suggested that if the thermodynamic data 
for a substance have been determined with great 
accuracy up to a temperature 7\, the data can be 
extrapolated a few hundred degrees higher with 
greater certainty by using the function plot than 
by another graphical method.

PHASES PRESENT AND PHASE EQUILIBRIUM IN THE SYSTEM In20 3-H 20
B y  R ustum R oy  and M . W. Shafer

Contribution No. 53-39 from the College of Mineral Industries, The Pennsylvania State University, State College, Penna.
Received December 18, 1953

Phase equilibrium relations in the system ImOs-HoO have been determined by a static hydrothermal method in the tem­
perature range 25-800° at 500-20,000 p.s.i. A new phase InOOH, not isomorphous with any other trivalent oxyhydroxide, 
has been found and its properties described.

Introduction.—As part of a research program 
investigating equilibrium in systems involving 
metal oxides and water, our attention has been 
drawn to the In20 3-H 20  system. Earlier work in 
this Laboratory has resulted in new or revised 
data on compound formation and phase equi­
librium in the systems AI2O3-H 2O, 1 Ga20 3-H 20 ,2 
Al20 3-Ga20 3-H 20 ,3 Cr20 3-H 20  and Sc20 3-H 20 ,4 
and the rare earth hydrates.5 The literature con­
tains less information regarding the hydrates of 
indium sesquioxide and the rare earth oxides than 
of any other oxide in this group of the periodic 
table. In addition since something is known of 
the structures of the compounds of both the smaller 
ions (Al-Sc) and the larger ones (Y-La) it was 
hoped that the indium compounds would fit into 
the structural picture.

It has been known for a long time (Milligan 
and Weiser6) that the precipitate which forms on 
the addition of alkali to indium(III) salts, after 
drying at 100°, has the composition In20 3-3H20. 
This compound has been shown to be the tri­
hydroxide In(OH)3, and attempts have been made 
to determine its structure by Milligan and Weiser,6 
Fricke and Seitz,7 and Palm,8 and Moeller and 
Schnizlein.9 It is cubic, although the above 
authors report cell-edges of 7.95, 7.90, 7.92 A., 
respectively, and the last named a value of 5.40 A. 
based on an incorrect unit cell. Carnelley and 
Walker10 reported a continuous loss of water from 
the fresh precipitate and no indication of the ex­
istence of a hydrate. Weiser and Milligan on the

(1) G. Ervin and E. F. Osborn, J. Geology, 59, 4 (1941).
(2) R. Roy, V. G Hill and E. F. Osborn, J. Am . Ckem. Soc., 74, 197

(1952).
(3) V. G. Hill, R. Roy and E. F. Osborn, J. Am. Cer. Soc., 35, 6 

(1952).
(4) M . W . Shafer and R. Roy, Z. a n o r g .  Chem., in press.
(5) R. Roy and H. A. McKinstry, Acta Cryst., 6, Part 4, 365 (1953).
(6) W . O. Milligan and H. B. Weiser, J. Am . Chem. Soc., 59, 1670 

(1937).
(7) R. Fricke and A. Seitz, Z. anorg. Chem., 225, 13 (1947).
(8) A. Palm, T h i s  J o u r n a l , 52, 959 (1948).
(9) T . Moeller and J. Schnizlein, ibid., 51, 771 (1947).
(10) T. Carnelley and J. Walker, J. Chem. Soc., 53, 88 (1888).

other hand reported that the trihydroxide de­
composed at 207° to yield directly the sesquioxide. 
No indication of another hydrate has been re­
ported other than the rather early work of Renz.11

Most of the work on the stability of hydrates of 
the sequioxides has been done by the dehydration 
isobar technique. The great disadvantage of 
such techniques is the fact that at the low partial 
pressures of water vapor used in most cases, the 
activation energy necessary for the formation of 
a new structure from the one that is decomposed on 
heating is very great. Hence in many cases so- 
called “ amorphous”  structures result, and in 
others metastable phases appear, and incorrect 
values for equilibrium decomposition temperatures 
are reached. In the present study, techniques 
designed for use in studying phase equilibrium in 
silicate and other systems, where reactions are 
notoriously sluggish, have been used.

Experim ental.— The experimental techniques used in 
these studies have been more fully described in earlier 
papers1“6'12 and will only be stated in outline here. The 
equipment used consists of an assembly of several (30) pres­
sure vessels and furnaces, the former being attachable to a 
high pressure source of water pressure by a system of valves 
and fittings. Each vessel can be controlled independently 
with respect to both temperature and pressure: the tem­
perature of the furnaces is automatically regulated. Two 
main types of vessels have been used: the vessels designed 
by Morey and Ingerson13 and the “ test-tube”  bomb de­
veloped in this Laboratory. Details regarding equipment 
have been given by Roy and Osborn.14 For examination 
of the products the petrographic microscope and X-ray 
diffraction patterns were used, the former being quite lim­
ited in application. The X-ray patterns were obtained on 
Geiger-counter diffractometers manufactured by G. E. 
Company (165° unit) or North American Phillips (90° 
units). CuK radiation was used filtered through nickel.

The starting material was prepared from C.p . In20 3 by 
dissolving in nitric acid precipitating at room temperature 
with ammonium hydroxide and washing thoroughly. The 
In(OH):i, InOOH and In.Os prepared from this material 
were also used as starting materials in various runs. These 11 12 13 14

(11) C. Renz, Ber., 35, 184S, 2754 (1903).
(12) R. Roy, D. M. Roy and E. F. Osborn, J. Am. Cer. Soc., 33, 1952 

(1950).
(13) G. W . Morey and E. Ingerson, Am. Mineral., 22, 1121 (1937).
(14) R. Roy and E. F. Osborn, Econ. Geol., 47, 717 (1952).
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mixtures are wrapped in gold or platinum envelopes intro­
duced into the vessels and heated at the chosen temperature 
and pressure for a period of time varying from 24 hours to 
200 hours. In this particular system equilibrium was at­
tained rather rapidly usually 1 -2  days. The products ob­
tained on “ quenching”  the vessels were examined by micro­
scopic and X -ray  methods. Temperatures are probably 
no more accurate than ± 5 °  considering various sources of 
error, and pressure which is not as consequential a variable 
to ± 1 0 %  of the value.

In an attempt to compare a series of the hydroxides and 
oxyhydroxides of the third group both differential thermal 
analyses and infrared absorption spectra were run. Equip­
ment used for the former has been described by DeVries and 
R oy.16 For the infrared work a Perkin-Elmer Model 12A 
with NaCl prism was used, and since the particles were ex­
tremely fine a simple mulling-in-Nujol technique appeared 
to be adequate, although alcohol-evaporation and K B r- 
pellet methods were tried.

Results.— At least three compounds exist in the 
system. The trihydroxide In(OH)3, the oxyhy- 
droxide InOOH and the sesquioxide ln20 3: in addi­
tion the phase precipitated at room temperature is 
not quite amorphous to X-rays and may be con­
sidered as a crystalline hydrate of the hydroxide 
In(0H )3-a;H20. Of the three the trihydroxide and 
the sesquioxide are both well known.

In(GH)3 occurs as the stable phase up to 245 ±  
10° at 10,000 p.s.i. and can easily be prepared in 
large quantities by boiling the precipitated hy­
droxide. When prepared in this manner and dried 
at 110° it is quite stoichiometric: it may adsorb 
some water in a damp atmosphere (as will any fine­
grained powder) but the water does not enter the 
structure in any way. The compound was indeed 
cubic as reported, and we obtained a unit cell 
edge of 7.958 ±  0.005° A. comparing fairly well 
with other values (vide supra). Measurement of 
the refractive index by the immersion method on 
the very fine-grained material gave a value of 
1.716 ±  0.01. InOOH is the oxyhydroxide 
hitherto unsuspected. It can be prepared by 
heating the gel or the trihydroxide in the range 
245M35° at a water pressure of from 1000-25,000
p.s.i. A weight loss run on this phase shows that 
it loses 6.4% compared to 6.1% for the theoretical 
loss. Only very fine-grained crystals were ob­
tained. The crystals were birefringent with an 
average refractive index of ca. 1.85 ±  0.02.

The X-ray diffraction pattern shown in Table I 
is the best means of characterization. The struc­
ture o: the phase is unknown and comparisons 
were made with all the expected structures, but 
no analogies were found. Thus the diaspore 
structure can accommodate ions at least as large 
as Sc3~ but this phase did not have the diaspore 
structure: the next larger ion Y 3+ has a compound 
YOOH, but InOOH showed no similarity to this 
either. On heating in air or hydrothermally 
InOOH dehydrates to ln20 3, the equilibrium 
transfermation temperature being 435 ±  10° at 
10,000 p.s.i.

I112O3.— It was noticed that a distinct yellow color 
was directly correlatable to the presence of the 
anhydrous sesquioxide; it often grew as euhedral 
cubes of very high refractive index. Of all the 
sesquioxides those which can be prepared in only 
one polymorphic modification (Y 3+, Sc8+, In3+)

(15) R. C. DeVries and R. Roy, J . A m . C h em . S o c ., 75, 2479
(1953).

T a b l e  I

X - R a y  P o w d e r  D if f r a c t io n  D a t a  
In(O H ), InOOIId i/h d i/n

4.417 40 3.365 90
3.990 100 2.877 60
2.822 90 2.666 70
2.521 20 2.643 50
2.381 10 2.377 20
2.303 05 2.285 50
2.191 10 1.874 80
2.146 10 1.767 100
1.995 10 1.727 50
1.784 90 1.638 50
1.628 75 1.548 40
1.367 05 1.480 30
1.329 40 1.462 30
1.260 30 1.392 20
1.201 30 1.383 20
1.149 05 1.330 20
1.105 15 1.257 10
1.065 30 1.281 20
0.997 05 1.223 20

.967 30 1.187 20

.938 30 1.181 10

.915 25 . 1.158 10

.913 10 1.150 10

.907 10 1.141 20
1.091 10
0.985 10

.966 10

.951 10

.937 10

.918 10

have the C-type rare earth oxide structure.
We obtained a unit cell edge of 10.120 ±  0.005 A., 
in good agreement with earlier values.

Phase Equilibrium.— The phase relationships 
may best be expressed in the form of a p-t diagram 
as is shown in Fig. 1. Here the areas of divariant 
equilibrium where the same phase assemblage (one 
solid and vapor) is stable over both a pressure and 
temperature range are separated from each other 
by lines of univariant equilibrium along which two 
solid phases are in equilibrium with vapor (or 
liquid). Alternatively, from the univariant lines 
one obtains the equilibrium temperature under any 
particular water vapor pressure for the reactions 
In (OH) 3 InOOH +  H20  and 2InOOH
ln20 3 +  H20. The data for the construction of 
the diagram have been obtained from some 150 
runs and selected data are shown in Table II. 
It will be seen that the diagram is very simple, 
areas of stability of the three phases being sepa­
rated by univariant lines which have hardly any 
pressure slope from 2,000-20,000 p.s.i. Below 
this value there is a significant effect of pressure 
on the maximum temperature of stability of 
In(OH)3 and InOOH. Two facts should be men­
tioned in connection with the equilibrium relation­
ships. In no case either in the present study or in 
our numerous other investigations of both binary 
and ternary systems involving water has it been 
possible to approach equilibrium from the high 
temperature side. Thus one cannot convert ln20 3 
to InOOH, nor will InOOH once formed revert to
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Fig. 1.— Phase equilibrium in the system In20 3- H 20 . Open 
circles show some runs in which only In(O H )3 was detected, 
crosses indicate the detection of InOOH, and solid dots the pres- 
ence of ln 20 3.

In (OH) 3 even in a period of two months within 
the stability range of the latter. This question

has been treated in earlier work by Ervin and 
Osborn1 on the system A120 3-H 20, where pre­
cisely the same phenomenon occurs. As a conse­
quence of this situation, and further enhanced by 
the fact that conversions in this system are rela­
tively rapid, is the occurrence of a relatively wide 
“ band”  in which two solid phases actually are 
found in equilibrium with vapor. This we ascribe 
to the fact that near the univariant line fluc­
tuations of temperature or pressure for even a 
very short while (for example, during the initial 
overshoot of the automatic regulator) will give 
rise to the formation of some of the higher tem­
perature phase: This phase will not reconvert 
under any conditions although the sample may 
be several degrees below the true equilibrium 
temperature for almost the entire length of time. 
Thus the univariant lines are generally drawn 
through the points of highest temperature per­
sistence of the lower temperature phase.

Further Characterization of Hydrates.— Dif­
ferential thermal analyses of the two hydrates 
were run at a heating rate of 5°/min. in appa­
ratus described elsewhere.18 The curves obtained 
are shown in Fig. 2. These may be used for the 
rapid characterization of the phases in the absence 
of X-ray equipment. It will be noted that the 
peak in the In(OH)3 curve “ begins”  at approxi­
mately 235° which would be indicated as an “ ap­
parent” decomposition temperature under a par­

tial pressure of a few mm. of water vapor. The equi­
librium temperature would undoubtedly be much 
lower. Similarly the InOOH curve indicates an “ ap-

T a b l e  II

T r a n s it i o n s  f r o m  In(O H )3 t o  InOOH a n d  InOOH t o  ln20 3
IN THE S y st e m In20 3- H 20

Max. Pres­ Initial
temp., sure, Time, condi­

°C. p.s.i. hr. tion After run

240 9,000 144 In(OH)s In(OH)3 plus trace of InOOH
243 12,000 60 In(OH)3 In(OH)a plus trace of InOOH
246 10,000 52 In(OII)3 In(OH)3 plus trace of InOOH.
252 10,000 60 In(OH)s Mostly In(OH)3, some InOOH
258 10,000 45 In (OH) 3 In(OH)s +  InOOH
258 14,000 56 In(OH)* Mostly In(OH)3
262 13,000 60 In(OH)* Mostly In (OH) 3
268 10,000 38 In(OH)g In(OH)3 +  InOOH
267 2,000 36 In(OH)« InOOH plus trace of In(OH)s
252 1,000 96 In (OH)s InOOH plus trace of In(OTT)3
284 13,000 96 In(OH)* All InOOH
354 10,000 48 In(OH)« All InOOH
411 10,000 60 InOOH All InOOH
411 10,000 60 In (Oil) 3 All InOOH
427 10,000 30 In(OII)a All InOOH
427 10,000 30 InOOH All InOOH
431 10,000 27 In(OH)3 ln20 3 -f- InOOH
431 10,000 27 InOOH All InOOH
432 10,000 75 In(OH)3 All ln20 3
432 10,000 75 InOOH All InOOH
432 10,000 48 InOOH Practically all In203
432 10,000 60 InOOH InOOH and In2Os
432 10,000 60 In(OH)3 Mostly ln20 3
434 10,000 23 In(OH)s InOOH +  ln20 3
434 10,000 23 InOOH All InOOH
442 10,000 72 InOOH InOOH +  ln20 3
441 10,000 60 In (OH) 3 Mostly InOOH +  In2Os
441 10,000 60 InOOH Mostly InOOH +  ln20 8
442 12,000 14 InOOH All InOOH
442 12,000 14 In (OH)3 Mostly In*Og
446 12,000 2 In(OH)s Mostly InOOH +  ln20 3
446 10,000 20 In(OH)s Mostly InOOH +  ln20 3
448 10,000 50 InOOH Mixture ln20 3 and InOOH
448 10,000 50 In(OH)j All Im 03
449 10,000 96 InOOH All In2Og

W ave numbers in cm. 1.
W- 1 OO CO O ^  15 Ci o  o  oO  O O O O O  O  O  O OO  O O O O O  O  O O O

W ave length in microns.
Fig. 2 .— Characterization of indium oxide hydrates: 

upper diagram shows differential thermal analysis curves 
and the lower diagrams show in block diagram form the in­
frared absorption spectra of the trihydroxide and oxyhy- 
droxide.
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parent”  decomposition temperature of about, 375°. 
Further, it will be seen that in the In(OH)3 curve 
there is no evidence for the formation and subse­
quent decomposition of InOOH, thus illustrating 
the danger in utilizing the data obtained from such 
methods for anything other than description of 
the original compound.

It has alread3̂ been stated that no correspondence 
can be found between the InOOH structure and 
the other monohydrate structures. Similarly In- 
(OH)3 has a structure unique for hydroxides: It is 
essentially the perovskite structure with the large 
cations absent, and thus corresponds to ReOs, 
ScF3 and the high temperature form of A1F3. It 
is significant to note that in all these structures 
the F -  and (OH)-  although supposedly of nearly 
equal size, behave as though the former were 
distinctly smaller. The only other well-established 
tri-hydrate of a sesquioxide with a smaller ion is 
that of Al3+, gibbsite: and it was considered
worthwhile to compare the nature of the (OH)~

ions in the two structures. Infrared absorption 
spectra were obtained as described earlier for 
In(OH)3 and InOOH in the 2-15 p region. A 
rather surprising similarity is found in the patterns 
for gibbsite and In(OH)3 as can be seen from the 
block diagrams presented in Fig. 2. The ab­
sorption maximum at 3 p and near 9.8-10.4 p. 
for gibbsite are also found in the In(OH)3 with a 
slight hypsochromic shift in the latter. The mono­
hydrate pattern is characterized by the absence of 
any pronounced absorption maxima, unlike the 
patterns for diaspore and boehmite. Electron 
microscopic examination of In(OH)3 and InOOH 
failed to reveal any striking morphological char­
acteristics in either.
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The contact angles between air bubbles and pyrite, marcasite, and four specimens of massive iron disulfide from coal seams 
have been measured in solutions of xanthates at a concentration of 50 mg./liter. The results with all six forms of iron disul­
fide were similar. The existence of a critical pH, 10-11.5, above which bubbles do not adhere has been confirmed. W ith sur­
faces ground to only a comparatively poor polish, the contact angles are lower than those characteristic of the xanthates, 
and are related to the pH of the solution, being small at pH  over 10, and rising as pH  falls, until by pH 3 or thereabouts 
they ap proach the value of the characteristic angle. It is suggested that measurements of contact angles developed on sur­
faces not of minimum rugosity are of value, as the curves obtained as pH  is varied appear to reflect the performance realized 
in practical mineral separations.

In an important industrial process, froth flota­
tion, valuable minerals are separated from worth­
less associated ore constituents by virtue of their 
adhesion, as fine particles, to a swarm of air bub­
bles ascending through a water suspension. To 
facilitate the separation, the hydrophobicity of 
the wanted material is increased by treatment with 
certain chemical compounds; for non-metallic 
minerals a common reagent is oleic acid, and for 
metallic sulfides, a xanthate. That the fatty acid 
or long chain ionic hydrocarbon compound in the 
first case is irreversibly adsorbed onto the surface 
of the non-metallic mineral, so that the hydrocar- 
bon-like ends of the amphipathic molecules are 
orientated toward the aqueous phase is now ac­
cepted the application of trough technique and 
force-area measurements by Schulman and his 
associates have elucidated the structure of the 
f i lm s  formed, which are usually monomolecular, 
but occasionally up to two molecules in thickness.1 
With regard to the mode of action of xanthates and 
similar “ sulfhydric collectors” the situation is less

(1) J. II. Schulman and T. D. Smith, Inst. Min. and Met. Sym­
posium on Mineral Dressing, Paper 22 (1952).

clear, notwithstanding intensive study by Gaudin 
and others using radio-tracer technique2-6 and 
by Hagihara and Sato using an electron diffraction 
procedure.7-9 The take-up from solution of re­
agents of the xanthate type by metallic sulfides 
corresponds to multilayer formation,1-35'7-13 but 
the deposit, far from being uniform in thickness, 
is probably so discontinuous that only perhaps 10% 
of the surface is covered.1-3

If a captive bubble, that is, one formed at the 
end of an upright tube dipping into the solution, is

(2) A. M . Gaudin and F. W . Bloecher, Jr., Mining Eng., 187, 499 
(1950).

(3) G. L. Simard, J. Chupak and D. J. Salley, ibid., 187, 359 (1950).
(4) G. L. Simard, M . Burke and D. J. Salley, ibid., 190, 39 (1951).
(5) S. Ruby, Dissertation, Columbia University (1952).
(6) A. M . Gaudin and C. S. Chang, Mining Eng., 4, 193 (1952).
(7) H . Hagihara, Res. Rep. Mitsubishi, M & M Lab. No. 872 (1943). 

and Taihei No. 1203 (1950).
(8) R. Sato, Res. Rep. Taihei, M & M Lab. No. 1257 (1951).
( 9 )  H. Hagihara, T h i s  J o u r n a l , 56, 6 3 7  ( 1 9 5 2 ) .

(10) N. A. Held and Samocliwalov, Roll. Z ., 72, 13 (1935).
(11) A. M . Gaudin and R. Schuhmann, T h i s  J o u r n a l , 40, 257 

(1936).
(12) A. F. Taggart and N. Arbiter, A.I.M .E. Tech. Pub. 1585 (1943).
(13) J. Rogers, K. L. Sutherland, E. E. Wark and I. W . Wark, 

Trans. A .I .M .E ., 169. 287 (1946).



376 P. F . W helan V o l. 58

brought into contact with a suitable smooth sur­
face of a solid, :t adheres, and the area of contact 
between air and solid rapidly extends until equi­
librium is reached. Spreading is accompanied 
by energy reduction and by increase in the value 
of the contact angle 9, the angle between the 
bubble wall and the solid surface, measured in the 
solution. The larger the contact angle the firmer 
the adhesion of the bubble and the more energy 
must be expended in its removal. When 9 is large, 
the tube often can be removed, leaving a free 
bubble adhering to the solid surface. When the 
contact angle is small this procedure is seldom 
possible and even if a small bubble should remain 
it is easily dislodged by slight mechanical shock.

The relation between contact angle and ease of 
flotation was early recognized. Following a clas­
sical paper by Taggart, Taylor and Ince,14 many 
studies were made of the attachment of bubbles to 
polished mineral surfaces, particularly by Wark15'16 
and by Cox15; recent notable papers by Dzienisi- 
wicz and Pryor on metallic sulfides17 and by 
Horsley on coals18 evidence the fertility of this 
field of research. From all this work two im 
portant generalizations have emerged. First, ir­
respective of the mineral surface, the contact angle 
of a fully developed adhering bubble is character­
istic of the reagent, being, for example, 60° for 
the ethyl, 75° for the butyl, and 85° for the amyl 
homologs of the potassium salts of the xanthates. 
Second, for any mineral and concentration of 
reagent there exists a critical pH value below 
which bubble attachment occurs, and above which 
it is not possible; for instance, with potassium 
ethyl xanthate in 50 mg./liter solution, the critical 
pH for pyrite is 10.5, and for marcasite 11.

Galena, PbS, floats easily when treated with 
xanthates, and from some ores, even without such 
treatment. Sphalerite, ZnS, can also be floated 
by sulfhydric collectors if its surface is first altered 
by reaction with copper sulfate in solution. Pyrite, 
FeS», shows a variable tendency to float; from 
some ores it floats with great facility, in most 
cases addition of xanthate is necessary, while in a 
few even powerful sulfhydric collectors are in­
effective. In a general way, in all these instances 
there is a parallelism between floatability and the 
contact angles determined on polished surfaces 
in the laboratory, but in recent years it has become 
increasingly apparent that the connection is not 
as direct as was formerly believed. If the polished 
mineral shows a large contact angle in certain 
reagent conditions, then these conditions will al­
most certainly ensure good flotation on the large 
scale. The converse, however, is not invariably 
true. Often good flotation occurs in practice 
with conditions of reagent concentration and so on 
which fail to give large contact angles in laboratory 
tests with polished specimens.4’6'19 In Arbiter’s 
words “ the assumption that a contact angle/no con-

(14) A. F. Taggart, T. C. Taylor and C. R. Ince, Trans. 
A .I.M .E ., 87, 285 (1930).

(15) I. W . Wark and A. B. Cox, ibid., 112, 189 (1934).
(16) I. W . Wark, T h i s  J o u r n a l , 37, 623 (1933).
(17) J. Dzienisiwicz and E. J. Pryor, Bull. Inst. Min. & Met. 

April, 1950, June, 1950, and Nov., 1950.
(18) R. M . Horsley, Fuel, 30, 54 (1951).
(19) G. A. Last and M . A. Cook. T his Journal, 56, 637 (1952).

tact angle or flotation/no flotation condition can 
be identified with a unique concentration of 
(anionic) collector in the surface phase has been 
shown . . .  to be unwarranted.” 20

Only on highly polished surfaces are the large 
characteristic angles of xanthate type reagents 
fully developed. Several investigators have re­
ported that on rough surfaces if contact is es­
tablished, the angles are smaller.1’8-17'18 In dis­
cussing Dzienisiwicz and Pryor’s paper the present 
writer argued that in view of the importance of 
this factor, its quantitative measurement in con­
tact angle researches was desirable. Unfortu­
nately, a method for accurately determining the 
rugosity of a comparatively plane surface when 
immersed in a solution, without local alteration 
of its hydrophobicity, has proved difficult to find. 
In the experimental work now reported, visual 
observation and microscopical examination at low 
power have been relied on for assessment of 
rugosity.

In preparing mineral specimens for detailed 
microscopical examination, the major inequalities 
are first removed by grinding with coarse abrasive 
on iron wheels; the surface obtained, while sub­
stantially flat, is dull to the eye and rough to the 
touch. The specimen is then transferred to a 
dust-free environment and polished on steel, cop­
per and lead laps in turn, using progressively finer 
grades of abrasive porvder, its appearance gradually 
changing from matte to shiny, and its feel becoming 
more and more silky. Finally, treatment on cloth 
laps is often resorted to in order to obtain a mirror­
like finish.

An essential preliminary operation in most 
practical separations of minerals from ores is 
comminution by wet grinding in a ball mill. Ex­
amination of the surfaces of grains produced in this 
uray showed that the surface rugosity attained uTas 
intermediate between that of specimens coarsely 
flattened in the laboratory technique, and the 
specular surface finish considered necessary for 
microscopical study at high poAA’er. It corre­
sponded to that reached by the specimen, if the 
order of treatment mentioned above were followed, 
on transfer to the copper lap or shortly after polish­
ing on this metal began. Since at this stage the 
surface is intermediate between dull and shiny, 
the finish may be described as semi-matte. No 
gross inequalities are visible to the eye or under 
magnifications up to X  30, but with poAvers X 300 
or more uneven texture becomes apparent. The 
aim in the experiments noiv reported ivas to study 
the attachment of bubbles to surfaces of this degree 
of rugosity.

Galena, on which many contact angle studies have 
been made, is not convenient in this instance be­
cause the transition during polishing from dull to 
specular is too rapid. Sphalerite can be taken to 
the desired surface texture easily, but the need to 
alter its surface by treatment Avith copper sulfate 
as a preliminary to xanthate absorption introduces 
complications. Iron disulfide Avas therefore chosen 
as substrate for the reasons listed beloAv: (a)

(20) N. Arbiter, Inst. Min. & Met. Symposium on Mineral Dressing, 
Paper 21 (Sept. 1952).
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Fig. 1.— Coal-pyrite from Plodder Seam, Lancashire; showing a vein of pyrite in a mosaic of marcasite, magnification
300 X .

It exists in two lattice forms, as pyrite and mar­
casite. (b) It is easily polished to a semi-matte 
finish, (c) Although in the laboratory bubbles 
attach themselves at the characteristic contact 
angle to highly polished xanthated surfaces pro­
vided the pH is below the critical value (pH 10.5 
or pH 11), in practice there is a wide variability in 
the tendency of different pyrites to float at pH 
values well below 10.

Experimental Work
Selection and Preparation of Specimens.— The natural 

iron disulfides used in the work are listed below: all come 
from sources in Great Britain and were samples specially 
selected for high purity.

1. Pyrite, from a vein in Cornwall
2. Marcasite, also from Cornwall
3. Coal-pyrite from Acomb seam, Northumberland
4. Coal-pyrite from Plodder seam, Lancashire
5. Coal-pyrite from Hutton seam, Co. Durham
6. Coal-pyrite from Hurlet seam, Scotland

As massive nodules or slabs up to 6 inches thick, iron di­
sulfide occasionally occurs in the British coal seams quoted 
above. Specimens can be found of as high sulfur content 
as pyrite present in deposits of hydrothermal replacement or 
intrusive origin (up to 5 0 %  S). Although the term “ coal- 
pyrite”  is convenient and in universal use, X -ray examina­
tion shows that both marcasite and pyritic forms are pres­
ent; as illustrated in Fig. 1, the former usually predomi­
nates.

After cutting by diamond wheel to a suitable size, about 1- 
inch square, specimens of each of the six samples were 
polished in grease-free conditions, the glass plate, Grade B 
Selvyt cloths and rubber gloves used being previously 
cleaned by at least 12 hours extraction with ether in Soxhlet 
apparatus. The semi-matt finish desired was achieved by

polishing on a steel lap with water, using successively 90, 
220 and FF carborundum and 500-mesh alumina powders, 
degreasing with ether in a Soxhlet extractor, polishing on a 
glass plate under water with 600 mesh alumina, and de- 
sliming on a Selvyt cloth under water. In this and ail other 
parts of (he work the water used was doubly distilled. The 
test for absolute cleanliness of a surface was the absence of 
any contact angle and stickiness when an air bubble was 
pressed upon the surface in pure water. This was applied 
not only to each specimen after the repolishing step between 
tests, but also to all apparatus such as specimen-holders, 
which were made of glass and cleaned by sulfuric-chromic 
acid mixture treatment followed by prolonged washing with 
pure water.

Purification of Xanthates.— The xanthates studied are 
listed below with their commonly used abbreviated names, 
and analyses after purification.

Potassium ethyl xanthate K .E t .X  
Potassium isopropyl xanthate K .f-P r.X  
Potassium n-butyl xanthate K .B u .X
Potassium n-amyl xanthate K .A m .X
Potassium ra-hexyl xanthate K .H e .X
Potassium a-octyl xanthate K .O c .X

9 9 .8 %  pure 
9 3 .7 %  pure 
8 9 .9 %  pure 
8 6 .0 %  pure 
8 7 .0 %  pure 
7 6 .5 %  pure

They were all purified immediately before use by the 
double precipitation method of D eW itt and Roper.21 Some 
were analyzed argentometrically by the technique due to 
Makens22; the higher zant.hates are very prone to oxidation 
and were difficult to obtain and preserve in high or even 
reasonable purity.

pH Determination.— Decinormal solutions of hydrochloric 
acid and of potassium hydroxide served for altering pH, 
which was measured with a Cambridge meter and standard­
ized glass electrodes.

Optical System.— This consisted of a half-plate camera 
with Compur shutter and Zeiss 10.5-cm . lens. Illumination

(21) C. E. DeWitt and E. E. Roper, J. Am. Chem. Soc., 54, 444 
(1932).

(22) R. F. Makens, ibid., 57, 405 (1935).
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C. Acomb. D . Plodder E. Hutton F. Huriet
A. Pyrite B. Marcasite eoal-pyrite coal-pyrit.e coal-pyrito roal-pyrite

pH . p H . pH . p H . p H . pH .
Fig. 2 .— Contact angle determinations: X ,  self-anchored bubbles; O, captive bubbles; ® , self-anchored +  captive bubbles.

was by a B .T .H . 250-watt mercury arc lamp, ON 20 filter, 
iris diaphragm, convex lens and diffusing filter of ground 
glass. The illumination was slightly oblique as this made 
measurements easier since the reflection of the bubble in the 
polished surface could also be observed.16

Cells and Bubble-holder.— The cells for holding the xan- 
thate solutions were constructed of 3.5 X  3.5 in. lantern 
slide cover glasses joined with “ Araldite” ; this cement 
proved very satisfactory, resisting all cleaning operations 
well. As bubble-holder, a ground glass tip of 1.75-m m. 
bore fixed to a hypodermic needle adaptor with Araldite, in 
turn attached to a 1-ml. all-glass syringe was employed. In 
practice, relative movement was found to be most con­
veniently arranged by mounting the cell and specimen holder 
on a microscope stage, and the bubble-holder on an inde­
pendent. lead screw.

Test Procedure.— W ith six types of iron disulfide and six 
xanthat.es, thirty-six combinations are possible; all were 
studied. The concentration of xanthate was fixed at. a 
single value, 50 m g./liter, while pH was varied from about 
2 to 11 in either five or six steps. Determination of mean 
contact angles therefore required in all about. 200 experi­
ments.

In each experiment the specimen was first, stripped of its 
previous xanthate coating by dipping momentarily in nitric 
acid of medium strength and rinsing with water. It. was 
then repolished to a semi-matte finish as already described, 
mounted in a specimen-holder and submerged in pure water 
in a cell which had previously been thoroughly cleaned. 
After confirming that, the surface gave zero contact angle and 
that the bubble showed no tendency to stick, the water was 
replaced by a 50 m g./liter freshly prepared solution of the 
appropriate xanthate, adjusted t.o the desired pH value. 
A  captive bubble, about 3 mm. in diameter, was pressed 
against a point on the surface for 5 minutes, and the contact 
angle measured after slightly withdrawing the bubble and 
tapping the bubole-holder to accelerate attainment of 
equilibrium. The bubble was then moved to a new spot, 
and the procedure repeated. As a rule, twelve observations 
were made in each experiment, to obtain an accurate mean 
contact, angle. The standard deviation of the twelve ob­
servations was about 2 ° for values below 20° and 5 ° for 
those over 50°, a coefficient of variation of the order of 1 0 % ; 
in view of the comparatively poor polish aimed at, the re­
sults were more consistent than might have been expected. 
Temperature in ah tests was 22 ±  2 ° .

In certain circumstances, when the bubble-holder was 
withdrawn, an air bell remained adhering to the surface; 
in all such cases the contact angle of the self-anchored bubble 
was measured.

Discussion of Results
The mean contact angles determined for captive 

bubbles, and the contact angles of the free air bells 
observed, are assembled in Fig. 2.

Confining attention first to the relatively few 
observations on self-anchored bubbles, it is at once 
noted that in no case was this phenomenon ob­
served at pH in excess of 10.5-11; low hydropho- 
bicity at pH above the critical value is thus once 
again demonstrated. Below pH 10 the occurrence 
of free bubbles on these semi-matte surfaces becomes 
more frequent, until at pH values below 4 it is 
common. The observed contact angles are almost 
without exception in the range 50 to 75°. It is 
well known that K.Et.X sometimes shows values in 
excess of the characteristic 60°, due to decomposi­
tion with formation of ethyl dixanthogen which has 
a contact angle in excess of 80 °.1 If this effect is 
assumed to explain the surprisingly high angles 
noted in a few instances for the lower homologs 
in the present investigation, it may be concluded 
that on semi-matte pyrite the contact angles of self- 
anchored air bells are in general of the same order of 
magnitude as, but somewhat lower than, those 
formed on highly polished surfaces.

Turning to the curves of contact angle for captive 
bubbles on these semi-matte surfaces, an altogether 
different pattern is apparent, the angle being as a 
rule much smaller, and its value dependent in a 
regular way on pH level. With pH in excess of 10, 
the angle is usually 15° or lower. As pH falls to 
9 and 8, with K.He.X the value rises rapidly. The 
rise only becomes evident for the other xanthates, 
K.EtX, K.f-Pr.X, K.Bu.X, K.Am.X and K.Oc.X, 
at pH 7 or 6, and for the lower homologs K.Et.X. 
and K.f-Pr.X, may be delayed until pH 4 or 3.5. 
However, by pH 3 or 2.5 large contact angles, 40 
or 60°, are shown with few exceptions, and high 
hydrophobicity is evidenced by a pronounced 
tendency of the bubble to cling to the surface
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when lateral movement of the specimen is at­
tempted.

No evidence that the angle of contact of a free 
bubble is regularly higher than that of a captive 
bubble on the same surface was obtained. The 
relatively few self anchored air-bells probably 
formed at places where the condition of the surface 
was anomalous, so that high contact angles were 
established.

The failure of pyrite to float at high concentra­
tions of hydroxyl ion, over the critical pH 10.5- 
11 for K.Et.X. 50 mg./liter solution for example, 
has been ascribed to the formation of anions of the 
form (Fe(OH)x) _2/, with consequent unavailability 
of metallic ions to anchor the xanthate coating; 
surface closure by gelatinous hydroxide and mass- 
action effects due to ferrous and ferric ions at the 
pyrite surface have also been blamed.23 In high 
concentration, iron sulfates are known to have a 
depressant action on some pyrites.18'23’24 What is 
more difficult to explain is the wide variation in 
floatability of pyrites at pH values below the critical. 
Taggart26 has summarized this general finding as 
follows— “ pH is always held above 7, if possible, on 
account of high maintenance expense in acid pulps. 
The only sulfide that floats best in acid pulps is 
pyrite: where high recovery (of pyrite) is desired, 
as at the Boliden tin properties, pH is held at 4.5 
to 7; otherwise pyrite flotation both in gold mills 
and in lead-zinc-iron differential mills is affected 
in the range from 8 to 9.”  In this connection it is 
important to recall that the neutral-soap peak for 
iron lies on the acid side, and that of all common 
minerals, high contact angles with fatty acids 
persist to lower pH values with pyrite than any 
other, d being 90° at pH 7, and 90, 85 and 80° at 
pH’s 4. 3 and 2, respectively.26

Whether the effect be due simply to the removal 
of an oxide film, the degree of ionization of the 
mineral surface, the concentration of xanthate ions 
in the solution, or the reaction rate and equilibrium 
attained in the surface phase, it is clear that in

(23) A F. Yancey and J. A. Taylor, U.S.B.o.M., R.I. 3263 (1935).
(24) E C. Plante and K. L, Sutherland, A.I.M .E. Tech. Pub. No. 

2298 (1948).
(25) A. F. Taggart, “ Handbook of Mineral Dressing,” John Wiley 

& Sons, Inn., New York, N. Y ., 1945, pp. 12-89.
(26) A F. Taggart, ibid., 1945, pp. 12-29, 39.

many practical applications acidification of mill 
pulps to reduce the pH to well below the critical 
value indicated by laboratory contact angle studies 
is practiced in order to ensure rapid and complete 
flotation of iron disulfides. This is in agreement 
with the increase in contact angle for semi-matte 
surfaces as pH falls shown in many of the curves of 
Fig. 2, and argues that contact angles determined on 
surfaces not of minimum rugosity may be a more 
sensitive measure of flotation facility than the uni­
form values obtained over a wide pH range on 
highly polished surfaces.

The effect of surface rugosity on the contact 
angle of drops of liquid on solids in air has been 
investigated experimentally by Wenzell27 and by 
Bartell and Shepard,28'29 Shuttleworth and Bailey30 
have offered a mathematical treatment. It is 
predicted that where the contact angle on a 
smooth surface exceeds 90°, the apparent angle on a 
rough surface will be larger than on a smooth sur­
face, whereas when the contact angle on a smooth 
surface is less than 90°, the reverse will be the case. 
Since for the systems of pyrite and lower xanthate 
solutions studied in the work now reported, the 
contact angles on highly polished surfaces are 
below 90°, roughening should reduce the value of 
the angle: this was the effect found.

At the end of the research several of the pyrite 
specimens used were polished to minimum rugosity 
and contact angles in xanthate solutions of pH 
from 6 to 8.5 were determined. Large contact 
angles, easily reproducible to within 2°, were ob­
tained. The values were 59° for the ethyl, 67° 
for the isopropyl, and 79° for the butyl xanthate, 
in good agreement with those reported by other 
workers.31

The assistance of Mr. R. Bailey in the practical 
work involved in this research is acknowledged. 
The author wishes to express his thanks to the 
National Coal Board for permission to publish this 
paper. The views expressed in it are those of the 
author and not necessarily those of the Board.

(27) R. N. Wenzell, Ind. Eng. Chem., 28, 988 (1936).
(28) F. E. Bartell and J. W . Shepard, T h i s  J o u r n a l , 57, 211 (1953).
(29) F. E. Bartell and J. W. Shepard, ibid., 57, 455 (1953).
(30) R. Shuttleworth and G. L. J. Bailey, Discs. Faraday Soc., 3, 

16 (1948).
(31) B. K . Barnerji, Min. Mag., 88, 23 (1953).
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Most reference handbooks list —78° as the 
melting point of triacetin.1 This “ melting point” 
in reality represents the temperature at which 
triacetin has transformed from a glass to a liquid.2 
Recently, the crystallization of triacetin under 
special conditions and a true melting point of 3.2° 
have been reported.3

It has now been found that triacetin can be 
crystallized quite readily. Crystallization was 
effected in a matter of days by storage of liquid 
triacetin or a 50% solution in 90% ethanol at —18°. 
It was speeded up by the addition of Hengar gran­
ules, glass wool or similar materials. Commercial
C.p. grade triacetin and material purified by frac­
tional distillation were crystallized equally readily.

A melting point of 4.1° (cor.) was found for a 
preparation obtained by fractional distillation of a 
commercial product (Tennessee Eastman Com-

(1) “ Handbook of Chemistry and Physics,'’ Chemical Rubber 
Publishing Co., 34th ed., 1952; “ Handbook of Chemistry,” N. A. 
Lange, Handbook Publishers, Inc., 8th ed., 1952.

(2) “ Beilstein,” Vol. II, First Supplement, p. 70.
(3) B. Hancock, D. M . Sylvester and S. E. Forman, J. Am. Chem. 

Soc., 70, 424 (1948).

pany, saponification value 764.9, acid value 0.9) 
at reduced pressures. The fraction used had a 
boiling point range of 171-172° (40 mm.), n26d 
1.4283, saponification value 769.4 (theory 769.9), 
and acid value 0 (theory 0).

An X-ray diffraction pattern characterizing the 
crystalline triacetin was obtained using a General 
Electric XRD-1 unit with 0.025" pinhole system. 
A flat-film pattern made with a sample-to-film 
distance of 10 cm. and a nickel strip to eliminate 
Cu K/3 radiation is shown in Fig. 1. The sample of 
crystalline triacetin was ground for five minutes 
in an agate mortar and the powder transferred to a

plastic (Plexiglas) capillary. The capillary was 
sealed at both ends and tempered 16 hours at —7°. 
The X-ray diffraction pattern was taken at —7°. 
The data obtained from the pattern are given in 
Table I.

T a b l e  I

C h a r a c t e r is t ic  X - r a t  D a t a  on  T r ia c e t in , S h o r t  
S p a c in g s , A .

6 .9 0  M 4 .6 0  W 3 .61  M 2 .9 6  V V W
6 .6 3  M 4 .2 1  M 3 .4 3  W 2 .5 5  W
6 .0 6  M 4 .0 4  S 3 .3 3  W 2 .4 7  W
5 .0 4  S 3 .8 0  M 3 .1 7  W 2 .3 6  V V W
4 .7 7  S 3 .6 9  M 3 .0 4  V W 2 .3 2  W W

In conformity with the size of the molecule no long 
spacings were observed.

Fig. 1.— X -R a y  diffraction pattern of triacetin.
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THREE ADDITIVE FUNCTIONS FOR THE 
n-PARAFFINS

B y  S. S. M it r a  a n d  Y . P. V a r s h n i
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Received December 8, 1958

In recent years several additive functions for the 
hydrocarbons depending on the physical properties 
like boiling point, critical temperature, etc., have 
been suggested.

The following symbols will be used.
T b, b. p. under 1 atm., in °K .
Tc, critical temp, in °K .
P c, critical pressure in atm.
M , mol. wt.
n, no. of carbon atoms

It was shown by Burn op1 that the quantity (M 
log Th +  8M l/l) is additive for several organic se­
ries.

Kinney2-3 suggested the following formula for 
the boiling points

T b =  230.14iV/> -  543

where N is termed the boiling point numbers, 
which is additive.

The functions are
p  =  2 y p cv* (1)

„  10?i
y  log 2V /P c'A (2)

The 10 occurring in Q  function is only to make it 
sizeable. As mentioned above, Grunberg and Nis­
san showed the additive character of 2 V ;  however, 
it was observed by Varshni8 that there is a decrease 
in the additive value as we ascend the series. It is 
found that T y A  gives somewhat better results.

R  =  i y A /1 0 3 (3)

The observed values of the function are 
in the formulas.

well fitted

Pu =  5.51a +  6.93 (la )
Q „ =  2.155 n +  5.823 (2a)

R u =  7.62/1 -  16 (3a)

In Table I, columns 3, 5 and 7 give the observed 
values of the P, Q and R functions according to the 
relations 1, 2 and 3, the values of Ta and P c being 
taken from “ Landolt-Bornstein Tabellen”  and 
Hodgman’s “ Handbook of Chemistry and Physics.”

T a b l e  I
■P------------------ - ----------------- Q-----------------• --------------------R-

n Paraffin Obsd. Calcd. Obsd. Calcd. Obsd. Calcd.
1 Methane 10.83 12.44 4 .83 7 .9 8 0 .95 8 Negative
2 Ethane 16.54 17.95 8 .21 10.13 4 .9 7 Negative
3 Propane 21 .9 6 23 .4 6 11.18 12.29 9 .63 6 .8 6
4 Butane 29 .00 28 .97 13.70 14.44 15.98 14.48
5 Pentane 3 4 .14 34 .4 8 16.30 16.60 2 2 .58 22 .1 0
6 Hexane 4 0 .00 39 .99 18.73 18.75 2 9 .55 2 9 .7 2
7 Heptane 45 .73 45 .5 0 21 .08 20.91 3 6 .59 3 7 .3 4
8 Oetane 51 .45 51.01 23 .37 23 .0 6 4 4 .04 4 4 .96
9 Nonane 5 6 .96 56 .5 2 25 .63 25 .22 5 1 .50 52.58

10 Decane 62.61 62 .03 27 .83 27 .3 7 59.11 60.20
11 Undecane 68.13 67 .54 29 .99 29.53 67 .24 6 7 .82
12 Dodecane 73.68 73 .05 32 .06 31.68 75 .3 4 7 5 .44
13 Tridecane 79.50 78.56 34 .20 33.84 83 .32 83 .0 6
14 Tetradecane 85 .38 8 4 .07 3 6 .26 3 5 .99 91 .19 90 .6 8
15 Pentadecane 90 .77 8 9 .58 38.31 3 8 .15 99.01 98 .3 0
16 Hexadeeane 95 .86 95.09 40.37 4 0 .30 107.25 105.92
17 Heptadecane 101.40 100.60 42.38 42 .46 115.20 113.54
18 Oetadecane 106.40 106.11 44.41 44.61 122.70 121.16
19 Nonadecane 110.60 111.62 46.49 46.77 130.20 128.78

Chen and Hu’s4 additive function is 
M  log Tc +  6 .4 M ’A

From critical viscosity considerations Grunberg 
and Nissan6 showed that Tp is additive for the 
earlier members of the normal paraffins.

Varshni’s6 ./-function is
J = 7V/100/VA

There are other relations due to Mitra7 and 
others.

It is proposed to suggest three additive func­
tions, depending on critical constants in this note.

(1) V. O. E. Burnop, J. Chem. Soc., 82fi, 1014 (1938).
(2) C. R. Kinney, J. Am. Chem. Sec.. 60, 3032 (1938).
(3) C. R. Kinney, ibid., 61, 3236 (1939).
(4) M. C. Chen and D. B. Flu, J. Chinese Chem. Soc., 10, 208, 212 

(1043'».
(5) L. Grunberg and A. FI. Nissan, Nature, 161, 170 (1048).
(6) Y . P. Varshni, Curr. Sci., 22, 140 (1953).
(7) S. S. Mitra, J. Chem. Phys., 21, in press (1953).

In columns 4, 6 and 8 are shown the values of the 
functions as calculated from the relations la, 2a 
and 3a.

It will be observed that, excepting the first few 
members, the agreement between the observed and 
calculated values is satisfactory for all the three 
functions. It is a well known fact that the lowest 
members of the organic series do not show the regu­
lar behavior of the higher homologs. While usually 
the observed value of Pc decreases with increasing 
n, in case of methane it is less than ethane. Fur­
ther, the difference in Pc of consecutive members 
also decreases with increasing n, but the first few 
members do not conform to this behavior.

The authors are thankful to Dr. Iv. Majumdar 
and Dr. R. D. Tewari for their interest in the in­
vestigation.

(8) Y . P. Varshni, ibid., 21, 1400 (1953); erratum, ibid., 22, in 
press (1954).
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THE THERMAL DECOMPOSITION OF 
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B y  Jo h n  P. F o w l e r  a n d  M a r v in  C. T o b in 1
Arthu~ D. Little, Inc., Cambridge, Mass.
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As part of a program of study of the decomposi­
tion of nitrogen-oxygen compounds2 the authors 
had occasion to examine cyclotrimethylenetri- 
nitrosamine, (CH2)3(NNO)3, in the melt and in the 
solid state. It is hoped that this program will shed 
light on the little-investigated fields of the de­
composition of solids and pure liquids.

Experimental
The sample of cyclotrimethylenetrinitrosamine (C T T )  

was prepared by the method of Bachmann.3 It was puri­
fied by twice rec -ystallizing from isopropyl alcohol, m .p. 
105 -106°. The purified material was powdered and dried 
under vacuum for one hour. The samples for the studies 
on the solid were taken from the same batch of powder, so 
as to standardize the particle size.

Time, hours.
Fig. 1.— Weight loss vs. time for solid C T T , (A ) • ,  

80°, sample wt. 0.4060 g.; (B ) O, 90°, sample wt. 0.4135 g.

The decomposition of the solid and melt were in general 
followed by the weight loss method. The solid was heated 
in an oven in open sample tubes. The tubes were removed 
at intervals, cooled, weighed and returned. The times re­
ported were corrected for time lost in weighing. N o fusion 
was observed at any time in these samples. The data at 
80 and 90° are shown in Fig. 1. Weight loss for the melt 
was followed by suspending the sample into an oven from

0 40 80 10 30 50 10 30 2 4 6 8
Time, hours.

Fig. 2.— log ( w +  30)/(280  — w) vs. time for C T T  melt 
above 10%  decomposition: A , 114°, sample wt. 0.5010 g.; 
B, 117°, sample wt. 0.5028 g .; C, 125°, sample wt. 0.4997 g .; 
D , 136°, sample wt. 0.5015 g.

(1) This work was done under Contract DAI-19-020-501-ORD (P) 
33 with the Office of the Chief of Ordnance and has been released by the 
War Department for publication.

(2) For the first paper of this series, see M. C. Tobin, ,1. P. Fowler,
H. A. Hoffman and O. W. Sauer, J . Am. Chem. Soc., in press.

(3) W. Bachmann and N. Dono, ibid., 73, 2777 (1951).

Time, hours.
Fig. 3.— Cc. gas at S.T.P. evolved for C T T  solid at 90°. 
(A) o, sample wt. 0.5390 g .; (B) • ,  sample wt. 0.1150 g.

a Roller-Smith torsion balance on which weight loss could 
be measured as a function of time. Measurements were 
made at 114, 117, 125, 136 and 146° (see Fig. 2 ).

Other experiments on the solid were made by heating the 
solid at 90° in an evacuated sample tube leading to a mer­
cury manometer. The tube was removed from the oven at 
frequent intervals, cooled to room temperature and the vol­
ume change read. Data were recorded in terms of cc. of gas 
evolved at S .T .P . versus time. The data are shown in Fig.
3.

All temperatures were followed on a Brown multi-channel 
recording thermocouple, and are estimated accurate to at 
least ± 1 ° .  The weighing on the solid is estimated to be 
accurate to ± 0 .0 0 0 1  g ., that on the melt to 0.002 g. The 
volumes recorded for gas evolution are estimated to be ac­
curate to ± 0 .1  cc.

Results for Melt
It was found that the melt of CTT, originally a 

pale yellow, darkened to blood red on heating. 
Decomposition was complete at 114, 117, 125 and 
136° at some 55% weight loss, leaving a red, 
glassy residue. Cursory examination of this resi­
due showed it to consist of at least two fractions, 
one water-soluble. At 146°, the sample fumed off 
at 2 hours, leaving a dark porous mass at the top of 
the sample tube. This is ascribed to self-heating. 
The plots of weight loss vs. time are of the sigmoid 
type, with one possible odd feature, a suggestion 
of a plateau observable at the beginning of the 
decomposition. The curves are reminiscent of the 
decomposition of nitroglycerin, which also shows 
this initial plateau.4 It was found possible to fit 
the experimental curves above 10% decomposition 
to the equation

log ( 2W = % i) = kt +  c (1)
at all four temperatures. Here w is the weight loss 
in mg. to time t (hours), 280 is the mean final weight 
loss in mg. (all samples were very nearly the same 
weight), k and c are constants, “ k having the di­
mensions of a rate constant.”  A plot of log k vs. 
l/T gives a straight line, leading to an activation 
energy of 36.2 kcal./mole. The values for k and 
r at each temperature are given in Table I. Equa­
tion 1 does not match the experimental curves 
below 10% decomposition, in particular predicting

(4) N. Semenoff, “ Chemical Kinetics and Chain Reactions,'’ Oxford 
University Press, New York, N. Y ., 1935, p. 426.



April, 1954 Notes 383

a small weight loss at zero time. However, in view 
of the peculiar nature of the initial stages of the 
decomposition, it was not thought worthwhile to 
try to match the early stages of the curves.

T a b l e  I
T, "C . 114 117 125 136

k, h r .-1 0 .0094  0 .0172  0 .0360  0 .12 8
c - 0 .9 2 0  - 0 .7 7 2  - 0 .8 0 0  - 0 .9 2 3

Discussion
The results of the weight loss measurements on 

the solid show no unusual characteristics. They 
show the qualitative features indicated by Tobin, 
Fowler, Hoffman and Sauer,1 2 and these are 
ascribed to the same general phenomena. The 
gas evolution curves are quite interesting. The 
decomposition evidently remains in an induction 
period for an extended period, the induction period 
ending suddenly in a very sharp increase in reaction 
rate. This indicates violent autocatalysis of solid 
CTT by its gaseous reaction products, since no such 
phenomenon appears in the weight loss experi­
ments, where the gaseous products are allowed to 
escape. It is not clear why the rate of gas evolu­
tion is the same for the 0.1150-g. sample as for the 
0.5390-g. sample during the induction period or why 
the induction period for the smaller sample is only 
twice that for the larger sample. The larger sam­
ple showed no sign of fusion at any time, but the 
smaller sample started to fuse during the sharp rise 
in pressure. The experiments were stopped when 
the pressure in the tube reached one atmosphere.

When the sample tubes were opened to the at­
mosphere, brown fumes formed, showing that one 
of the gaseous products is nitric oxide.

Sigmoid curves of the type obtained here for the 
melt may arise as the result of an equilibrium reac­
tion, a sequence of consecutive reactions, or an auto- 
catalytic reaction. The first possibility may be dis­
regarded, due to the continuous removal of reaction 
product from the system. Other than this, little 
may be said about the mechanism. It is of inter­
est to note that equation 1 has the same algebraic 
form as the equation representing the loss of react­
ant or evolution of non-catalytic product for several 
types of autocatalytic reactions.

There is no doubt that the reaction is a complex 
one, so that the activation energy calculated from k 
in equation 1 must be regarded as a composite 
quantity.

The Infrared Spectrum of Cyclotrimethylene- 
trinitrosamine.— In the course of this work, occa­
sion arose to obtain the infrared spectrum of cyclo- 
trimethylenetrinitrosamine. The spectrum was 
obtained in Nujol mull on a Perkin-Elmer auto­
matic recording spectrophotometer at Arthur D. 
Little, Inc. The region 650-1400 cm.“ 1 * was cov­
ered with a NaCl prism, the region 1400-3500 
cm.“ 1 with a CaF2 prism.

The observed bands, in cm.“ 1 are
3050 (m), 2960 (-0, 2890 (3)*, 1485 (s, v. br.)

1442 (br)*, 1370 (br)*, 1345 (s, br), 1300 (s), 1255 (3) 
1150 (m ), 1075 (s, br), 995 (m ), 952 (s, br), 875 (s),

860 (m , shoulder to 875), 840 (m ), 765 (s), 700 (s)

The asterisks represent regions of Nujol absorp­

tion. These data are not sufficient to make pos­
sible a classification of frequencies, but it docs seem 
reasonable to assign 1345 cm.“ 1 to the nitroso N -0  
stretching frequency.5

(5) E. Lieber, D. Levering and L. Patterson, Anal. Chem., 23, 1504 
(1951).
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The binary system cadmium acetate-potassium 
acetate was explored as part of a program1 of in­
vestigating the double salts of acetates.

Experimental
Materials.— Analytical Reagent potassium acetate was 

dried in an oven at 140° for one week before weighing. 
Cadmium acetate of C .p . grade to which 5 -10  drops of 
glacial acetic acid had been added to prevent decomposition 
of the cadmium acetate was dried in an oven at 140° before 
weighing.

Apparatus.— The initial crystallization temperatures 
were measured with a coppor-constantan thermocouple of 
N o. 24 wire in conjunction with a potentiometer (16-milli­
volt. range), the cold junction being cracked ice. The 
e.m .f. could be read to ± 0 .0 2  m v. The couple was en­
cased in a narrow guard tube that, was made by drawing out 
Pyrex tubing and sealing one end. It was standardized by 
determining the e .m .f.'s  at, the boiling points of water and 
of benzophenone, the melting points of U . S. Bureau of 
Standards tin and of purified potassium nitrate, and "hen 
plotting the deviations from the standard table of Adam s.2 
A  molten salt-bath was used to heat the mixtures. It con­
sisted of a eutectic mixture of lithium, potassium and cal­
cium nitrates3 contained in a tall Pyrex beaker.

M ethod.— Definite mixtures of the salts (total weight be­
tween 25 and 35 g .) were made by weighing the components 
to the nearest centigram, and in some cases to ± 3  milli­
grams. The mixed salts were finely ground together and 
placed in 2.5 X  20 cm. Pyrex test-tubes. In order to pre­
vent decomposition of cadmium acetate on heating, 5 drops 
of glacial acetic acid were added to each tube before immers­
ing it in the hot salt-bath. The acetic acid distilled out of t he 
mixtures during melting since the temperatures were 
raised to about 200°. However, the mixtures rich in cad­
mium acetate began to decompose at the temperatures 
needed for fusion, and determinations on mixtures above 
0.7 mole fraction of cadmium acetate could not be made.

The tube containing the mixture of acetates and the 
couple in its guard tube was suspended in the molten nitrate- 
bath until the mixture was liquefied, and then the tube was 
allowed to cool slowly while stirring constantly. A  beam of 
light was passed through the mixture, and the initial crystal­
lization temperature was observed. Crossed Polaroid fil­
ters, one on each side of the tube, made the detection of the 
initial crystal easier. Supercooling was prevented by re­
peated insertions and withdrawals of a capillary glass rod 
into the mixture when the initial crystallization temperature 
was approached. When the; capillary was withdrawn from 
the mixture the few drops clinging to it immediately solidi­
fied, and the insertion served to inoculate the melt. At, 
least three determinations of the initial crystallization tem­
perature of each mixture were made, or until agreement to 
within 1° was achieved.

To make sure that no breaks in the curve were overlooked, 
and to fix the eutectic temperatures, simultaneous cooling 
and differential cooling curves of mixtures over the range

(1) For previous work sen A. Lehrman and F,. Leifer, J. Am. Chem. 
Soc., 60, 142 (1938); A. Lehrman and P. Skell, ibid., 61, 3340 (1939).

(2) Pyrometric Practice, U. S. Bureau of Standards Technological
Paper No. 170, p. 309.

(31 A. Lehrman, et al., -let. Chum. Sue., 59, 179 (1937).
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Mole fraction of cadmium acetate.
Fig. 1.— The liquidus curve of the binary system cadmium 

acetate-potassium acetate.

0.0 to 0.7 mole fraction of cadmium acetate were taken with 
separate copper-constantan thermocouples, each in con­
junction with a potentiometer. The differential cooling 
curves were taken between tubes containing mixed acetates 
and a tube containing potassium acetate, each in a hole in a 
single copper block that had been heated by a small resist­
ance furnace. Potassium acetate was used as the inert

substance because it undergoes no transition in the tempera­
ture range used, and it has approximately the same heat 
capacity as the mixtures.

Experimental Results.— Temperatures of the initial crys­
tallization and eutectic temperatures are given in Table I 
and are plotted in Fig. 1.

T a b l e  I

T h e  S y s t e m  C a d m iu m  A c e t a t e - P o t a s s iu m  A c e t a t e

Cd(AcO)2. Initial Eutectic Cd(AcO)2, Initial Eutectic
mole crystallization temp., mole crystallization temp.,

fraction temp., °C. "C. fraction temp., °C. °c .
0 .00 0 202 0 .4286 221

.100 289 .4444 216 201

.200 246 183 .480 206

.300 195 .500 210

.333 202 .520 205

.350 196 188 .550 202 187

.380 203 .600 190

.400 213 .700 220

.410 217

Discussion.— The data show the existence of the 
double salts 2KC2H30 2-Cd(C2H30 2)2, KC2H30 2- 
Cd(C2H30 2)2 and 4KC2H30 2-3Cd(C2H30 2)2. _

It might be well to investigate these solid sub­
stances by crystallographic methods to see if com­
plex ions containing cadmium and acetate groups 
exist. There is also a possibility of polynuclear 
complexes of tetra-coordinated cadmium involving 
acetate bridges.4

(4) In connection with this, see I. Leden, Svensk. Kem. Tid , 58, 129 
(1946); W . C. Cagle and W. C. Vosburgh, J. Am. Chem. Soc., 57, 414 
(1935).
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