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It is important to take an inventory, from time to 
time, of our information in a given field and today 
we are making such an inventory of our information 
on the nature of the hydration of aqueous ions. The 
Born cycle has enabled us to calculate the sum of 
the total hydration energies of pairs of positive 
and negative gaseous ions and also the differences 
in the energies of hydration of ions of like charge; 
but we do not know how to break down these 
sums and differences into absolute values. At pres
ent we can only give approximate answers to this 
problem.

It would be nice if we could make a theoretical 
calculation of the energy of interaction between an 
ion and the solvent water, but we do not know the 
dielectric constant of the water in the neighborhood 
of the ion and the calculations are uncertain whether 
we attempt to use the Born expression for the field 
energy of a charge in a continuous dielectric medium 
or attorn t to calculate the energy of interaction of 
the charge with fixed dipoles.

In most cases we do not know how many water 
molecules are in the first hydration layer and also, 
how much additional water is held in outer layers. 
Thus, for example, we have only approximate val
ues for the moles of water which move with an ion 
in electrical conductance or in diffusion.

In recent years we have obtained considerable in
formation on the entropy changes involved in hy
dration. Since these entropy terms arise largely

from the loss of entropy of the bound water, the 
values have given us some insight into the nature of 
the hydration process. We think we know the ab
solute partial molal entropies of the ions with con
siderable certainty. Hence in the case of the total 
entropy of hydration of a pair of positive and nega
tive ions, we do know how the total entropy should 
be divided between the two ions. From the na
ture of the hydration process, this suggests that the 
energies of hydration should be divided in the same 
ratio as the entropies. At present this must be 
considered only a tentative theory.

There is one more problem which should be men
tioned. When the charge on an ion is suddenly 
changed, as for example, the ejection of an electron 
from an iodide by the absorption of a photon, the 
resulting atom is left in an excited state because 
the bound water molecules do not have time to re
orient themselves. What is the energy of this re
orientation or relaxation? In the case of iodide the 
estimates of this quantity range from 4 to 70 kcal. 
This relaxation energy appears to be related to the 
activation energies in exchange reactions involving 
an electron transfer, as between Fe++ and Fe+++. 
Today we do not have this answer.

In our symposium we are not going to get the 
answers to all of these problems. However, we 
are going to have a lot of evidence presented and I 
hope our discussion will stimulate work which will 
lead to eventual solutions of many of these problems.
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The existing theoretical explanations of the concentration dependence of the mean diffusion coefficients of electrolytes and 
of the self-diffusion coefficients of ions are examined in the light of current data. Inadequacies in the mathematical approxi
mations made in the electrophoretic effect treatment of mean diffusion coefficients are discussed and it is shown that even 
after allowing for these, agreement with present data is poor. A possible additional effect, arising from the counter diffusion 
of solvent, is discussed. This second approach yields hydrodynamic radii for electrolytes which are quite large and, in con
centrated solutions, tend to approach (as an upper limit) the atmosphere radius. The mathematical basis for the relaxation 
effect computed for the self-diffusion of ions is outlined. An alternative theory based on the absolute rate treatment of dif
fusion is presented. It is found, however, that the present self-diffusion data are insufficiently precise for adequate testing 
of limiting laws, and that in concentrated solutions, systematic differences appear to exist between the various experimental 
methods employed.

The appearance in recent years of self-diffusion 
data for ions in aqueous electrolyte solutions has 
added a new dimension to the field of electrolyte 
diffusion. In addition, the list of salts whose mean 
diffusion coefficients are known accurately has been 
greatly extended. These developments make it 
desirable to consider critically the bases upon which 
diffusional behavior may be related to the interac
tion of ions and solvent.

A certain dualism exists in the treatment of dif
fusion in binary or higher mixtures and at least two 
approaches have been used in relating diffusion 
coefficients to basic physical properties. On the 
one hand, the phenomenological treatment has 
been very fruitful. Here, with Einstein,2 Hartley,3 
and others, one considers that a molecular species 
will be acted upon by a force equal to the gradient of 
its chemical potential. In sedimentation equilib
rium for example, this force is considered to oppose 
that of gravity.

In solutions, considered as viscous media, the 
species is assumed to move at a velocity propor
tional to the diffusion force

Vi =  — cüiVMi (l)
where w is the mobility or inverse of the friction co
efficient. Diffusion velocities customarily are re
ported in the form of diffusion coefficients, as de
fined by Fick’s first law (for one-dimensional dif
fusion)

P, = g  (2)

where P, and m are the permeation per square centi
meter and the molecules per cubic centimeter, re
spectively. For the general case of a non-ideal solu
tion, it follows from (1) and (2) that

a  -  (■  +  *  O)

where y is the appropriate activity coefficient, de
fined by the convention

Mi = m;° + kT In y\n\y-x— >■ 1 as n, — > 0 (4)
(1 )  T h e se  in v e s t ig a t io n s  w e re  c a rr ie d  o u t  u n d e r  c o n t r a c t  D A -0 4 -  

4 9 5 -O r d -3 6 4  b e tw e e n  th e  U n iv e rs ity  o f  S o u th e r n  C a li fo r n ia  a n d  th e  
O ff ic e  o f  O rd n a n c e  R e s e a rc h , a n d  w e re  p r e s e n te d  in  p a r t  a t  th e  M a r c h , 
195 3 , m e e t in g  o f  th e  A m e r ic a n  C h e m ic a l  S o c ie t y ,  L o s  A n g e le s , C a li 
fo rn ia .

(2 ) A . E in s te in , Ann. Physik, [4 ] 17 , 549  (1 9 0 5 ).
(3 ) G . S . H a r t le y ,  Phil. Mag., 1 2 , 4 7 3  (1 9 3 1 ).

For self-diffusion
SDi* = on*kT (5)

on the basis that the activity coefficient of a tagged 
species does not vary with its concentration; this, 
in a sense, constitutes a definition of a>,* since oh* is 
not in general equal to «¡.

For an electrolyte, diffusing across a net concen
tration gradient, the restriction of electroneutrality 
is inserted in the form of a diffusion potential that 
modifies the permeation of each ion appropriately 
(for an elaboration of diffusion potential effects, see 
Vinograd and McBain4) .

Pi — — VM1 2ie) (6)
P 2 — 7h/L02 ( —VM2 +  2̂̂ ) (7)

Z \ P  l +  Z 2 P 2  —  0 (8)
On elimination of e

(9)
V0D+  CD—

~~ 1V -  0)+ -f- V +  C D -
(10)

where v+ and v- denote the number of positive and 
negative ions per formula of electrolyte, and v their 
sum, and y±  is the mean activity coefficient.

Mean diffusion coefficients vary with the con
centration of electrolyte, and permeations meas
ured experimentally over an appreciable concen
tration gradient yield average or integral diffusion 
coefficients.6 Differential diffusion coefficients, valid 
for a particular concentration, may in general 
be obtained from integral ones, however, and in 
what follows the former only will be referred to.

Phenomenological mobilities vary with concen
tration, and, unfortunately, the three that pertain 
to an ion in solution, coi*, to; and Xi, are all different 
and not easily interrelatable except at infinite dilu
tion. At infinite dilution

where Xi° is the limiting equivalent conductance of 
the ion, a its charge and 5 its Faraday’s number.

The w° value for an ion frequently has been inter
preted as the inverse of a Stokes’ Law friction coef
ficient, w° =  V67rr?/, considering the ion to be spheri
cal, and with a surface of shear which may include

(4 )  J . R .  V in o g r a d  a n d  J . W . M c B a in ,  J. Am. Chem. Soc., 63 , 2 0 0 8  
(1 9 4 1 ).

(5 )  R .  H . S to k e s , ibid., 7 2 ,  7 6 3 , 2 2 4 3  (1 9 5 0 ) .
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some water of hydration. A typical comparison of 
Stokes’ Law and crystal radii, from a paper by 
Darmois,6 is shown in Fig. 1. Comparison of the 
Stokes’ Law volume with that from the crystal ra
dius is thus an indication of the amount of bound 
water. Certain difficulties arise, however, such as 
distortion of the local water structure7'8 as evi
denced by low partial molal volumes, as well as the 
possibility that slippage may occur at the shear 
surface.8 A number of estimates of hydration 
numbers have been made that include semi- 
empirical recognition of such factors but re
sulting in widely differing values for common 
ions,6'9'10 of the order of 2 to 10 for monovalent 
ones. The concern in the present paper is more 
with those aspects of solvent interaction which play 
an important role in determining the variation of 
diffusional mobility with concentration.

Onsager11 and Onsager and Fuoss12 have consid
ered the concentration dependence of the mean mo
bility of an electrolyte as due to a frame of reference 
effect. The diffusional velocity ordinarily is meas
ured with respect to laboratory coordinates, 
whereas this quantity as defined in (1) and (2) is 
with respect to the medium. Since there is no net 
motion of the system, the volume forces on the 
ions and on the solvent must cancel on the aver
age, but due to the ion atmosphere there is 
a local force excess in the vicinity of each 
ion. Onsager and Fuoss considered that the 
force excess arising in a given spherical shell 
imparts a velocity increment to the medium as 
though the shell were a Stokes’ Law sphere. The 
correction to the diffusional velocity which results 
is known as the electrophoretic effect. Longsworth13 
strongly supported this treatment although it has 
been questioned by Van Rysselberghe14 and, re
cently, Harned has commented that the theory 
may be either wrong or incomplete for the higher 
valence type electrolytes.15

A number of semi-empirical equations have been 
proposed for the concentration dependence of mean 
diffusion coefficients14'16-18 which contain such fac
tors as the viscosity, partial molal volume func
tions and corrections for the amount of bound wa
ter per ion.

Turning to the concentration dependence of ion 
self-diffusion coefficients, Onsager11 again has been 
a principal contributor. Here it is argued that in 
the absence of flow of the electrolyte as a whole 
there is no electrophoretic effect, but that the lab
eled species possesses a net velocity. The asymme
try potential arising from the lag of the ion at-

(6 ) E . D a r m o is ,  J. chim. phys., 43, 1 (1 9 4 6 ) .
(7 ) J . D .  B e rn a l a n d  R .  H . F o w le r , J. Chem. Phys., 1 , 5 1 5  (1 9 3 3 ) .
(8 )  M .  H . G o r in , ibid., 7 , 4 6 5  (1 9 3 9 ).
(9 )  L . D . T u c k ,  p a p e r  p r e s e n te d  a t  th e  1 1 8 th  m e e t in g  o f  t h e  A m e r i 

c a n  C h e m ic a l  S o c ie t y ,  C h ic a g o ,  I llin o is .
(1 0 ) G .  S u tra , J. chim. phys., 43, 189  (1 9 4 6 ) .
(1 1 ) L . O n sa g e r , Ann. N. Y. Acad. Sci., 46, 241  (1 9 4 5 ) .
(1 2 )  L . O n sa g e r  a n d  R .  M .  F u o ss , T h is  J o u r n a l , 36, 2 6 8 9  (1 9 3 2 ) .
(1 3 )  L . G . L o n g s w o r th , Ann. N. Y. Acad. Sci., 46, 211  (1 9 4 5 ) .
(1 4 )  P .  V a n  R y ss e lb e r g h e , J. Am. Chem. Soc., 60, 2 3 2 6  (1 9 3 8 ) .
(1 5 )  H .  S . H a rn e d  a n d  B . B . O w e n , “ T h e  P h y s ic a l  C h e m is t r y  o f  

E le c t r o ly t e  S o lu t io n s ,”  R e in h o ld  P u b l.  C o r p . ,  N e w  Y o r k ,  N .  Y . ,  1950 , 
p . 595 .

(1 6 )  R .  H .  S to k e s , J. Am. Chem. Soc., 7 2 , 2 2 4 3  (1 9 5 0 ) .
(1 7 )  O . L a m m , T h is  J o u r n a l , 51, 1 06 3  (1 9 4 7 ) .
(1 8 )  H . R .  G o rd o n , J. Chem. Phys., 5, 5 2 2  (1 9 3 7 ).

Fig. 1.—Comparison of Stokes law and crystal radii of 
ions.

mosphere is then combined with the diffusion force. 
This relaxation effect is of reasonable magnitude, 
but self-diffusion data are not yet accurate enough 
to permit a quantitative comparison with theory. 
Gorin8 and others have felt that ion atmosphere per
turbations do not contribute significantly in the an
alogous case of electrochemical mobilities (at low 
fields).

The alternative to the phenomenological treat
ment is to consider the details of the Brownian 
motion from which diffusional flow arises as a statis
tical consequence. The classic equation is2

»  = x2/2  r (12)

where x is the Brownian displacement in time r. 
Eyring and co-workers19 have considered each jump 
to be an activated process of frequency given the 
absolute rate theory, and of length related to the 
size of solvent and solute molecules. The thermo
dynamic term enters as an increment to the activa
tion energy, and the observed approximate inverse 
dependence of the diffusion coefficient on the vis
cosity of the medium, through relating the jump 
distance to that for viscous flow. An attempt at 
treating the concentration dependence of self-dif
fusion coefficients from this point of view will be 
presented below.

The procedure in what follows will be to consider, 
in the light of present data, first the case of mean 
diffusion coefficients, including a critical discussion 
of the electrophoretic effect and an alternative 
viewpoint, and then to take up self-diffusion, dis
cuss the relaxation effect, and again consider a pos
sible alternative approach.

Mean Diffusion Coefficients
Electrophoretic Effect.—The electrophoretic ef-

(1 9 )  S . G la s s to n e , K .  J . L a id le r  a n d  H . E y r in g ,  “ T h e  T h e o r y  o f  R a t e  
P r o c e s s e s ,”  M c G r a w -H i l l  B o o k  C o . ,  I n c . ,  N e w  Y o r k ,  N . Y . ,  194 1 , p . 
5 1 6 f.
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feet as treated by Onsager and Fuoss12 leads to a 
velocity correction, Ay, given as follows

Ayj = I ffdr/67njr (13)
J  r = a

where

since the excess volume force is

53 iijikt +  nok0 
i

and (15)
23'nki +  «„ko = 0

t
where nyt is the concentration of the fth species 
near the ion j, ki is the force on this species, k0, that 
on the solvent, and p is taken to be the viscosity of 
the pure solvent. From interionic attraction the
ory

ny, =  Tii exp ( - e r f f / k T ) ,  ~  [ j - ^ — ^ r ]  (16)

where e\ is the charge on the fth species, D  is the 
dielectric constant (of the pure solvent), a is the 
Debye-Hiickel distance of closest approach, and

* 2 =  D k f  2 r t i2 i2

result the following mathematical approximations 
are made
(a) exp( —fiifj °/RT) =  1 — e^f/kT + lh.(e,'P\ °/ltT)2

(23)
(b) in equation (17) k\ =  vp\ instead of ki = (v  — Av,)p-,

( 2 4 )

(c) if /  = /°(1 — A) where A represents the alteration due 
to the electrophoretic effect, then 1/f =  1//°(1 +  A) (25)

Tests of the Electrophoretic Effect.—Harned 
and co-workers have obtained during recent years 
accurate mean diffusion coefficients for a number of 
electrolytes in dilute solution.20 If

then (26)
5D'± = £>°±(1 +  A)

and the departure of ‘D1* from 2D°± gives the devia
tion, A, attributed to the electrophoretic effect. 
For 1-1 electrolytes, the calculated effect is about 
0.5%, and agrees with the observed value of A to 
within the experimental error of ca. 0.1%, except 
perhaps for potassium nitrate, for which the data 
were less precise. Appreciable discrepancies were 
found for the higher valence types, as shown in 
Table I.

T able I
For an electrolyte dissociating into two ions 

At’j =  ~  [nik, /[e x p  ( — evkf/kT) -  1 ]rdr +

rhki f  [exp ( —c2/j°/kT) — 1 ]rdr] (17) 

This is applied as a velocity correction, giving
— Vm = viPi(v —  At>i) +  v«pi(v —  A d2) = vi (18)

where

E xperim ental  T ests of the E lectrophoretic E ffect

Base line corresponds to the experimental value O , 33 ±  
calculated, including electrophoretic effect • , £>±, calcu
lated, thermodynamic term only

c S  0.004
KC1
LiCl
NaCl ZnS04
AgNOa Li2S04 Na2SOi CaCl2 MgSO( LaCl, K4Fe(CN)6

( _ , Ac, Al'2I — Vipi V2P2 — Cl Pi ---- — K2P2 ---
V V

From (18), (1) and (2)

(19) . o

= 1/w.
9 S o ■ • •

© ♦ to
• *

%

%

X>±
vkT

i 1 +  C
d In y±\ 

Ac ) (20)

where c is the concentration in moles per liter. The 
corrected friction coefficient, f, is obtained from
(19) and (17)

2a 2
f =  ClPl +  V2P2 — VlPi [»7lPl(I) 4- I)2P2(I I ) ]  —

9/i 2
C2 P2 g -  ( y i p i ( I I )  +  ti2P2( I I I ) ]  ( 2 1 )

where

1 = r t xp ( ¿ s )  - ]] ^u _  e*o(l-y )

n - X"[“p (Sf) - lW " iTT“5, <*>>
m  ,  (  [ « p  ( 0 f )  -  i ] « d .

The final form obtained by Onsager and Fuoss is 
given by the first three terms of (27).

It should be noted that in obtaining the above

The agreement in the case of potassium ferrocyan- 
ide was unbelievably good, and led to the reap
praisal of the theory that follows.

An examination of the derivation of the electro
phoretic effect indicates that the three approxima
tions (23), (24) and (25) may introduce large errors 
in the computed effect. Approximations (24) and 
(25) will be valid in sufficiently dilute solution, but 
the validity of (23) is more nearly independent of 
concentration. For 1-1 electrolytes (23) is good, 
but for higher valence types the arguments of the 
exponentials in (22) are quite large at small values 
of r, essentially independently of the magnitude of 
the concentration. As a first attempt, two addi
tional terms were taken in the expansion (23), lead
ing to the following final equation

(2 0 )  H . S . H a r n e d  a n d  R .  L . N u tta ll ,  J. Am. Chem. Soc., 69, 7 3 6  
(1 9 4 7 ) ;  71, 1 46 0  (1 9 4 9 ) (K O I ) ;  C .  A . B la k e , J r ., ibid., 73, 2 4 4 8  (1 9 5 1 ) 
( L L S 0 4, N a s S O .) ; 73, 4 2 5 5  (1 9 5 1 ) (L a C h ) :  73, 5 8 8 2  (1 9 5 1 ) (C s 2S O .) ;  
A .  L . L e v y , ibid., 71, 2781 (1 9 4 9 ) (C a C ls ) ;  R .  M . H u d s o n , ibid., 73, 
0 5 2  (1 9 5 1 ) ( K N O i )  ; 7 3 , 3781  (1 9 5 1 ) (Z n S O O ; 7 3 , 5 08 3  (1 9 5 1 ) 
( K i F e ( C N ) t ) ;  73, 5 8 8 0  (1 9 5 1 ) (M g S O < ); C . L. H ild r e th , J r ., ibid., 73, 
0 5 0  (1 9 5 1 ) (L iC l ,  N a C l ) ;  73, 3 29 2  (1 9 5 1 ) (A g N O » ) .
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3 3 '±  =  8 . 9 5  X  1 0 - 1» vT
X , % °

n  | Zi | A 0

2  5 8  X  1 0 - s  ^  (  k 1 1 X2° —  | —2 1X!0) 2 I ’ 1 7-
r i(D T )l/i \zjzt \ A 02 1 - f  kA

+  7 . 7 3 9  X  I Q - 2

4 . 3 1 5  X  1 0  “ 6

y T  ( i-sii3 x2° + k iwy
■n(DTY A  ° 2

vT  (  j,2l | 3 X 20 —  ( I 3X l ° ) 2 
v( D T ) 3 

vT

Cip(na)

A  02
— c\p(i<a)

where

+  1 .8 0 0  X  1 0  8 ^ j ÿ p ÿ  (  IZl 1 4X2° +  I 1 4A10) 2 c(9 (/ca)

( 2 7 )

r = Zc î2 ¡p(ka) = e2*i»EY(2Mi)/( 1 -)- kci)2
Ç̂Kd, p?na p—Zna ~\

^Ka) = (i +̂ T3 h r - 38'K(3wi)J
6{kci) =

eiKa
( 1 “f“ KÜ

1 e~ilia 2k
a

1__  l i e ’
«x)J L.2 a

Ux) =  £

e-im 4 . Sk2E -, (4 /irt  ) J

- 1
6 t

For 0.002 m potassium ferrocyanide, one obtains 
S 3 '±  =  1 . 4 8  X  I O - 5 -  0 . 2 2 9  X  1 0 - 6 +  1 .6 6 7  X  1 0  « -  

4 . 3 6 5  X  1 0 - «  +  1 3 .4 7  X  1 0  6 ( 2 8 )

Since the fourth term is the largest, it is evident 
that many more terms would be needed to obtain a 
convergence. Very recently, Stokes21 has reported 
reaching a similar conclusion.

Fig. 2.—SXt for K4Fe(CN)6 at 25°; data from Harned 
and Hudson; calculated 33 values; terms employed: 
--------- , electrophoresis (1st and 2nd) and activity coeffi
cient; ---------, electrophoresis (graphical) and activity
coefficient; — •—, activity coefficient only; ..........lim it
ing law.

Since the extended equation 27 proved to be in
adequate, the integrals (22) were evaluated by 
graphical integration. Representative values are 
given in Table II, as compared to those resulting 
from the use of approximation (23), together with 
values of A and of 23±, calculated and observed. It 
is seen that quite appreciable discrepancies are pres
ent even in the most dilute solutions, except for 
1-1 electrolytes. The correct A may be either 
larger or smaller than the one calculated from the 
customary equation, and their ratio does not nec
essarily tend toward unity at low concentrations.

(21) R. II. Stokes, J .  A m .  C h e m .  S o c . ,  75, 2533 (1953).

In the case of potassium ferrocyanide, the reported 
agreement is seen to be fortuitous in that the recal
culated values of £>± no longer agree with the ob
served ones, as shown also in Fig. 2.

The case of magnesium sulfate (and the simi
larly behaving zinc sulfate) is of some interest be
cause of the extremely large effect of the usual ap
proximations. The recalculated diffusion coef
ficients are now larger than the experimental 
ones, as shown also in Fig. 3. Harned and Hud
son,20 attributing the difference between the ob
served and calculated values of 23± to ion-pair 
formation, calculated ion-pair mobilities at the 
various concentrations. A recalculation of such 
mobilities would now lead to entirely different re
sults.

Fig. 3.—Observed and calculated S3± for MgSOu A, 
recalculated values; ©, experimental values; solid line, 
calculated by usual equation.

Except insofar as agreement is brought about 
through assignment of ion-pair mobilities, it ap
pears that the electrophoretic effect predicts very 
poorly the experimental values of A with the possi
ble exception of 1-1 electrolytes, for which the ef
fect is so small that accurate comparisons are not 
possible.

Binary vs. Intrinsic Diffusion Coefficients.—The
above discussion has centered on mathematical 
inadequacies of certain approximations in the On- 
sager and Fuoss equation, but since discrepancies 
with data remain even after accounting for these, 
it is evident that some further or some different 
effect must be invoked. Such an effect may be 
present in the diffusional force arising from the 
gradient in solvent concentration.

Only a single diffusion coefficient can be obtained 
from diffusion measurements on a binary system, 
although there is a concentration gradient in both 
species (e.g., electrolyte and water) and the meas
ured binary diffusion coefficient must therefore re
flect two diffusion processes and two intrinsic dif
fusion coefficients. The opposing permeations of 
the two components will in general not cancel and 
there will be a net volume flow. This effect has 
been observed in the binary diffusion of metals,22 
as evidenced by the motion of inert markers, and 
has been treated by Darken for the case of metals of 
equal atomic volume.

Hartley and Crank,23 and Lamm24 have consid-
(22) L. S. Darken, Trans. A.I.M.E., 175, 184 (1948).
(23) G. S. Hartley and J. Crank, Tram. Faraday Soc., 45, 801 

(1949).
(24) O. Lamm, T his J o u r n a l , 51, 1063 (1947),
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T able II
E lectrophoretic E ffect C alculations 

(A queous Solutions at  25°)

c,
mole/1. I

Integrals“ 
(eq. 22) 

II III A6 (eq. 26) A /A '

£>±
cm,

Calcd.

X  105, b 
,2/sec.

Exptl. c

KiFe(CN)e
0 .0 0 1 -8 .6 6 123.6 -7 4 .0 0.056 0.89 1.277

(-8 .4 6 ) (58.6) (162) ( .0625) (1.285)
.004 -3 .7 5 57.0 -2 8 .2 .107 .78 1.167 1.194

(-3 .6 3 ) (27.7) (99.3) ( .136) (1.198)
.006 -2 .8 0 42.2 -2 0 .5 .118 .71 1.127 1.175

(-2 .8 3 ) (21.4) (74.3) ( .165) (1.174)
.0085 -2 .3 3 33.8 -1 6 .8 .132 .69 1.095

(-2 .2 4 ) (17.5) (66.9)- ( .191) (1.152)
MgSO,

0 .0 0 1 -7 5 .6 457 -7 5 .6 0.102 4.6 0.781 0.767
(-5 3 .9 ) (146) (-5 3 .9 ) ( .0220) ( .723)

.002 -4 7 .4 345 -4 7 .4 .152 3.9 .764 .740
(-2 9 .9 ) (103) (-2 9 .9 ) ( .0386) ( .687)

.004 -3 0 .8 254.5 -3 0 .8 .237 3.9 .760 .716
(-1 6 .7 ) (73.3) (-1 6 .7 ) ( .0612) ( .651)

CaCb
0.00247 -2 6 .8 24.6 -8 .2 0 0.0048 0.61 1.240 1.211

(-2 0 ) (22.2) (-8 .0 4 ) ( .0078) (1.245)
0.005 -1 6 .9 18.7 -5 .4 0 .0098 0.72 1.219 1.180

(-1 2 .0 ) (15.2) (-5 .2 9 ) ( .0135) (1.224)
Na2S04

0.001 -28 .03 89.85 -93 .89 0.0098 1.23 1.169 1.174
(-2 7 .3 9 ) (75.22) (-6 9 .3 6 ) ( .0080) (1.168)

0.004 -12.63 47.66 -40 .33 .0259 1.17 1.131 1.134
(-1 2 .3 1 ) (37.94) (-2 2 .6 0 ) ( .0221) (1.128)

NaCl
0.01 -10 .59 14.1 -10 .59 0.0043 1.05 1.546 1.547

(-1 0 .3 5 ) (13.6) (-1 0 .3 5 ) 0.0041) (1.546)
“ Values in parentheses are those obtained using the first two terms of the exponential expansion, equation 23. b The 

values of A were obtained without the use of approximations (23), (24) or (25); the values in parentheses are those obtained 
with the use of these approximations and constitute the electrophoretic correction given by the usual equation of Onsager 
and Fuoss. The above likewise applies to the calculated values of D±. c The experimental values of 3D± are obtained 
from the data of Harned and co-workers.

ered the analogous situation for liquid solutions, 
and obtained relationships similar to the ones de
veloped below. Hall, et oh,25 have employed a 
modification of Hartley and Crank’s equation; no 
derivation is given, but the equation appears to be 
semi-empirical. Finally, Onsager and Fuoss12 have 
discussed frame of reference effects in general. The 
following treatment, however, appears to be the 
best suited to the integration of the various effects 
observed in electrolyte diffusion. It is assumed 
throughout that the observed net permeation is 
with respect to laboratory coordinates, that 
changes in molar volumes are negligible and that 
the system is at constant total volume.

Case 1. Binary Solutions of Non-electrolytes.—  
The following restrictions apply

niVi “b uzV2 — 1 (29)
, ., V\ dni dn2/dz2= - ^ - ^ (30)

PiVi +  P2V2 = 0 (31)
whereF i and V* denote the molal volumes of the two

(25) J. R. Hall, B. F. Winslow and R, H, Stokes, J .  A m .  C h e m .  S o c

75, 1556 (1953).

species, and Pi and P2, their permeations across unit 
area fixed in laboratory coordinates. At this point 
it is assumed that the hydrodynamic and the par
tial molal volume of a species are identical. As a 
result of restriction (31), the permeation of a species 
with respect to the medium, — SDidni/d.r, will be 
altered by a volume flow term n\Av, such that

+  n i A v ^ +  v2 ( ■ n 2 A v J  = 0

(32)
hence

A v  = Fo(5D2 --»■>£ (33)

and

P 2 (apparent) =
a x

+  « 2  Aw =  — (F 1H2 +  F 2© i )
d n 2 

d x

(34)
£> — F iî>2 f t D i (35)

Equation 35 is symmetrical and there is therefore 
only one apparent or binary diffusion coefficient, 
£>; Pi and P2 denote the volume fractions occupied 
by the two species. The quantities SDj and 3j2 are
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not self-diffusion coefficients, but rather the intrin
sic differential coefficients that would exist were 
there no coupling through condition (31); they 
contain therefore a thermodynamic term which 
may be abstracted as a separate factor.

- a s (a>i

532 — 5}

1 +  « 1

1 +  »2

d In yi 
d ra,

d In

f )  -  a ' ( ‘ + *  w r )

dn2
1 4 .  f j  d  In M
1 +  N2 ~dN7j

(36)

(37)
where/is the rational activity coefficient

Mi = w° +  kT In Nif-,; fi — > 1 as N ,---->■ 1 (38)
33/ and 332' are determined by the intrinsic mobili
ties of the species, and, to an approximation, can be 
replaced by the self-diffusion coefficients 33i* 
and 5)2*.

From (35), (36), (37) and the Gibbs-Duhem 
equation, one obtains

33 = (G3V +  G332*)(l +  AT (39)

33 = C*»30** +  G232*)(l +  m (40)

Equation 39 reduces to that of Darken22 in the case 
of equal molar volumes, and (40) resembles that 
of Lamm,24 who did not, however, connect the 
intrinsic differential coefficients with self-diffusion 
coefficients. Finally, the behavior predicted by 
(39) conforms with that observed by Eyring and 
co-workers26 for the chloroform-ether system, if the 
reasonable assumption is made that the self-dif
fusion coefficients will vary inversely as the viscos
ity of the medium.

Case 2. Binary Solutions of Non-electrolytes; 
Hydrodynamic Volumes not Equal to the Partial 
Molal Volumes.— In liquid solutions solvation ef
fects frequently lead to swelling of solute aggre
gates, or fixation of solvent by even simple solute 
molecules, so that the hydrodynamic volumes of the 
two species may be quite different from the partial 
molal volumes. The former enter into the flow 
balance equation 31, while the latter are involved 
in the thermodynamic relationships (36) and (37). 
Equation 39 remains unchanged, while (40) be
comes

33 = -g- (F23h* +  f,© ,*)(l +  n2 ^ ¡¡ ¡^ )  (41)

where F denotes the volume fraction based on the 
partial molal volume.

Case 3. Solutions of an Electrolyte in Water.—
For the case of an electrolyte dissociating into two 
kinds of ions, the restrictions are

niVi -T n2V2 -j- uwVw = 1 (42)
PlZl + P2Z2 = 0 (43)

PiT, +  P2V2 +  P„V„ = 0 (44)
Since the permeations of the ions are separately 
coupled through (43), the problem reduces to the 
preceding one through the use of mean diffusion 
coefficients and mean activity coefficient terms. 
Thus

Av = Fs (33± -  Dw) (45)

where
T a  — V i V i  +  v2V2 

n ,  =  n i / v i  =  u 2 / p 2

and
33 = (F„ 33± +  F„33w) (46)

33 = ^  (G33w* +  FwS3±*)(l +  ». Z t/~ )  (47)

Here again, the mobilities that enter into 33 ±* may 
not correspond to the self-diffusional mobilities of 
the two ions. The quantity 23w* should in general 
vary considerably with the salt concentration, and 
the measurement of the self-diffusion of water in 
electrolyte solutions should yield results of consid
erable fundamental interest.

For the dilute electrolyte solutions to which the 
electrophoretic effect has been applied, (47) reduces 
to

33±' = F, 33w*° +  33±0 (48)
where 33 ± ' and 33 ±° are the quantities defined in 
(26), and 33±*° is taken to be the self-diffusion coef
ficient for pure water, in the absence of values for 
33w. An equation of this type was employed by 
Nielsen, et al.,v  to explain the upswing in the mean 
diffusion coefficients of sodium chloride at high 
concentrations, as compared to the nearly constant 
values for the self-diffusion coefficients of the ions 
separately.

An interesting estimate of the hydrodynamic vol
ume of electrolytes can be made if the entire differ
ence between 33 ± ' and 33 ±° is attributed to the 
counter flow effect, using (48). Representative 
results are given in Table III, the diffusion data be
ing taken from the publications of Harned and co
workers,20 and the self-diffusion coefficient for wa
ter as 2.83 X 10-5 cm.2/day, from Wang.28 It is 
seen that quite large hydrodynamic radii result; 
they are larger for the more highly charged ions, and 
tend to approach the values for the Debye-Hiickel 
atmosphere radii in the more concentrated solutions 
of the polyvalent electrolytes. Hydrodynamic ra
dii of this size are not expected in terms of the 
Stokes Law interpretation of the limiting mobility 
values, but do correspond to the degree of long 
range interaction assumed in the electrophoretic 
effect. Darmois6 has discussed other evidence for 
long range ion-solvent interactions.

T a b l e  III
H y d r o d y n a m i c  R a d i i  a s  G i v e n  b y  E q u a t i o n  48

C o n c e n tr a t io n ,  M 
(R a d i i  in  A .)

0 .001 0 .0 0 2 0 .0 0 3 0 .0 0 5 0 .0 1 0
S a lt r 1 A r  1 / k r 1 / k r  1 / k T 1 / k

L iiS O , 1 2 .6 5 6 1 0 .6 3 2 9 . 9  25
CssSO * 1 4 .1 56 1 2 .5  39 1 1 .5 32
K N O , 7 . 4 96 6 . 8 56 5 . 9 31
L a C h 1 3 .9  28 1 1 .1  18 9 . 9 12

The approximation (48) is of uncertain accur
acy, and it would be desirable to obtain an inde
pendent measure of the counter flow effect. This 
is possible in the case of diffusion in metals, since 
Av can be measured directly from the motion of inert 
makers.22 A similar determination of the Av of

(2 7 )  J . M .  N ie ls e n , A . W . A d a m s o n  a n d  J. W . C o b b le ,  J, Am. Chem, 
Soc., 7 4 ,  4 4 6  (1 9 5 2 ).

(2 8 )  J . H . W a n g , ibid., 7 5 , 4 6 8  (1 9 5 3 ).(2 6 )  R e fe r e n c e  19, p . 53 6 .
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equation 45 should be possible for electrolyte solu
tions through the use of a third component. The 
marker component should be a trace species, to 
avoid interaction with the binary diffusion gradi
ent, neutral, zo avoid interaction with the diffusion 
potential of the electrolyte, and, preferably, of 
sufficiently low mobility so that its own diffusional 
motion would be negligible. Occasional reports 
are found of “ anomalous diffusion,”  presumably 
due to the volume force effect. Hartley29 observed 
the flow of ferric oxide sol due to a water-ether bi
nary gradient, the motion of species such as propyl 
alcohol, sucrose and carboxylic acids due to a gradi
ent in electrolyte concentration has been reported,30 
and Freundlich and Kruger31 found that a free 
diffusion boundary between 1 M  potassium chloride 
and water imposed a rather complex concentration 
gradient on an initially uniform quinone concen
tration. None of the above results seemed suited 
to a quantitative treatment; moreover, the com
plex effect found by Freundlich and Kruger for a 
free diffusion system underscores the advantages 
of employing a steady-state system, such as in the 
diaphragm cell method.

The combined diffusion and flow effect for a trace 
marker species can be stated explicitly if steady- 
state conditions apply so that the binary concentra
tion gradient is essentially constai 
tion of the marker species will be

The equation is based on the perturbation treat
ment, whereby due to a net motion (as opposed to 
individual Brownian displacements) of an ion, its 
potential is given by the equilibrium value plus the 
perturbation

'I'i =  >h ° +  <L' (53)
The perturbed potentials are inserted into the con
tinuity equation33 to give

( V 'r ) V ' ~  W T

A S4 x  ni^iCicoi , ,
nhT Zs I ' V -V vfri' =U K l  . , 0)\ -+- o>j

- 4 x— V  u' ki “  “ k; d  ( e  (54)
(.D k T ) 2 an +  «j "  ‘ d x  \ r  )  1 j

Case 1. Three Ions, One Present in Trace 
Amounts.—The assumptions and restrictions are

«i6, +  n 2e2 = 0 n 3 « n ,  or n 2
0)1 +  0)2 —'-v= 0)3 k /  =  i'T =  0 (55)
ki =  k2 =  0 i =¿'1= 0
k3 ^ 0

Upon insertion of these into (54), one obtains
471W s _____" Wiei2o)i n 2e22w 2 ~j ,

D k T  l_OJl +0)3 0)2 +  0)3j
The permea- 4 TT T o,3k3n1ei2e3 0)3k37i2e22e3n 1v 1

^1

( I ) k T ) 2 L on -|~ a>3 +  (03 J òx\ r  /

P3 = - 3+ n— +  Avn3 
a x

(49) This reduces to

This is set equal to zero, and the resulting differen
tial equation solved for nz

VV3' — Kl2V\f/3'
where

- '• è (w )

(56)

(57)

n3

d2ra3 _  Av d n 3 
d x 2 £)s die

n3'{eAvx/‘S)z — eAvxa/'SZz) 4 - n/{ 1  — eAra/SDj) 
1 — eAiu:o/3D3 (50)

The concentration of the marker species is n3' at 
x =  0 and n3" at x =  x. The permeation is then 
given by (51)

P3 = Ai.)(n3'eArxo/!Di — n3")
1 — e'VXo/£>3 (51)

which reduces to (52) if n3' =  n3".
P 3 = A vn3 (52)

Experiments of this type currently are being under
taken at this Laboratory.

Self-diffusion Coefficients 
Relaxation Effect.— Onsager11 has given a limit

ing law equation for the diffusion of a trace species 
in the presence of a uniform concentration of a 
different electrolyte, and this result has been applied 
to ion self-diffusion by Gosting and Harned.32 
Onsager presented his derivation in rather general 
terms, in which the limiting law appeared as a spe
cial case of the general solution for diffusion in a 
mixture of electrolytes. A direct derivation will be 
given here.

(2 9 )  G . S . H a r tle y . Trans. Faraday Soc., 27, 16 (1 9 3 1 ) .
(3 0 )  T .  E r d e y -G r u z ,  A .  H u n y a r ,  E . P o g a n y  a n d  A . V a li, Hung. Acta 

Chim., 1, N o . 3  (1 9 4 8 ) ;  cf. a ls o  A . H u n y a r , J. Am. Chem. Soc., 71, 3 5 5 2  
(1 9 4 9 ) .

(3 1 )  H . F r e u n d lic h  a n d  D . K ru g e r , T his J o u r n a l , 43, 981 (1 9 3 9 ) .
(3 2 ) L . J . G o s t in g  a n d  H . S . H a rn e d , J. Am. Chem. Soc., 73, 159 

(1 9 5 1 ).

K2 P e\03\ 620)2 ” 1 K2 4x
— 62 L» 1  “1“ w3 0)2 W3J ’ D k T

r 610)3 620)3 H
0  k3e3 

D k T  1

L î +  (03 0)2 “|~ ¿03_j
6\0)i 6,20)2 n

1L« 1  4“ 0)3 0)2 “1“ W3J

and

The solution to (57) is
Uk\2

2i6i2

(58)

(59)

V Ip/ir-Q) — 3(* +  Ki)
k3e3K r  6lOJ3 630)3

3D k T  L COI (03 C02 “1“ (031 ^ 4 e2)
1 + r  1 T eio>i j 620)2 ~JI 1/»

L(«i -  e,) Lcoi -f- 0)3 0>2 +  073 d .J
Since

then

where 

P  = 

Then

r3 — k3o)3 — r3V +  2 :3

(60)

(61)

r3 = k3o)3 [ 1  -  p ]  (62)

1 r 6,0)3 620)3 • ~1
1(ei -  e2) l_(oi +  0)3 0)2 +  W3J
r 1 r 6\a>i 62W2 n T AL(e, -  e2) l_a>i W3 0)2 +  WlJ.J

(63)

“ • - « ‘ T - s S U ]  (64,

Equation 64 may be arranged to Onsager’s result.
(3 3 )  R e fe r e n c e  15 , p . 81 .
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Case 2. Two Ions, One Labeled but Not Neces
sarily a Trace Species.—The assumptions and re
strictions are

mi =  w3 =̂ v= m2 k 3 =  — n i k i / r i i

7i\ei -j- TI2G2 4- n3e3 ~ 0 yz ~ 0
0  =  e3 e2 nrfi' +  n3<p3' = 0 (65)
k2 =  0

Upon insertion of these into (54), the same equa
tion results as would be obtained by setting coj. =  
“ 3, fii =  e3 in (56), and hence is given by (64), again 
with the appropriate changes which reduce it to

»3 = w3kT ( 1  -  (1 -  V d ^ ) )  (66)

1   1 re i    62m2 ~1
‘ ~ (el -  «,) L2  M2 +M,J

These derivations have been presented as being 
more easily followed than Onsager’s matrix algebra, 
and as an explicit exposition of the assumptions and 
restrictions employed. Since case 2 was not treated 
by Onsager, it is noteworthy that the same result 
obtains whether or not the labeled species is also a 
trace species. The most interesting assumption is 
that the net motion of a tracer gives rise to a real 
perturbation or net bias to the atmosphere poten
tial. In tracer diffusion there is no gradient in total 
electrolyte concentration, and ordinarily one as
sumes the atmospheres to be symmetric in such a 
case, as in the calculation of activity coefficients. 
Otherwise stated, the diffusion of a tracer is a sta
tistical consequence of its Brownian motion, the 
quality of which is obviously unaffected by whether 
or not the ion is considered to be labeled. From 
this point of view, the perturbation of the atmos
phere potential for a tracer appears virtual in 
character and not easily relatable to the properties 
of solutions that control the change in quality of 
Brownian motion with concentration.

Absolute Rate Treatment of Ion Self-diffusion.—  
It is interesting to consider qualitatively the basis 
for the relaxation treatment, and to compare it 
with the situation as viewed by Eyring and co
workers.

Following the presentation in Harned and 
Owen,15 the relaxation time of an ion atmosphere, 
r, multiplied by the average (i.e., net) diffusion 
velocity gives a displacement, Ax, which, if taken 
relative to the atmosphere radius, 1/ k, yields a rela
tive distortion, s. This relative distortion times 
the total force between the atmosphere and the ion 
is then approximately the increment in force, Ak, 
due to the relaxation effect. Considering the case 
of a 0.01 m solution of 1-1 electrolyte, r is ~ 10-7 
sec., the mobility is about 10-5 cm./sec. per unit 
diffusion force, and \/k is 30 A. Thus the rela
tive distortion is 3 X  10-6, and this multiplied by 
the large force between the ion and its atmosphere 
gives a Ak of a few tenths per unit diffusion force.

If, however, an ion migrates by Brownian jumps 
of the order of molecular dimensions, the minimum 
jump velocity will be approximated by 3D/X, or 
about 103 cm./sec. The relative distortion is now 
300. Thus jumps of this size must occur essen
tially adiabatically, the ion atmosphere rearranging 
to new equilibrium during the period between 
jumps. This reasoning would not apply to electro

chemical motion since an external electric field 
imposes a constant bias or correlation between 
successive jumps.

On the basis of adiabatic jumps, the ion at the 
end of each should find itself part way up the po
tential well of the atmosphere, and the resulting 
energy increment should appear in the activation 
energy for self-diffusion. To obtain a specific rela
tionship, the atmosphere potential in the usual form 
is employed.

totm> = itr [r^ Y a  e~Kr -  *] <67>
The increment in energy corresponding to a jump 
is, approximately

<c2X2A E = D{  l ’f'H  a+ X) — ^j(X) 1 = 2D(a 4~ X)( 1 4- Kd) (68)

Writing

50* kTX2k, k = —  exp ( — AFt/kT) (69)
V

and taking the free energy of activation to be 
(A iV  +  AE), one obtains

5D* =  5Û0*e~^E/kT
AO =  & “ •* [ ' -

k2X2
2DkT(a, X)(l -j- kcl).;] (™)

For a 1-1 electrolyte in water at 25°, (70) reduces to

* > * - £ » [ * -
0.386X02

(â +X»)(1 +  Kd) (71)

taking the dielectric constant to be that of pure wa
ter. According to Eyring and co-workers,20 X may 
be related to the viscosity by

x2 Xi kT 
\2^ '̂v (72)

where k ' is the appropriate specific rate constant. 
Assuming that Xi, X2, X3 and k ' do not vary with 
concentration, the approximation follows that

5D* £)V?o Tj
v L

0.386X02 “j
(â 4 - x°)( 1  4 - « 0  CJ (73)

Results of Self-diffusion Measurements.— Self
diffusion coefficients in aqueous solutions at 25° 
have been reported for one or both of the ions of 
sodium chloride,27,34-36 sodium iodide,37 silver ni
trate,38 sodium sulfate30 and hydrogen, lithium, po
tassium and rubidium iodides.39 Values are not 
available for sufficiently dilute solutions, however, 
nor of sufficient precision to permit a critical test of 
limiting laws. This point is illustrated by Figs. 4 
and 5 which give the values of the diffusion coef
ficients for the ions of sodium chloride, plotted 
against c and against y/c. For the sequence of 
iodides, a plot of ©1-* according to equation 73 
shows fair agreement, with X° values of about 2, as

(3 4 )  J . H . W a n g  a n d  S . M ille r , J. Am. Chem. Soc., 7 4 ,  1611 (1 9 5 2 ).
(3 5 )  J . H . W a n g , i b i d . ,  7 4 , 1612  (1 9 5 2 ) .
(3 6 )  J . E .  B u r k e t t  a n d  J . W . T .  S p in k s , Can. J .  Chem., 3 0 , 311

(1 9 5 2 )  .
(3 7 )  J . H . W a n g  a n d  J . W . K e n n e d y , J. Am. Chem. Soc., 7 2 ,  2 08 0  

(1 9 5 0 ) .
(3 8 )  S . G . W h it e w a y , D .  F .  M a c L e n n a n  a n d  C .  C .  C o ff in , J. Chem. 

Phys., 1 8 , 229  (1 9 5 0 ) .
(3 9 )  R .  M ills  a n d  J. W .  K e n n e d y , J. Am. Chem. Soc. 7 5 ,  5 6 9 6

(1 9 5 3 )  . T h e  a u t h o r  is  in d e b te d  fo r  a  p r e p u b lic a t io n  c o m m u n ic a t io n .
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Fig. 4.—Na+ in NaCl at 25°: --------- , possible limiting
slopes; --------- , Onsager, Gosting and Harned equation;
— • —, activated jump A° = 3 A.; • , Nernst value; 3, 
Wang; O, Nielsen, Adamson and Cobble.

Fig. 5.—Cl“  in NaCl at 25°: • ,  Nernst value; 9 ,  Wang;
O, Nielsen, Adamson and C obb le ;--------- , possible limiting
slopes; --------- , Onsager, Gosting and Harned equation;
— ■ —, activated jump X° = 3 A.

shown in Fig. 6. Smoothed values of 3)i-* were 
used in this plot but, as indicated in the figure, the 
precision was not high enough to justify much con
fidence in the fit; moreover these data are for suf
ficiently concentrated solutions that the applica
tion of any law involving the Debye-Hiickel ap-

Fig. 6.—3Di~ plotted according to (73): 0 ,  HI; A , Lil;
0 , KI; 9, KbI: /<’(£)) = (1 -  SDr,/SD0Uo) (1 +  Ka).

proximations is questionable. It should be men
tioned, however, that in a SDi -* vs. yfc plot, extrapo
lation of the data toward zero concentration 
gives limiting slopes considerably higher than 
those predicted by the relaxation effect, whereas 
the data do extrapolate reasonably according to 
(73).

Apart from the lack of precision, there appears 
also to be some systematic differences between the 
various experimental methods employed. These 
are the diaphragm cell (I),27'38 free diffusion (II) ,36 
free diffusion from an open ended capillary34'85-39 
with stirring (III), and without stirring (IV) .36 
Method III tends to give maxima in several tenths 
molar solutions, which do not appear in the results 
obtained by (I), (II) and, perhaps, (IV), and to 
give much lower diffusion coefficients at high con
centrations than do (I) and (II). Methods I, II 
and IV agree in the case of SDn»* in sodium iodide. 
These points are illustrated in Figs. 7 and 8. 
Wang40 has attributed the maxima found (by 
method III) for £>Na* in potassium and sodium 
chloride solutions to an increase in mobility due to 
a progressive distortion of the water structure, 
eventually counterbalanced by a relaxation 
effect.

Currently, work in this Laboratory is being di
rected toward the elucidation of the causes for these

Fig. 7.—Self-diffusion of ions in NaCl at 25°: • , Nernst 
value; O, Nielsen, Adamson and Cobble (diaphragm cell); 
9 ,  Wang (open ended capillary, stirring).

dOi

S3

0 0.2 04 0 6  0.8 10 12 14 16 18 20

V c
Fig. 8.—Self-diffusion of Na+ in Nal at 25°: •, Nernst 

value; 9 ,  Wang and Kennedy (free diffusion); O, Nielsen, 
Adamson and Cobble (diaphragm cell); A, Burkell and 
Spinks (open ended capillary, no stirring).

(40) J. H. Wang, J .  A m .  C h e m .  S o c . ,  74, 1182 (1952)
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b



July, 1954 Use of Oxygen  Isotope E ffects in Study of H ydration of I ons 523

differences. This would seem to be a necessary 
preliminary to the placing of any confidence in the 
accuracy of self-diffusion coefficients or in any de
tailed theoretical explanations.
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This piper is a review of the work of John P. Hunt, Aaron C. Rutenberg, Robert A. Plane and Harold M. Feder, which 
has been devoted to a study of hydration of ions using isotope effects for oxygen as a tool. An explicit goal in the research 
is to characterize the species which result on the interaction of the solvent water and the ions contained therein, it being sup
posed that for some ions at least, a sharp distinction between water in the first sphere and water in outer spheres will be pos
sible. The most direct attack is to use a kinetic method, depending on the difference in rate of exchange with solvent which 
may exist for water held in the first sphere as against water contained in outer spheres. Some results obtained in these 
studies have been published.4'6-9 They are reviewed briefly, and the limitations of this method and the extension of the 
studies are discussed. A less direct approach but one which can be given great power when developed, is an equilibrium 
method, the measurement of the effect that salts exert on the activity ratio of H20 18 compared to H20 16 in the liquid. The 
results of this study have been published only in part and are presented and discussed more fully here.

In this paper is reviewed the use which has been 
made o: isotopic tracer and fractionation effects in 
the study of hydration of ions. Work on these 
methods is still in progress, and further experi
ments are planned. In order to give a more com
plete account of what is possible with the isotopic 
methods, the description is not limited to experi
ments already completed, but some features of in
terest in present and projected work are also dis
cussed.

As the results will show, oxygen isotope effects 
are especially suited to the study of hydration of 
cations. The point of view which has guided the 
work is this: cations, perhaps all the simple ones, 
exert forces sufficiently strong on water molecules 
held in the first sphere of hydration, to make these 
distinguishable from other water molecules, which 
may also be affected. A general goal is to learn 
the limits for which such a distinction between 
“ first sphere”  water and remaining solvent is pos
sible. A specific goal, of particular interest for 
the chemistry of the individual ions, is to learn the 
number of water molecules in the first hydration 
sphere, i.e., to learn the “ formulas”  of the ion-water 
complexes. While in most cases, the formulas will 
probably be found to be those expected by consid
ering ion sizes compared to the dimensions of the 
water molecules, important exceptions are to be ex
pected. In any case, to make definite hydrate 
complex ions part of our vocabulary of thinking, it 
is necessary to raise the formulas from the level of 
conjecture, however probable, to proven conclu
sions. Specific effects of bonding will be largely 
absorbed in the first sphere of hydration, and a sim
ple theory may suffice to describe the interaction of 
the hydrated ions with the solvent.

The most direct method of distinguishing water 
bound directly to the ions and water bound to wa
ter exploits the difference in the rate at which the 
two kinds mix with the solvent. The distinction 
can be made experimentally by enriching the sol

vent with H20 1S, then applying some method of iso
tope sampling to follow the change in isotopic con
tent of the solvent with time. This method has 
been used to help characterize some oxy-anions in 
solution1'2 and in characterizing the oxy-cation 
U 02++.3

The sensitivity of the exchange method can 
readily be estimated. Consider a solution con
taining a moles of solute per mole of solvent and let 
it be mixed with water which has a different mole 
fraction of H20 18. Let b represent the ratio of the 
number of moles of water added compared to that 
in the original solution, and let /  represent the en
richment ratio in the added solvent compared to 
the original solution. Q represents the ratio of the 
mole fraction H20 18 in the mixed solution assuming 
that each mole of solute holds back one solvent 
molecule, compared to the mole fraction calculated 
for random mixing. Q is found to be given by the 
product

/ I — a +  bf\ /  1 T  b \
V 1 - 6 /  J \ l -  a + b)

The highest sensitivity (Q different most from 
unity) is obtained with an enrichment factor f  so 
large that the first factor is unity, then choosing b 
sufficiently small to make Q practically equal to 1/ 
1 — a. At this highest sensitivity, to make a 1% 
change in Q for the hold-back of 1 mole solvent per 
mole of solute, a solution containing 0.01 mole sol
ute per mole solvent is required. With an enrich
ment factor /  of 8, the optimum range of b for di
lute solutions is 0.3 to 0.5, and to cause a 1% change 
in Q with a hold-back of 1 mole solvent per mole of 
solute, a solution approximately 1 molal is needed. 
A precision of 1 or 2 parts per 1000 in sampling and 
isotopic ratio reading is attainable, so that an ac
curacy in the total hold-back of 0.1 mole solvent per

(1 )  G . A . M il ls ,  J. Am. Chem. S o c ., 6 2 , 2 8 3 3  (1 9 4 0 ) .
(2 )  N . F . H a ll  a n d  O . R .  A le x a n d e r , ibid., 6 2 , 3 4 5 5  (1 9 4 0 ).
(3 ) H . W . C ra n d a U , J .  Chem. Phys., 1 7 , 6 0 2  (1 9 4 9 ).
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mole solute can be achieved at this concentration 
level.

An experimental difficulty to overcome is that of 
mixing the added solvent and of sampling the mixed 
solution in periods of time short compared to the 
rate of exchange of bound water and solvent. Thus 
far only the simplest method has been used.4 The 
enriched water is poured in while the solution is 
stirred, and the solvent is sampled by vacuum 
distillation. Not many aquo ions come within 
the scope of :his method, the minimum sampling 
time for which is about 1 minute. Exchange is 
found to be complete by the time of the first sam
pling for hydrated forms of H+, A l+++, Fe+++, 
Ga+++, Th+4,4 Co++, C o+++ (with Co++ present),5 
Cr++, Zn++6 (as well as for water bound to the 
anions N 03~ and C lO O - Two of the exchange 
systems mentioned have special features. There is 
apparently a slight hold-back of oxygen by Fe+++ 
when it has aged in solutions of low acidity. This 
hold-back has been interpreted as being caused by 
oxygen incorporated into polynuclear forms known 
to develop in such solutions. The observations on 
the exchange lability of Co+++aq. are not unam
biguous. Co +++aq. may be rather substitution-inert 
and the observed exchange may be carried by elec
tron exchange between Co++aq. and Co+++aq..7

Of the simple aquo ions tested, only Cr+++ holds 
back water for periods of time long compared to the 
minimum sampling time. The experiments with 
Cr+++ have shown that 6 ±  0.1 mole of water is 
held back for each mole of metal ion. In view of 
the size of water molecules compared to Cr+++, the 
coordination sphere will be effectively completed 
by six of them, justifying the conclusion that the 
formula of the Cr+++-H 20  complex in solution is 
Cr(H20)e+++. In any case, other water molecules 
which interact with the hydrated ion, do so without 
becoming equivalent to the six firmly bound mole
cules.

It does not seem likely that many other simple 
aquo ions will yield to the exchange method unless 
it is developed beyond the stage described. Using 
the correlation of exchange rates with electronic 
structure,8 success can be expected even with a 
sampling time of one minute also with Rh+++, 
Ir+++ and possibly V ++. Many aquo ions for 
which slow exchange rates would be expected, are 
difficult to obtain at sufficiently high concentra
tion because formation of polynuclear forms, or of 
some solid phase intervenes. Numerous mixed 
aquo complex however can be expected to yield to 
the simplest exchange procedure. The method has 
already been applied to Co(NH3)6H20 +++9 and 
Co(NH3)4(H2C)2 + + + 10 in establishing the formulas 
as written for the ions in solution, and will undoubt
edly yield conclusions for mixed complexes of 
Cr(III), M o(III), Ru(II), Ru(III), etc., and for 
some complexes of Fe(II) and Fe(III). After the

(4 )  J . P .  H u n t  a n d  H . T a u b e , J. Chem. Phys., 1 9 , 6 0 2  (1 9 5 1 ) .
(5 )  H .  L . F r ie d m a n , J . P .  H u n t  a n d  H . T a u b e , ibid., 1 8 , 759  

(1 9 5 0 ) .
(6 )  R .  A . P la n e  a n d  H . T a u b e , T h is  J o u r n a l , 6 6 , 33  (1 9 5 2 ).
(7 )  N . A . B o n n e r  a n d  J . P . H u n t ,  J. Am. Chem. Soc., 7 4 ,  1866

(1 9 5 2 ) .
(8 )  H . T a u b e , Chem. Rev., 50, 69  (1 9 5 2 ).
(9 )  A . C . R u te n b e r g  a n d  H . T a u b e , J. Chem. Phys., 20, 8 2 5  (1 9 5 2 ).
(1 0 )  F . A . P o s e y  a n d  H . T a u b e , u n p u b lis h e d  o b s e r v a t io n s .

method has been applied to a few ions and, if as 
has proved to be the case in those studied thus far, 
the rate of exchange of bound water is found to be 
similar to other substitution rates for the ions, fur
ther exchange studies for learning formulas of sub
stitution-inert cations may in fact seem to be re
dundant. The evidence thus far for such ions is 
that the formulas in solution can be inferred with 
some confidence from analyses made on compounds 
containing the ion when it is transferred to a new 
phase such as the solid.

Because the exchange method offers such a di
rect means of making a distinction between first 
sphere water, and other water, it is worthwhile to 
consider means of modifying it to bring the more 
substitution-labile cations within its scope. Meas
urements of rates of substitution on cations ordi
narily considered labile with respect to such changes 
have recently been made11 in CH3OH as solvent 
at —75°. The results are useful in suggesting the 
order of magnitude of some of these specific rates for 
water exchange, and in planning the exchange ex
periments to meet the indicated requirements. The 
activation energies for substitution by CN3~ on 
the solvated ions were found to be 13 kcal. for 
Fe+++, and 19 kcal. for Ni++. Using these activa
tion energies and a normal value for the frequency 
factor (1014 min.-1) the half-time for exchange of 
water by water at 0° for Fe+++ is expected to be 
~  10~4 min. and for N i++, ~0.1 min.

It may be possible to adapt a flow method to 
follow the water exchange reactions, using anodes 
spaced along a tube through which the mixed solu
tion flows to sample the solvent as a function of 
time. A disadvantage of a method such as this is 
that it would require rather large quantities of en
riched water. Preliminary research is required to 
test sampling by anodic oxidation. The oxygen 
liberated may not have the isotopic composition of 
the solvent at the electrode, but at some point 
downstream from it. This would be the case if the 
oxygen were formed from a water-exchangeable 
intermediate generated at the electrode and swept 
along with the solution. Another approach which 
is contemplated is to use a batch operation. One 
of the solutions contains an oxidizing agent, and 
the other a reducing agent. The properties of the 
oxidation-reduction system should be such that 
solvent oxygen is added to the reducing agent when 
it is oxidized, and the rate of oxidation, which can 
be controlled to some extent by adjusting the 
concentrations, should be such that this change is 
complete before much exchange of the hydrated 
cations has taken place. An oxidation-reduction 
reaction which may be adaptable to the use outlined 
is S02 +  Br2. The system is not ideal, however, 
because the rate of exchange of S02 with the sol
vent introduces a complication.

From the values of activation energy for substi
tution on a labile dipositive and tripositive ion 
which were quoted, it is evident that the exchange 
method in principle is capable of making a sharp 
distinction for them between directly bound and 
secondarily bound water. The activation energy 
for exchange of the latter should in all cases be

(1 1 )  J . B je r r u m  a n d  K . G . P o u ls o n , Nature, 169, 4 6 3  (1 9 5 2 ) .
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small, as it is for diffusion of water in water. It is 
by no means certain that such a sharp distinction is 
possible for all simple cations, even in principle. 
Thus water oriented in the first coordination 
sphere of Cs+ for example may exchange as rapidly 
as solvent. Unfortunately it seems unlikely that a 
direct exchange procedure can be developed to in
vestigate the interesting range of exchange lability 
in question.

The equilibrium fractionation of the oxygen iso
topes in water exerted by salts is another phenome
non which can be exploited in learning about the 
interaction of ions and solvent.12 In contrast to 
the exchange method, which leads to values of the 
first sphere hydration number without requiring the 
support of much additional observation or philos
ophy, the equilibrium method yields hydration 
number only indirectly, if at all. In spite of this 
limitation it appears to be a valuable tool for the 
problem at hand. Although a composite property 
is measured, it is informative to follow the variation 
of this property with ion charge, radius, geometry 
and electronic structure. Furthermore, observa
tions can as readily be made for substitution-labile 
ions as for the substitution-inert ones, and if the 
value o: the method is defined by work on ions 
which can be studied by independent means, there 
is hope of reward on applying it to very labile ions 
inaccessible to study by the exchange procedures 
for example.

The effect studied in the equilibrium fractiona
tion method is the change in the ratio (H20 18i)/ 
(H20 16i) as a function of salt concentration (par
entheses are used to denote activities). The ac
tivity ratio in question is conveniently measured 
using the equilibrium

CO,g +  H20 18, = COO18* +  H20 i

Assuming that the relative activities of C 02g and 
C 0 0 18g is given by their number ratio, the ratios of 
the quotients (H20 18i) /(H 20 16i) are directly meas
ured by mass spectrometer readings on C 02. The 
experiments demand high precision in mass spec
trometer measurements, care in handling gas sam
ples, and care in removing from the salts substances 
containing water-exchangeable oxygen.

The data can be analysed from the point of view 
that the ratio (H20 18i) /(H 20 18i) is altered by re
moval from the solution of one isotopic form of 
water in preference to the other, when the salts in
teract with solvent. The exchange of oxygen iso
topes between hydrate water and solvent can be 
represented by the equation

so that

H20 16h +  H20 18, = H20 18h +  H20 16i 
(H20>V) ( HA»18!)
(H20 16h) (H20 18,) (3)

On the interpretation made, the activity ratios can 
be replaced by number ratios, and equation 3 be
comes

TF18bJF18i
IF18hJFI8i (4)

where W ’s represent number of water molecules. 
Consider a solution of molality m and let the num
ber of molecules of water removed as hydrate wa
ter by each mole of salt be n. Then: 1F18i +

(1 2 ) H . M .  F e d e r  a n d  H . T a u b e , J. Chem. Phya., 2 0 , 1335  (1 9 5 2 ).

I U 18h +  1UI61 +  IF161 = 55.51 and JT18h +  W \  = 
nm. Let IFl8i/lU16i =  R (R0 is the ratio with no 
salt present). From these, relation (5) follows

a = nm{K — 1 ) 
55.51 (5)

The equation is not exact (the approximation is 
made that the ratio of number ratios is the same as 
mole fraction ratios), but holds sufficiently well 
when R is small. The work is done with water of 
ordinary isotopic composition and the error due to 
the approximation is much less than other errors 
involved in the measurements.

Equation 5 requires a linear variation of a with 
molality of the salt. It shows, furthermore, that 
the composite property n(K  — 1) is measured in a 
study of the variation of a with m, and that addi
tional philosophy is required to separate n and K.

Figure 1 shows typical results13 for the variation

Fig. 1.—Effect of salts on fractionation of oxygen isotopes 
in water (a =  R0/R — 1; temp. 25° except for CsCl, data 
for which at 4°): © , AK't; ©, MgCl2; ®, Mg(C10,)2;O, HC1; O, LiCl; # ,  AgCKfi; 3, Nal; ® , NaCIO ,; C, 
NaCl; © , CsCl.

of a with m. An important feature of the data is 
that whereas a/m is very sensitive to the nature of 
the anion, it is almost insensitive to change in the 
cation. This is illustrated by the large differences 
in a/m between MgCl2 and NaCl on the one hand, 
and on the other, on the agreement of a/m for Mg- 
Cl2 with Mg(C104)2 as well as the mutual agree
ment of this ratio for NaCl, Nal and NaC104. The 
ratio a/m is therefore substantially a property of 
the cation only. The reason is presumably "that 
cations but not anions orient water molecules mak
ing direct ion to oxygen bonds.

Another important question that arises in evalu
ating the data is the extent to which the isotope 
fractionation effect is accounted for by interactions 
in the first hydration sphere. The present indi
cations are that at least with ions having relatively 
large values of charge/radius, the value of a/m de
pends largely on the effects in the primary hydra-

(1 3 ) T h e se  d a t a  h a v e  b e e n  o b ta in e d  b y  H . M .  F e d e r , a n d  w ill  b e  
in c o rp o ra te d  in a  P h .D . T h e s is  to  b e  s u b m it te d  to  th e  D e p a r t m e n t  o f  
C h e m is tr y , U n iv e rs ity  o f  C h ic a g o .
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tion sphere. Some direct evidence supporting this 
conclusion appeared as a by-product of the work 
on the exchange of hydrate water with solvent wa
ter.4 The isotope ratio H20 18/H 20 16 in the dis
tillate water from 1 M  solutions of A1+++, Ga+++, 
Fe+++ or Cr(H20 )6+++, each at exchange equilib
rium, was observed to be in the range 7 ±  1 parts 
per 1000 below that expected for random distribu
tion of isotopic forms, showing, as do the meas
urements presented in Fig. 1, that cations of high 
charge/radius tend to interact with H20 18 in pref
erence to H20 :6in undergoing hydration. However, 
when the isotope composition of the distillate from 
a 1 M  solution of Cr(H20)6+++ which has not un
dergone exchange with the solvent is examined, the 
ratio H20 I8/H 20 16 is observed to be only 1 ±  1 parts 
per 1000 below that calculated for random distribu
tion. The comparison of this result with those 
quoted previosuly shows that there is little selec
tion between isotopic forms of water by forces out
side the first sphere of hydration. A rationaliza
tion of the difference with respect to primary sphere 
and other water is this: whereas the oxygen of wa
ter makes new bonds when it enters the primary 
hydration sphere, when it interacts with the hy
drated ion, it presumably does so by hydrogen 
bonding to the protons of the first hydration shell, 
and experiences much the same field as it does when 
it interacts with other solvent molecules. Thus the 
isotope discrimination exerted outside the first hy
dration sphere is not distinguishable from that ex
erted by the solvent.

The problem of the contribution to the fractiona
tion effects by outer sphere interactions is also being 
approached making use of substitution-inert com
plex ions. The ion Co-en3+++ has the property 
that the en groups are not replaced by water under 
ordinary conditions. The value of a/m for Co-en3- 
Cl3 is only ‘/n  of that found for A1C13. A more 
searching test :s under way using the ion Co(NH3)4- 
(H20 )2+++. The over-all effect is measured, com
paring the activity ratio H20 18i/H 20 16i after ex
change equilibrium is reached with the value ex
pected on the basis of the over-all composition of 
water in the system. The inner-sphere effect alone 
can be measured by removing the ion Co(NH3)4- 
(H20 )2+++ in the form of a solid (exchange equilib
rium is attained slowly, and there is no isotope re
distribution on precipitation) from which the hy- 
diate water can be obtained, and comparing the 
isotopic composition of this water with the equilib
rium (H20 18i/H 20 16i) ratio for the solution. The 
experimental procedures have been worked out, 
but the results are not yet complete.

The data of Fig. 1 show that at least for ions 
which have intense fields, a is a linear function of m. 
With HC1 as solute, this has been proven for solu
tions up to 10 m. With both LiCl and AgC104, the 
linear relation fails at high concentrations of the 
salt. The deviations from the requirements of 
equation5 may have the causes among others that 
cooperative effects involving also the anions, be
come important at high concentration or that the 
coordination numbers of the cations change. It 
seems possible that for ions such as H+, which ori
ent solvent strongly, the linear relation will be pre

served to higher concentrations of electrolyte than 
is the case with LiCl and AgClCfi. An upper limit 
for the first-sphere hydration number can be cal
culated from the composition of the mosi con
centrated solution, for which the linear relation is 
preserved. The general trend in the ratio a/m with 
properties of the cation is that it increases with the 
ratio charge/radius. Important deviations exist as 
illustrated by the comparison of the effects for 
Ag+ and Na+, and others are expected. As is 
evident from other data on affinities, the binding is 
not simply a function of the ionic potential, but 
bonding effects described as covalent become par
ticularly important for ions with an exterior shell of 
18 electrons.

It should be recognized that the isotope fraction
ation exerted by cations in constructing the hydra
tion sphere is in competition with that exerted as a 
result of the mutual interaction of the molecules of 
the liquid. The oxygen isotope fractionation ef
fects exerted on liquefaction are substantial, the 
equilibrium constant for the reaction

H 20 16, +  H 20 188 =  H ,_ 0 18i +  H 20 16g

at 25° having a value of 1.0088.14 One source 
of the fractionation effect for cations is the dif
ference in vibration frequencies for the two iso
topic forms of water along the new bond formed 
with water. When the force constants for this 
vibration are relatively great, the isotope discrimi
nation in the hydration shell exceeds that exerted 
in the liquid, and positive values of a are observed, 
i.e., H20 1s is chosen in preference to H20 16 in mak
ing the hydration shell. However, when the force 
constants for the vibration in question are low, the 
discrimination in the hydration shell may be less 
than that exerted in the liquid.15 This is an ex
planation of the negative values of a observed for
e s '1" (as well as NH4+ and K+, data for which are 
not reported), and suggests that these ions also 
make well defined hydration shells, but with rela
tively small values for the forces constant of the 
ion-water bonds. There is no paradox in requiring 
the force constants in the ion-water complex to be 
smaller than in water although the magnitude of 
the energy of interaction is known to be greater. 
The forces of attraction between water molecules 
falls off as the distance increases, more rapidly than 
between ions and water molecules. The value of 
a/m — 0 for Na+ can be regarded as resulting 
from the coincidence of the fractionation effects in 
the first hydration sphere and the liquid, rather 
than, as stated in an earlier communication,12 as in
dicating that Na+ does not hydrate. The alterna
tive conclusion is suggested by the negative values 
of a/m for certain cations, as well as the observa
tion that when the temperature changes, a/m 
for Na+ changes.

An interesting subject for further study is the 
effect of increasing radius of the cations on the ratio 
a/m, using for example the series NH4+, N(CH3)4+, 
etc. It seems likely that a/m cannot continue to

(1 4 )  M .  H . W a h l  a n d  H . C . U re y , J. Chem. P k y s 3 ,  4 1 1  (1 9 3 5 ) .
(1 5 )  T h e  fu n d a m e n ta l  f r e q u e n c y  c o r r e s p o n d in g  t o  t h e  v ib r a t io n  o f  

t h e  w a te r  m o le c u le s  as a  u n it  in  th e  l iq u id  is  ca. 175  c m . “ h G . Bolla, 
Nuova. chim., 10 , 101 (1 9 3 3 ) ;  C .  H . C a r tw r ig h t ,  Phys. Rev., 4 9 , 470  
(1 9 3 6 ) ;  P . K .  N a r a y a n a s w a m y , Proc. hid. Acad. Sci., 2 7 A , 311  (1 9 4 8 )



July, 1954 Use of Oxygen  I sotope Effects in Study of H ydration of I ons 527

become more negative, but that a minimum will be 
reached beyond which it will again approach zero. 
With cations of very large size, the effects presum
ably will not involve the orientation of water mole
cules to make a well defined hydration shell, but 
will involve largely distortions of the water-water 
interactions as the solvent adjusts to the form of 
the ion. The effect of a single substance of rela
tively low field has been tested. The solute CII3CN 
gives a small negative value of a/tn, about 1/s that 
for Cs+.

Because the oxygen isotope discrimination ap
pears to be largely a property of the first hydration 
shell for cations, it is of interest to investigate how 
this property can be used in arriving at hydration 
numbers. The approaches which are described 
below have not been tested, and must be regarded 
as speculative. They are offered, nevertheless, 
because there seems to be good likelihood of suc
cess with some of them, and because the experi
ments to test them will be undertaken.

1. One approach is to compare the measured 
values of n(K  — 1) with values calculated assuming 
a particular formula. A calculation which begins 
with fundamental properties of the particles inter
acting, cannot be carried through to a result which 
invites confidence. Rather, measured frequencies 
must be used, established in an environment in 
which the structure of the hydrated ion is known 
and in which the spectral analysis can be made. 
The complete vibration spectrum analysis for the 
ion in solution would of course obviate the necessity 
for the indirect approach to primary hydration 
numbers outlined here, but has not proven to be a 
practical procedure. 2. The comparison of the 
fractionation for the hydrated ion in an environ
ment in which its formula can be proven with that 
in aqueous solution may lead to conclusions about 
the equivalence of the species in the different media. 
The hydrated ions can be characterized in the 
solid state, or in a non-aqueous solvent and the 
validity of the method can be tested using an ion 
such as Cr(H20)64H'+ the formula for which is known 
in water as well as in a solid such as Cr(H20)6- 
Cl3. 3. It may be possible to develop a rela
tionship between K, the equilibrium constant for 
the isotope discrimination, and the acidity of the co
ordinated water. In general, factors which increase 
the force constants would be expected to increase 
the acidity of the water. A survey of some of the 
data on this basis, using plausible value of n is pre
sented in Table I.

T a b l e  I
C o r r e l a t i o n  o p  I s o t o p e  D i s c r i m i n a t i o n  a n d  A c i d i t y  o f  

A q u o  I o n s

Kd\„ is the acidity per coordinated H20  molecule; K' is the 
equilibrium constant for: H20 I6h +  H20 18g = H20 18h +  H 016e

Ion Kdiss n(X -  1) (X' -  1)
h 3o + 37 0.040 0.048
AI(H20)U++ 2 X 1(D6 .149 .033
Co(NH3)5H20 +++ 2 X 10“6 .020 .028
Mg(H20 )6+ + 10“ 12 .059 .018
Ag(H20 )2 + 10“ 12 .007 .012
Li(H20)U .011 .011

Substitution-inert ions will again be useful in test-

ing the validity of the approach. The data shown 
in Table I, although they do not constitute an 
altogether dependable test, suggest that the rela
tionship between Adiss and K ' may be too indirect 
to survive large changes in coordination number, 
and will be of only limited usefulness. 4. A 
method which does seem promising for certain ions 
is to measure the effect on the observed fractiona
tion of adding F~ to the cation. The fractionational 
change as a result of the substitution will depend at 
least in part on the fractional change in coordinated 
water. Even if the effect of the replacement is 
not merely statistical, as it would be for example if 
a/m decreased in the ratio 5/ 6 for coordination of 
six water molecules, the contribution by additional 
effects can be determined, again exploiting a sub
stitution-inert cation. The method depends for 
success among other things on the coordination 
number being unchanged when the complex ion is 
formed. For this reason the replacing group must 
be similar in size and polarizability to the water 
molecule.

It is evident that the indirect approach afforded 
by the equilibrium fractionation studies will not 
lead to conclusions which can be regarded as proven 
without making use of other methods. As the 
formulas of more ions are established, the validity 
of the method can be better defined. Even in its 
present form, it seems capable of supplying evi
dence, which together with that of another method 
of similar quality, can lead to dependable values of 
the first sphere hydration number. One such addi
tional method, which does not appear to be appre
ciated generally but which indicates probable values 
of the first sphere hydration number for many colored 
ions is that of comparing the electronic absorption 
spectrum of the hydrated ion in solution with that 
of a known hydrated form in another medium. 
This method has been used with success by 
Friedman16 in showing that the group FeCh-  (in 
association with some cation) in ether does not 
interact with solvent or other molecules M FeCl4 
to increase the coordination number of Fe(III). 
The demonstration is particularly successful in this 
case because complexes with coordination numbers 
4 and 6 can be separately characterized. Katzin 
and Gebert17 have developed a strong case for the 
coordination number 6 for Co++ in water solution. 
Many tripositive aquo ions are known to have sub
stantially the same spectrum in alums, where they 
are hexacoördinated as they have in solution.18 
However, in the absence of proof of the sensitivity 
of the spectrum of each particular ion to changes 
in coordination number the conclusions are not defi
nite. In such cases, similarity of oxygen isotope 
fractionation in the two media would greatly raise 
the level of confidence in the conclusions.

Even if the fractionation studies fall short of the 
goal of establishing primary hydration numbers, 
they promise to be useful in solving a number of 
fundamental problems concerned with solvent ion 
interactions. Data of the kind shown in Fig. 1 will 
be of interest for series such as the dipositive ions

(1 6 )  H . F r ie d m a n , J. Am. Chem. Soc., 74, 5 (1 9 5 2 ).
(1 7 )  L .  I .  K a t z in  a n d  E .  G e b e r t ,  ibid., 7 2 , 5 4 6 9  (1 9 5 0 ).
(1 8 )  H . H a r tm a n n  a n d  H . H . S ch lä fe r , Z. Naturforsch, 6 A , 7 54 , 7 6 0  

(1 9 5 1 ).
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of the first transition series and the rare earth ions. 
The problem of whether in a labile complex ion sys
tem, the ligand replaces water, or interacts by outer- 
sphere association19 can probably be answered by 
studying the change in the isotope fractionation 
exerted by the cation on mixing cation and ligand. 
Only if the ligand replaces water will the isotope 
fractionation be strongly affected. Also for a study 
such as this the method can be calibrated using a 
substitution-inert complex ion system.19 It is 
likely that a number of irregularities in successive 
affinities as a ligand is added to a cation result from 
a change in coordination number along the series; 
thus in the system Cd++-I~ , the aquo complex 
may well be Cd(H20)6++ and the terminal iodide 
complex Cdl4", may have no water in the first co
ordination sphere. Such an effect can probably be 
demonstrated by studying the oxygen isotope 
fractionation as a function of the concentration 
of the ligand species. Lastly is mentioned the 
possible usefulness of the measurements in learning 
the intensity of the interaction of square planar ions 
such at Pt(NH3)4++ and water.

Fractionation studies of the type described for 
water promise to be particularly useful in a study 
of solvation in liquid ammonia. Complications 
due to solvent-solvent interaction are less severe 
than in water, and the lower temperatures which 
are accessible, as well as the generally stronger cat-

(1 9 )  F .  A .  P o s e y  a n d  H .  T a u b e , J. Am. Chem. Soc., 7 6 , 1 46 3  (1 9 5 3 ).

ion solvent interaction, combine to enhance the dis
crimination effect. The ammonia complexes of 
known formula in water can be exploited for com
parison with the solvated cations in liquid ammonia.

Learning the coordination numbers of the princi
pal forms of the solvated cations is only part of the 
problem when the chemical implications are con
sidered. The principal form may exist in equilib
rium with appreciable concentrations of a form of 
different coordination number. This equilibrium 
can exert a profound effect on equilibria involving 
the formation of complex ions such as FeOH++ and 
FeCl++. The addition of a large polarizable ion 
may favor the form of lower coordination number. 
Elucidation of the more complex problems implied 
is important not only in understanding equilibria, 
but also in interpreting rates of substitution on cat
ions.
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Since the binding of a water molecule to an ion will occur with a decrease in entropy, the partial molal entropies of various 
ions can be correlated with their respective degrees of hydration. The literature on the entropies of individual ions is sur
veyed from this point of view. The entropies of monatomic ions, oxygenated ions and complex ions, of both positive and 
negative charges, can be systematized on the basis of their sizes and charges. The same treatment is applicable to ionic 
activated complexes, permitting the rationalization of the entropies of activation for reactions involving ions. Simple 
theoretical treatments, which regard the water as a continuous medium, or which regard water molecules as “ frozen”  to the 
ions, can be refined by taking into account the interaction of the ionic charge with the individual water dipoles.

It is natural to expect that the formation of a 
definite hydrate will be accompanied by the evolu
tion of heat and a decrease in entropy, and, conse
quently, to accept these thermochemical changes 
as evidence of hydrate formation. A good ex
ample of the use of heat data in this fashion is 
found in the investigations by Katzin and co
workers,2 who have found hydrates in solution for 
uranyl nitrate, cobaltous nitrate and cobaltous 
chloride in various organic solvents. In the follow
ing sections we shall examine the extent to which 
entropy data can indicate compound formation in 
solution, with particular reference to the problem of 
ion hydrate formation in aqueous solution. We 
must, however, be somewhat guarded in our ac-

(1 )  P r e s e n te d  a t  th e  1 2 3 rd  m e e t in g  o f  th e  A m e r ic a n  C h e m ic a l  S o 
c ie t y ,  L o s  A n g e le s , 195 3 .

(2 )  L .  I .  K a t z in ,  D .  M .  S im o n  a n d  J . R .  F e rra ro , J. Am. Chem. Soc.,
7 4 , 1191 (1 9 5 2 ) ;  L . I .  K a t z in  a n d  J . R .  F e r r a r o , ibid., 7 4 ,  6 0 4 0  (1 9 5 2 ) ;
7 5 , 3 82 1  (1 9 5 3 ) .

ceptance of interpretations of thermochemical 
data, for it is now well known that heat and en
tropy effects can arise without the formation of 
definite compounds. One familiar example of this 
phenomenon is given by solutions of non-polar 
molecules whose sizes and solubility parameters 
are unequal.3 Another is given by aqueous elec
trolyte solutions at finite concentrations, for which 
the now classic work of Debye and Huckel showed 
that the thermodynamic properties were explicable 
on the basis of long-range electrostatic interactions 
of the ions.

Entropies of Neutral Solutes.—As an illustration 
of the entropy behavior of non-electrolyte solutes 
in a non-polar solvent, the entropies of a number 
of solutes in benzene have been assembled from the

(3 )  J . H . H ild e b r a n d  a n d  R .  L . S c o t t ,  “ T h e  S o lu b i l it y  o f  N o n 
e le c t r o ly t e s ,”  passim., 3 rd  e d . ,  R e in h o ld  P u b l.  C o r p . ,  N e w  Y o r k ,  
N . Y . ,  195 0 .
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Fig. 1.—The entropies of some non-electrolytes in benzene solution.

literature and plotted in Fig. 1. Benzene was 
chosen as the solvent because a fairly large number 
of solubilities have been measured in it; other or
ganic solvents, however, show about the same re
sults. The plotted ordinate is the standard partial 
molal entropy of the solute (the standard state 
being the hypothetical 1 molal solution), diminished 
by the rotation and vibrational entropy of the mole
cule. The latter was evaluated by subtracting the 
Sackur-Tetrode entropy from the total entropy for 
the gaseous state; consequently, the entropy values 
displayed in Fig. 1 are to be regarded as the transla
tional entropies in the condensed phase, on the as
sumption that the molecules are rotating and 
vibrating as freely as they do in the gas phase. 
Several features of Fig. 1 are worth pointing out.

(a) The entropies do not show any large depend
ence on molecular weight. Thus, the entropies of 
Ne and Rn are approximately the same.

(b) The entropies of the smaller polyatomic 
molecules are very nearly the same as the entropies 
of the monatomic gases, once the entropy of free ro
tation has been subtracted.

(c) A few solutes have abnormally low entropies: 
I2, S02, HF and H20.

Observation (a), that the solute entropies do 
not show a great systematic increase with increasing 
molecular weight, turns out to be true also for other 
organic solvents and for water as a solvent. This is 
at first glance perplexing, for if the smoothed-po- 
tential partition function of the solute contains a 
factor (2irmkTy^Vf/hs, the corresponding entropy 
will surely contain a term Z/%R In M . In an earlier 
paper,4 this term was taken for granted, and 3/Ji 
In M  was therefore subtracted from each entropy

(4) R. E. Powell and W. M. Latimer, J .  C h e m .  P h y s . ,  19, 1139
(1951).

value, with the result that a correlation was found 
between these modified entropies and the molar 
volumes. It now appears, of course, that the corre
lation was chiefly spurious, having been introduced 
by the intended correction. The theoretical ex
planation of the mass-independence of the entropy 
may take the following line. The smoothed-poten- 
tial model of a liquid is, in its simplest form, not 
well suited to the description of a solute whose 
molecular weight is much greater than that of the 
solvent. The solute molecule is supposed to move 
like a particle in a rigid box, whose size and shape 
is determined by the average positions of the neigh
boring solvent molecules. But if the solute mole
cule is heavy, this is a poor description, because the 
solvent molecules will do most of the moving, 
while the solute molecule sits still. In this situa
tion, there would be virtually no difference between 
a solute molecule 10 times as heavy as a solvent 
molecule, and a solute molecule 100 times as heavy. 
It would seem reasonable that the mass to be used 
in the description ought to be some sort of reduced 
mass of the respective molecules. The detailed 
statistical mechanics of such a system remains to be 
worked out.

Observation (b) leads one to conclude that the 
diatomic, triatomic and tetratomic molecules are 
very nearly freely rotating in solution. This ob
servation is not entirely unexpected, for various 
investigators of pure liquids have concluded that 
there is, in general, a large degree of freedom of ro
tation in the condensed phase. As the solute 
molecules become larger and more unsymmetrical, 
it must be anticipated that they will rotate less 
and less freely in solution, so their entropies will 
be progressively lower. For the large group of sol
utes for which observations (a) and (b) are valid,
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Fig. 2.—Tho entropies of some non-electrolytes in water solution.

we have several useful empirical rules for entropies 
in benzene (and, approximately, in other organic 
solvents). For monatomic gases, the partial molal 
entropy in solution is constant, approximately 28 
e.u. For polyatomic gases, the entropy of free rota
tion and vibration must be added to this figure. 
The standard entropy change of vaporization of 
these solutes is then AS°xap =  —2 +  3/2R \nM.

Observation (c) is the one of particular interest 
from the point of view of compound formation in 
solution. Iodine has an abnormally low entropy in 
benzene, and iodine has been shown to form an ad
dition compound with benzene.6 Sulfur dioxide has 
an abnormally low entropy, and it also has been 
shown to form a compound.9 Hydrogen fluoride 
has an abnormally low entropy, and although there 
does not appear to be a direct experimental demon
stration that it forms a compound with benzene, 
one is practically certain by analogy with the other 
halogen acids that it does so. The low entropy of 
water in benzene is suggestive of compound forma
tion, although there is at present no evidence other
wise in support of this hypothesis. As to the nu
merical magnitudes of the entropy decreases which

(5) H. A. Benesi and J. H. Hildebrand, J .  A m .  C h e m .  S o c . ,  71, 2703
(1949).

((j) L. J. Andrews and R. M. Keefer, i b i d . ,  73, 4109 (1951).

accompany compound formation in these cases, it 
is certainly an oversimplification to assign them to 
the loss of free rotation, for the situation must be 
more complicated; nevertheless, it is of interest to 
look at the figures. The entropy of rotation and 
vibration of I2 is 19.8 e.u., and the entropy of I2 in 
benzene is low by some 13 e.u.; the entropy of ro
tation and vibration of S02 is 20.8 e.u., and the en
tropy of S02 in benzene is low by some 10 e.u.

We turn now to the entropy of non-electrolyte 
solutes in water. The data from the literature 
have been plotted in Fig. 2. In a general way, the 
results are similar to those for benzene. The 
entropies of the rare gases are approximately con
stant at 14 e.u. With a few exceptions, the entro
pies of the smaller polyatomic molecules can be 
obtained by adding the entropy of free rotation and 
vibration to this figure. The corresponding en
tropy change of vaporization is A$0vap = 12 +  
3/2R In M. The comparatively low translational 
entropy of a solute in water (14 e.u.) compared 
with the same solute in benzene (28 e.u.) is consist
ent with the tightly-knit structure of liquid water 
and its high internal pressure, which would afford 
a comparatively small free volume to a solute mole
cule.

One class of exceptions to this simple entropy
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behavior is offered by the organic compounds of 
higher molecule weight—hydrocarbons, alcohols, 
ethers. For these compounds, 52° — <Sint is less 
than the usual +14 e.u., and the discrepancy be
comes progressively greater for the larger mole
cules. This observation is easily explicable if we 
assume that the molecules of this sort are not en
tirely free to rotate; in fact, all of their entropies 
are brought into accord with the entropies of the 
smaller molecules if we assume them to retain only 
about 70% of their free rotational and vibrational 
entropy. It is not possible to be sure whether the 
diminution of entropy arises from the irrotational 
binding of the organic compound by the water 
molecules, or by some form of binding of water mole
cules by the organic compound (to give an “ ice
berg” ), or by some combination of the two. How
ever, the effect is so uniformly observed among 
organic solutes with different functional groups that 
one is unwilling to associate it with the formation 
of definite compounds; and, in this sense, it is un
likely that the organic compounds form definite 
hydrates in solution. On the other hand, it is 
entirely plausible that the water molecules arrange 
themselves in a “ cage”  about each solute molecule, 
while also remaining bound to the water molecules in 
the bulk of the solution, and such a cage may very 
well have a geometric structure like those which have 
been found for the crystalline gas hydrates.7

The other class of exceptions, for which S2° — 
$ int is greater than + 14  e.u., includes only S02, 
HCN and H2S among those solutes we have exam
ined. It seems fatuous to ascribe the discrepancy 
to a high polarity, inasmuch as the entropies of such 
substances as NH3, HF, and the halogens appear to 
be quite normal. In the case of S02, the principal 
species present is probably H2S03, and it is quite 
possible that the formation of this species, with its 
greater rotational entropy, has led to the actual in
crease in entropy. For HCN and H2S this explana
tion cannot be offered, so at the moment they re
main slightly anomalous. The experimental data, 
especially for HCN, are sufficiently uncertain that 
the entropy values may be somewhat in error.

Entropies of Ions in Water.—The utilization of 
ionic entropy data in the testing of various theories 
of the interaction of ions with water first became 
possible with the systematic experimental deter
mination of these data. Thanks to the experi
mental work in a number of laboratories, particu
larly those of W. M. Latimer and of C. C. Stephen
son, we now have at our disposal the entropy data 
for practically all of the common cations and an
ions. Moreover, now that the usefulness of en
tropy data has become widely recognized, measure
ments are being undertaken on a great many ions 
of special interest, such as the complex ions.

The ionic entropies cover a wide range of values, 
from about +60  e.u. for large ions of small charge 
to about —100 e.u. for small ions of large charge. 
The entropy effects arising from the interactions of 
ions and water are large ones, much larger, for ex
ample, than any of the effects noted for non-elec
trolytes in benzene or in water.

(7 ) M .  v .  S ta c k e lb e r g  a n d  H . R .  M ü lle r ,  J. Chem. Phys., 19, 1319 
1 9 5 1 ); W .  F .  C la u sse n , ibid., 19, 2 5 9 , 1425  (1 9 5 1 ) .

One of the simplest interpretations was that of
fered  ̂ by Ulich.8 He proposed that each ion is 
definitely hydrated, forming a little “ iceberg,”  and 
that the entropy defect arising from this process 
could be computed by multiplying the hydration 
number by the entropy of crystallization of water, 
namely, —6 e.u. The hydration number he com
puted from conductivity data. In order to assess 
the validity of the model, we shall repeat some of 
his calculations, with the data currently available. 
The results are given in Table I for the ions Cs+, 
Li+, Ba++ and Mg++. The entropy defect was 
calculated by subtracting 47 e.u. from the experi
mental entropy since any method of extrapolating 
to zero charge leads to a charge-independent en
tropy term of approximately this value. The hy
dration number was taken from a compilation by 
Tuck,9 who obtained his results from equivalent 
conductances with the aid of a modified form of 
Stokes’ law applicable to spheres of molecular di
mensions. The ratio of these two quantities, as 
given in the last column of Table I, is supposed to 
represent the entropy of crystallization of water. 
As will be noted, this quantity is neither very con
stant nor very nearly —6 e.u., so the theory is not 
very satisfactory in a quantitative sense.

T a b l e  I

A T e s t  o f  t h e  " I c e b e r g ”  M o d e l  f o r  I o n i c  E n t r o p i e s

Io n
E n t r o p y

d e fe c t
H y d r a t io n

n u m b e r

E n t r o p y  d e fe c t  
p e r  m o le  o f  

h y d r a t io n

Cs+ -1 5 .2 3.93 -3 .8 5
L i  + -4 3 .6 14.8 -2 .9 5
Ba++ -4 4 19.6 -2 .2 5
Mg+ + -7 5 .2 26.8 -2 .8 0

An alternative theoretical approach which has 
received a great deal of attention is based on the 
famous Born model10 in which the ion is regarded as 
a charged conducting sphere of radius r, and the 
water is regarded as a continuum of dielectric 
constant D. On this model, the electrostatic 
free energy of the ion in water is Z"/2Dr 
and the corresponding entropy is (Z2/2D2r) (dD/ 
d T). It will be observed that this model, in its 
simplest form, leads to an electrostatic entropy term 
which is proportional to the second power of Z. 
The comparison of this functional dependence with 
that found experimentally may be made by inspec
tion of Fig. 3, in which the entropies of the mona
tomic ions are given, and of Fig. 4, in which the en
tropies of oxy-anions are given. In both cases, 
the entropy term is proportional to the first power 
of Z and not its second power. Figure 3 is taken, 
in a modified form, from reference 4; the modifica
tion consists in the omission of the 3/2R In M  
term, which has led to some changes in the nu
merical parameters. The empirical equation for 
the entropy of monatomic cations M +z, or anions 
A ~z, becomes

S2<> = 47 -  154Z /re2
where the effective radius of the ion, re, is taken to 
be 1.3 A. greater than the Pauling crystal radius for

(8 ) H . U lich , Z. Elektrochem., 3 6 , 4 9 7  (1 9 3 0 ).
(9 )  L . D .  T u c k ,  p a p e r  p r e s e n te d  a t  t h e  1 1 8 th  m e e t in g  o f  th e  A m e r i 

c a n  C h e m ic a l  S o c ie t y ,  C h ic a g o ,  1950 .
(1 0 ) M .  B o r n , Z. Physik, 1 , 45  (1 9 3 0 ).
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Fig. 3.—The entropies of some monatomic ions.
o

cations, and 0.4 A. greater than the Pauling crystal 
radius for anions. The empirical equation for the 
entropy of an oxy-anion of the formula X O „-z  is, 
as illustrated in Fig. 4U

52° = 43.5 — 46.5(Z — 0.28«)
While these empirical relations do not them

selves provide a theory of the interaction of ions 
with water, they do serve as touchstones against 
which the existing theories may be tried. Clearly, 
the Born model cannot give ionic entropies satis
factorily without some modification. The empir
ical relation between the entropy and the first power 
of charge has been made use of by a number of au
thors.12-14

Several attempts have been made to calculate the 
entropy of interaction of ions with water on the 
basis of a more detailed molecular model of wa
ter.41516 Agreement between the theories and ex
periment can always be obtained, but, unfortu
nately, there are so many adjustable parameters in 
the theories that the agreement is not convincing.

In addition to the linear dependence upon ionic 
charge, there is one other respect in which ionic en
tropies require explanation, namely, in the magni
tude of the charge-independent term. For mona
tomic ions this amounts to 47 e.u., and for oxy-

(1 1 )  R .  E .  C o n n ic k  a n d  R .  E . P o w e ll,  J. Chem. Phys., 2 1 , 2 2 0 6  
(1 9 5 3 ) .

(1 2 )  L . V . C o u lt e r  a n d  W .  M . L a tim e r , J. Am. Chem. Soc., 62 , 2 5 5 7  
(1 9 4 0 ) .

( 1 3 )  A . F . K a p u s t in s k y , Acta Physicochem. U.R.S.S., 14, 5 0 3  (1 9 4 1 ).
(1 4 )  J . W .  C o b b le ,  J. Chem. Phys., 2 1 , 1443, 1 44 6  (1 9 5 3 ).
(1 5 ) D .  D .  E le y  a n d  M .  G . E v a n s , Trans. Faraday Soc., 34, 1093 

(1 9 3 8 ).
(1 6 )  H . S . F r a n k  a n d  M .  W . E v a n s , J. Chem. Phys., 13, 507  (1 9 4 5 ).

Fig. 4.—The entropies of some oxy-anions (from ref. 11, by 
permission of the J. Chem. Phys.).

anions to 43.5 e.u. or more. These figures are to 
be contrasted with the 14 e.u. for a typical non-elec
trolyte in water. What is the origin of this in
crease of thirty or more entropy units? One hy
pothesis, offered by Frank and Evans,16 is that at 
some distance from each ion there is a disordered 
region, a “ thawed belt,”  in which the bulk solvent 
has lost part of its usual quasi-crystalline structure. 
Another hypothesis which deserves some attention 
is that the additional entropy arises from rotation. 
One can easily calculate from their moments of in
ertia that the typical oxy-anions, if freely rotating, 
would have rotational entropy of 25-30 units. In 
addition they would have a somewhat smaller con
tribution from molecular vibrations. If this free- 
rotation hypothesis is to be applicable also to the 
monatomic ions, it becomes necessary to assume 
that the rotating unit is a definite ion hydrate.

Application to Reaction Kinetics.— When chemi
cal reaction takes place between two ions, the en
tropy of activation depends strongly upon the 
charges on the respective ions. Those investiga
tors who have concerned themselves with the 
theory of this effect17 have made use of the Born 
model. As we have seen, the Bom model is dis
tinctly unsatisfactory for calculation of the entro
pies of stable ions, and there is no reason to expect 
it to be better for the ionic activated complexes. 
However, in default of a satisfactory theoretical 
treatment, the possibility remains that the entropies 
of activated complexes can be estimated fairly ac
curately on the basis of the same empirical rules ap
plicable to ordinary species, and we shall examine 
this possibility.

We treat first the special case in which the two 
reactant ions have equal and opposite charges, so 
that the activated complex is a neutral molecule. 
Here the problem is to estimate the entropy of a 
neutral molecule, so we turn to the observations

(1 7 )  F o r  e x a m p le , V . K . L a M e r , J. Franklin Inst., 2 2 5 , 7 0 9  (1 9 3 8 )
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collected in Fig. 2. If two non-electrolyte mole
cules combine to form a single molecule, with no 
change other than the loss of translational entropy, 
the expected entropy change is —14 e.u. Conse
quently, if we can first evaluate the entropies of 
the pair of neutral molecules corresponding to the 
ions concerned, we need only add their entropies 
and subtract 14 units to have an estimate of the en
tropy of the activated complex. Let us consider, 
for example, the reaction

NH,+ +  OC1- = [NH4OCl +  =  NH2C1 +  H aO

which has been investigated kinetically by Weil 
and Morris.18 We imagine the activated complex 
to be formed not from NH4+ and OCR, but from 
NH3 (26 e.u.) and HOC1 (31 e.u.). The estimated 
entropy of the activated complex is 26 -f- 31 — 14 
= 43 e.u. The experimental value for the entropy 
of the activated complex is 44 e.u.

For those reactions in which the activated com
plex is still ionic, we need to estimate the entropy of 
an ion which is not monatomic, or even relatively 
compact like the oxy-anions, but in which the 
charges are comparatively far separated. There 
are two methods of procedure here, which are, how
ever, mathematically equivalent. The first, which 
was used successfully in ref. 11 to estimate the 
entropies of oxy-anions such as & 2O7 and S20 4—
is to estimate the entropy of each charged end of 
the molecule as though it were separate, and then 
to subtract a suitable amount of entropy (say 14 
e.u.) for the loss on dimerization. The alternative 
procedure is to estimate the entropy as though the 
ion were a compact oxy-anion, and then to add 
some 30 e.u. to make allowance for the greater en
tropy of the extended ion (which presumably arises 
from the additional vibration and internal rotation, 
as well as the increased moment of inertia of the 
molecule as a whole).

(1 8 ) I .  W e i l  a n d  J . C .  M o r r is , J. Am. Chem. Soc., 7 1 , 1664  (1 9 4 9 ) .

As examples, let us take the reactions 
o c i -  +  o c i -  = [ - c i o c i o - ] *  = c i -  +  c i o 2-
OC1- +  CIO,- = [-C10C1Q»-]* =  C l- +  C103-

wliich were studied by Foerster and Dolch.19 For 
the first reaction, the activated complex is of the type 
X 0 2 , which if it were a compact oxy-anion would
have an entropy of —23.5 e.u.; the estimated en
tropy of the complex is then —23.5 +  30 =  +6 .5  
e.u., and the experimental value is found to be + 8  
e.u. For the second reaction, the activated complex 
is of the type X 0 3 , which if compact would have
an entropy of —10.5 e.u.; the estimated entropy of 
the complex is then —10.5 +  30 =  +19.5 e.u., 
which may be compared with the experimental 
value of +21 e.u. It must in all fairness be pointed 
out that this comparison of estimate with experi
ment is not as good as it appears, because the 
experiments are of relatively low precision and the 
experimental values cited, though carefully calcu
lated from the original data, may be in error by as 
much as five to ten entropy units.

To take another example in which the charges 
are greater, there is the reaction
s o ,—  +  S ,0,—  = [— o ,s s s o ,— ]* =  s ,o ,—  +  s o ,—
which was studied by Ames and Willard by means 
of radioactive exchange.20 The estimated entropy 
of an ion of the type X 0 6~4 is —64 e.u., so the esti
mated entropy of the complex is —64 +  30 = 
— 34 e.u. From the average value of AiS* ( — 33 
e.u.), and the entropy of S03 ( — 7 e.u.) and
S20 3 ( +  15 e.u.), the experimental value of the
entropy of the activated complex is —25 e.u. 
Though the agreement is not very close, it must 
be pointed out that the experiments were carried 
out at ionic strength 2 rather than at zero ionic 
strength where the estimate is applicable.

(1 9 )  F . F o e rs te r  a n d  P .  D o lc h ,  Z. E le k tr o c h e m ., 2 3 ,  137  (1 9 1 7 ) .
(2 0 )  D . P . A m e s  a n d  J . E . W illa r d ,  J. Am. C h e m . S o c ., 7 3 , 164 

(1 9 5 1 ) .
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The electrokinetic potential of cotton, wool and nylon in solutions of paraffin chain salts has been determined, using 
streaming potential measurements and the charge density at the fiber surface calculated. On wool and nylon, paraffin 
chain anions are more strongly adsorbed from acid than from alkaline solutions; paraffin chain cations more strongly from 
alkaline than from acid solutions. The graph of the change of charge density, A a ,  with concentration of paraffin chain salt, 
resembles an adsorption isotherm, but it has not proved possible to identify A  a quantitatively with the amount of paraffin
chain ion adsorbed.

Briggs,1 Bull and Gortner,2 Rabinov and Hey- 
mann,® Neale and Peters,4 used streaming potentials 
to study the electrokinetic or zeta potential between 
textile fibers and aqueous solutions. Although in 
some cases the results are rather complicated, in

(1 ) D , R .  B r ig g s , T h is  J o u r n a l , 3 2 , 641  (1 9 2 8 ).
(2 )  H . B . B u ll a n d  R .  A . G o r t n e r ,  ibid., 35, 3 0 9  (1 9 3 1 ) .
(3 )  G . R a b in o v  a n d  E . H e y m a n n , ibid., 47, 6 5 5  (1 9 4 3 ) .
(4 ) S . M .  N e a le  a n d  R .  H .  P e te rs , Trans. Faraday Soc., 42, 4 78

(1 9 4 6 ).

general the potential tends to decrease as the salt 
concentration increases. The zeta potential is the 
difference in potential between the part of the 
double layer fixed so tightly that it does noc move 
when the solution streams along the surface, and 
the interior of the solution; its value depends on 
the charge density at the surface and on the ca
pacity of the double layer. The capacity increases 
as the thickness of the double layer decreases, and
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since this thickness decreases with increasing con
centration of electrolyte in the solution, the zeta 
potential should decrease, if the charge density re
mains constant, as the concentration of electrolyte 
increases. Assuming a Boltzmann distribution of 
ions in the diffuse double layer, the relation between 
the charge density a and the potential f  is, for a uni
valent electrolyte6'6

e is dielectric constant, e electronic charge, N  num
ber of anions or cations per cc. of solution. Neale 
and Peters4 showed that the change in f  with con
centration of salt agreed fairly well with this equa
tion, assuming a constant.

Studies of the effect of surface-active solutes on f  
at fiber surfaces are few, but Neale and Peters4 
showed that a basic dyestuff caused the potential 
of cotton, initially negative, to become positive; 
and an acid dyestuff made f  more negative.

Experimental
The apparatus (Fig. 1 ) was modified from that described 

by Lauffer and Gortner.7 The fiber was packed in the cell 
C, 15 mm. long, 6  mm. diameter, internally, between two 
perforated platinum plates E,, E2, on which was deposited 
silver and silver chloride (or bromide), to render the plates 
(electrodes) reversible to chloride (or bromide) ions. The 
leads, Li, L2, from the electrodes were insulated from the 
water in the thermostat by enclosing in thick rubber tubing. 
The solutions were forced through the cell by applying a

(5 )  H . A .  A b r a m s o n , “ E lc c t r o k in e t i c  P h e n o m e n a ,”  C h e m . C a ta lo g  
C o . ,  N e w  Y o r k ,  N . Y . ,  1 9 3 4 , p .  110 .

(6 )  S . M .  N e a le , Trans. Faraday Soc., 42, 4 7 3  (1 9 4 6 ) .
(7 )  M .  A . L a u ffe r  a n d  R .  A .  G o r tn e r ,  T h is  Jo u r n a l , 42, 641  (1 9 3 8 ).

measured suction to one of the reservoirs, capacity about 
150 cc., the other being at atmospheric pressure. The 
streaming potential was measured by an electrometer valve 
circuit, and the resistance of the cell by an audio-frequency 
bridge.

The zeta potential was calculated from the streaming 
potential H by the equation

„  4 trr)K,H / m
r = - ¡ p -  W

P is the pressure driving the liquid through the cell, 17 the 
viscosity coefficient, e the dielectric constant, taken as equal 
to that for water, k, the specific conductivity of the solution 
in presence of the fibre. ks was determined by measuring 
the resistance of the cell with the fiber plug in place, both 
with the solution and with KC1 solution of known specific 
conductivity. The surface conductivity is thus included 
in k b .

Measurements were at first very erratic; this was traced 
to air bubbles forming on the surface of the fibers, and was 
cured by boiling the water used for the solution, and cool
ing under reduced pressure. The fiber plug was loosely 
packed; previous workers have found that f  varies if the 
plug is too tightly packed, probably because some of the 
capillary channels are not much wider than the thickness 
of the double layer.

The streaming potential was accurately proportional to 
the pressure (i.e., to the velocity of streaming) between 0  
and 50 cm. of mercury pressure.

Cotton was first extracted with chloroform (Soxhlet, 6  
hours), then with cold 2 % acetic acid, and finally with 
water. Wool was extracted with light petroleum (40-60°), 
and with water, the temperature being kept always below 
60°. Nylon was extracted with chloroform and water. 
All the fibers were given a final extraction with light petro
leum after packing in the cell, to remove traces of grease 
which might have contaminated the surface when handling.

Cetylpyridinium chloride and cetylsodium sulfate were 
pure specimens provided by Professor Adam; dodecylso- 
dium sulfate was prepared from carefully fractionated do- 
decyl alcohol (b.p. 102-103°, at about 0.03 mm.; m.p.
23.5-23.8°), by action of chlorosulfonic acid in ether8; Na, 
found 7.94%, theory 7.97%. Dodecylpyridinium bromide 
was prepared from dodecyl bromide by the method of 
Knight and Shaw.9

To ensure that the electrodes were reversible, small 
concentration of chlorides (or bromides) were added to all 
solutions. These decrease the critical concentrations for 
micelle formation (c.m.c.); and the c.m.c. in the presence 
of salts was determined approximately by measuring the 
surface tension (using Sugden’s method10), and by taking 
as the c.m.c. the concentration at which the surface tension 
becomes practically constant. Table I shows the c.m .c.’s 
found.

T a b l e  I

P a ra ffin C .m .c . , T e m p . , C o n c n . o f
c h a in  sa lt M ° C . a d d e d  sa lts

Cetylsodium 5 X 10- 4 55 0.004 M NaCl and
sulfate NaOH at pH 11“

Dodecylsodium 5.8 X 10“ 3 25 0.004 M NaCl and
sulfate NaOH at pH 11“

Cetylpyridi 6 . 8  X 10- 4 25 0.001 M NaCl at
nium chloride pH 6 “

Dodecylpyridi 9.3 X 10~ 3 25 0.001 M KBr at
nium bromide pH 6 “

“ The pH was measured with a glass electrode (Marconi 
pH meter).

Results
f  is negative for cotton, and is decreased continu

ously by increasing concentrations of NaCl (Fig. 
2a); a is negative and is increased by NaCl until a 
steady maximum is reached at about 0.002 M. 
This increase is probably due to preferential ad-

(8 ) A .  G r fln  a n d  T .  W ir t h ,  Ber., 55, 2 2 0 6  (1 9 2 2 ) .
(9 )  G . A .  K n ig h t  a n d  B . D .  S h a w , J. Chem. Soc., 6 8 2  (1 9 3 8 ).
(1 0 )  S . S u g d e n , ibid., 2 7  (1 9 2 4 ) .
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sorption of chloride ions. Figure 2b closely resem
bles, quantitatively, the curve of a against concen
tration found by Abramsoni: for graphite in NaCl 
solutions. The decrease in f  at concentrations

c o n e n . X  10  3, M.
( a )

Fig. 2.—f and a on cotton;

c o n e n . X  1 0  ~ 3, M 
(6)

NaCI solutions, pH 6.4, 25'

where u is constant must be due to the thickness of 
the double layer decreasing, so that its capacity in
creases.

Figures 3a and 3b show the effect of pH and of do- 
decylpyridinium bromide on wool. All concentra
tions were well below the c.m.c. (0.0093 M  for this 
concentration of added salt). In the absence of 
paraffin chain salt, f  is constant between pH 7 and
11.5, indicating that the number of dissociated basic 
groups on the wool surface becomes negligible at pH
7. Between pH 6 and 3, f  falls almost linearly with 
decreasing pH, the iso-electric point being 3.4.

(a) (b)
Fig. 3.—Wool, dodecylpyridinium bromide solutions, 

25°: (a) variation of f  with pH; concentration of dodecyl- 
pyridinium: (a) 0; (j3) 6  X 10—®; ( 7 ) 2 X 10-4; (5) 10-3; 
(e) 3.6 X 10- 3  M; (b) variation of Ao- with c: O, pH 9; 
+ , pH 7; X ,p H 5 ; A , pH 3.

The dodecylpyridinium ion renders the surface 
more positive and, although there is a definite 
change in the slope about pH 7, when dodecylpyri
dinium ions are present, f  is not constant but slowly 
rises as the alkalinity increases. It seems possible 
that ion-pairs are formed between dodecylpyridin
ium and carboxyl ions on the wool surface, and that 
these tend to be dissociated in the presence of large 
hydroxyl ion concentrations. The iso-electric point 
is displaced to more alkaline pH by the dodecyl
pyridinium ions, no doubt because these ions neu
tralize many of the COO -  ions on the surface. The 
increase in A a as the acidity decreases (Fig. 3b) may 
be due to the number of dissociated COO-  groups 
increasing between pH 3 and 7 so that the ad
sorptive capacity of the surface for dodecylpyridi
nium ions increases in this range of pH. The curves 
in Fig. 3b resemble adsorption isotherms.

(IX )  H . A .  A b ra m s o n , Trans. Faraday S o c 3 6 , 15 (1 9 4 0 ).

Figures 4a and 4b show that, at pH 11, wool ad
sorbs many more dodecyl sulfate ions than does 
cotton; the maximum adsorption on cotton ap
pears to be reached about 0.001 M, while on wool 

the adsorption is still increasing at 0.0025 M. 
Figure 4c shows that f  becomes constant at con
centrations slightly below the c.m.c., with cetyl- 
sodium sulfate; with both fibers f  changes by 
nearly the same amount, 7 mv. Figure 4d

pyridinium; the ratio of concentrations required 
to reduce f, —44 mv. initially, to zero, is about 
80. This agrees with Traube’s rule, since there 
are four additional CH2 groups in the cetylpy- 

ridinium ion, so that the ratio of concentrations 
should be 34 = 81. f  again becomes nearly con
stant for some distance above the c.m.c.; at still 
higher concentrations f  diminishes slightly, perhaps 
because the salt concentration is increasing and the 
thickness of the double layer is decreasing. A a was 
not calculated for the cetyl salts, since above the 
c.m.c. the concentration of ions, N, required for 
equation 1, is unknown.

0 1.0 2.0 
c o n e n . X  1Q ~8, M  

( a )

3 .0 0 1 .0  2 .0  3 .0
c o n e n . X  10  ~ 8, M

(&)

(c) (d)
Fig. 4.—{a) and (b), effect of dodecylsodium sulfate solu

tions, pH 11, 25°, on f  and A  a for wool (O ) and cotton (+ ) ;  
(c) effect of cetylsodium sulfate solutions on f  for wool (O ) 
and cotton ( +  ), pH 11, 55°; (d) effect of dodecylpyridinium 
bromide ( + )  and cetylpyridinium chloride (O ) solutions on 
cotton, pH 6.4, 25°.

f  for nylon was found to vary with pH in much 
the same way as found by Neale and Peters, except 
that the isoelectric point was found at pH 2.6 in
stead of 3.1 and the negative ^-potentials were 
larger than found by Neale and Peters, in alkaline 
solutions. Figures 5a to 5d show that the adsorp
tion of dodecyl sulfate ion is greater at pH 3 than at 
pH 11; while adsorption of dodecylpyridinium is 
greater at pH 11 than at pH 3. This difference is 
no doubt due to the sign and magnitude of the 
charge on the fiber. Adsorption does not reach saturation even at 0.005 M .



536 J. S. Stanley Vol. 58

-100
- 8 0

- 6 0

- 4 0

-20

(O) (6)
16.0

0 1.0 2.0 
c o n c n .  X  1 0 "

(c)

3 .0  4 .0  5 .0  
a, M

1.0  2 .0  3 .0  4 .0  5 .0  
c o n c n .  X  IO - *, M

(■d)
Fig. 5.'—Effect of (a) and (b), dodecylsodium sulfate solutions 

at pH 11 ( +  ) and pH 3 (O ); (c) and (d), dodecylpyridinium 
bromide solutions on f  and A<r for nylon, 25°, at pH 11 (O ) 
and at pH 3 (+ ) .

An attempt was made to estimate whether the 
change in charge density, Ac, caused by the paraffin 
chain salts, was quantitatively equal to the number 
of ions adsorbed. It is not possible to determine 
the number of ions adsorbed on a fiber surface with 
any accuracy; but it was hoped that, by comparing 
the values of Ac on paraffin wax, and of T, the sur
face excess at the interface between paraffin oil 
and the aqueous solutions, some information on this 
point could be obtained. The paraffin wax was cut 
into lumps 1 to 2 mm. across before packing in the 
streaming potential cell. T was calculated from 
measurements of interfacial tension, made by the

tronic units, except at very low concentrations. 
This difference may be due in part to the paraffin 
chain ions displacing some of the ions which im
parted the charge to the fiber surface before paraf
fin chain ions were present; perhaps also to ad
sorption of gegenions on top of the adsorbed 
paraffin chain ions, and to differences between 
the structure of the interfacial films between 
water, and liquid and solid paraffin.

A few experiments were made on solutions of 
the commercial non-ionic detergent Lissapol N, 
which is a condensation product of polyethylene 
oxide with an alkylated phenol. At pH 11, f  is 
decreased on wool from —70 mv. to —23 mv., at 
quite low concentrations of Lissapol N, about 
half that (c.m.c. in Fig. 7) at which the surface 
tension of solutions of this detergent become 
constant. At pH 3 Lissapol N has almost no ef
fect on f. A specimen of nearly pure p-octyl- 
phenyloctaglycol ether, supplied by I.C.I. (Dye
stuffs) Ltd. gave very similar results at pH 11, 
the minimum value of f  being reached at about 
0.0006 M.

My thanks are due to the Council of the 
British Launderers’ Research Association for a 
maintenance grant, and to Mr. E. W. Balson and 
Professor N. K. Adam for valuable suggestions.

(a) (ft)
Fig. 6.—Comparison of r  on paraffin oil with Act on paraffin wax: 

(a) dodecylpyridinium bromide O, pH 3 and 11, r  on oil; + , pH 
11, A ct on wax; X , pH 3, A  a on wax. (b) dodecylsodium sulfate 
solutions ( 0 )  pH 3, A ,  pH 11, r  on oil (both); X, pH 3, A  a on 
wax; + , pH 11, A o - on wax.

drop-volume method with a micrometer 
using Gibbs’ adsorption equation

r  = - 1 Û7
2RT à In c

syringe,

(3)

2 being introduced in the denominator because the 
salt has two ions. Figures 6a and 6b show that 
the curves of F and Ao- against concentration are of 
similar shape, but that F, measured in ions per sq. 
cm., is about twenty times larger than Ao- in elec-

c o n c n . ,  % .

Fig. 7.—Effectof Lissapol N solution on f  for wool, 25°: O, 
p H  11; + ,  p H  3.

N o t e  by Professor N. K .  Adam.—The value 3.4 found 
here for the isoelectric pH of wool is equal to the lowest re

ported previously; Neale and Peters4 found 3.4 
on wool fibers in salt solutions with little buffering 
power, as used in this work. Harris12 obtained 3.4 
on ground wool in buffer solutions containing 
phthalate ions, but later Sookne and Harris13 found 
4.2 to 4.5 on ground wool or wool cortical cells in 
acetate buffers, ascribing the lower value to adsorp
tion of phthalate ions on the ground wool parti
cles. Adsorbed ions would displace the isoelectric 
point to a lower pH. Neale and Peters cleaned 
their wool with an anionic detergent; but in this 
work there seems no obvious source of adsorbed an
ions since the wool was cleaned with light petroleum. 
All these determinations were made by streaming 
potential or electrophoretic measurements, and re
fer to the surface, either of the intact fiber or of the 
ground wool particles. Determinations of the 
internal isoelectric point by combination with 
acids, bases, or other ions give results usually at 
least 4.5 and sometimes considerably higher.14
Whether the low value obtained here and by Neale 

and Peters4 is the correct value for the surface of the in
tact wool fiber, or is due to some adsorbed substance 
which lowers isoelectric pH, is difficult to decide with 
certainty; but it seems not unlikely that the keratin 
molecules are oriented at the surface of the wool fiber so 
that the surface isoelectric pH is very different from that in 
the interior.

(1 2 )  M .  H a rris , Am. Dyestuffs Reporter, 2 1 , 3 9 9  (1 9 3 2 ) .
(1 3 )  A . M ,  S o o k n e  a n d  M . H a rr is , ibid., 2 8 ,  5 9 3  (1 9 3 9 ) .
(1 4 )  J . B . S p e a k m a n  a n d  E . S c o t t ,  Trans. Faraday Soc., 3 0 , 5 3 9  

(1 9 3 4 ) .
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The autoxidation of ethyl sorbate has been studied between 30 and 90° by measuring the change in dielectric constant. 
The energy of activation of the steady state is 15.7 kcal. per mole. The initial stages of the autoxidation are first order with 
an activation energy of 22.5 kcal. per mole. These values are in agreement with those obtained by independent methods. 
The catalytic effect of benzoyl peroxide and the inhibiting action of 2,5-di-f-butylhydroquinone have been studied. The 
autoxidation of ethyl sorbate has also been studied in benzene and glacial acetic acid. Sorbic acid has also been studied 
in the latter solvent. There is a maximum peroxide concentration observed during the early stages of the autoxidation of 
ethyl sorbate and a second one occurs during the maximum change in viscosity and color change (white to yellow). Acids 
are formed in the early stages of the autoxidation and their concentrations increase as the reaction proceeds.

Introduction
In many autoxidations and polymerizations the 

products have different electrical polarizations than 
the reactants, and the determination of the change 
in dielectric constant is a convenient means of 
studying the kinetics of the reaction. This method 
has been used to study the autoxidations and poly
merizations of various hydrocarbons and oils.3-9 
In many cases the change in dielectric constant 
has been shown to be an accurate measure of oxida
tion; the slope of the curve was generally depend
ent on the experimental conditions. In most of 
the autoxidations studied, the dielectric constant 
increased along with the viscosity, refractive index, 
specific gravity, acid number and molecular weight; 
the iodine number may increase or decrease depend
ing on the particular substances involved in the re
action. In most thermal polymerizations the di
electric constant does not change, but the power 
factor increases during oxidation or polymerization. 
The d.c. resistivity decreases during autoxidation, 
but in most cases it is very high.10 Balsbaugh and 
co-workers6 found that the a.c. conductivity usually 
increased during autoxidation, but peculiar con
ductivity curves were obtained in some instances 
due to the different types of products formed in the 
various stages of reaction. The calculation of an 
apparent dipole moment per oxygen molecule ab
sorbed gave information relative to the type of oxy
gen compound formed.

In the autoxidation of conjugated olefins the oxy
gen generally adds 1,4 to the diene system.11-13 
The stable peroxides formed are polymeric and have 
often been reduced and hydrogenated to 1,4-diols; 
the corresponding 1,4-ketols have never been iso-
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lated. The polymeric peroxides contained as high 
as 20% of oxidation scission products. Carbon-to- 
carbon linked polymers are formed in the early 
stages of the autoxidation and are responsible for 
the decrease in refractive index and increase in vis
cosity and molecular weight. Non-peroxidic oxy
gen linked polymers have been observed in the later 
stages of oxidation.

Heinanen14 found that the primary product in 
the autoxidation of methyl sorbate in benzene was a
1,4-cyclic peroxide and the other products included 
acetic acid and CH3OCOCH=CHCHO. The first 
is from 1,4-addition of oxygen and that latter re
sults from 3,4-addition.

Sorbic acid and its esters polymerize to dimers 
and trimers; the principal reactions are Diels-Alder 
additions.15

Experimental
Ethyl sorbate was prepared from sorbic acid by a modifi

cation of the method of Steffens16 in which an acid catalyst 
was employed.16 The yellow color was removed from the 
ethyl sorbate by steam distillation in the presence of sodium 
oleate or commercial soap powders. The distillate was 
then dried over anhydrous magnesium sulfate, redistilled 
and stored under nitrogen at —10°. Absorption studies 
indicated the color probably resulted from traces of unre
acted sorbic acid or oxidation products of ethyl sorbate.

Benzene was purified by the method of Daniels17 and re
agent grade glacial acetic acid was used without further 
purification. Benzoyl peroxide and 2,5-di-f-butylhydro- 
quinone were purified by recrystallization.18'19

Preliminary dielectric measurements were made with an 
apparatus similar to that described by Alexander20 and 
Bender.21 The changes in capacitance during the autoxida
tions were determined at 3.5 megacycles with a resonance 
apparatus similar to an amateur radio transmitter.22 Modi
fications included voltage regulator circuits, milliammeters 
in the plate circuits of the oscillator and amplifier and 
efficient shielding. A model 722-D General Radio cali
brated condenser was used; a polystyrene rod was mounted 
on the handle to eliminate capacitive effects.

The dielectric constant cell consisted of three concentric, 
gold-plated brass cylinders. The inner and outer ones 

•(electrically connected) served as one plate of a condenser 
and the middle one, which was insulated from the other two,
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was the second plate. The condenser was sealed in a glass 
reactor directly above a sintered glass disk. The reactor 
was then placed in a thermostated oil-bath.

Tank oxygen was used without purification except for 
drying. A reflux condenser was mounted at the outlet of 
the reactor and the exit gases were passed through a cold 
trap at —78°.

Peroxide values were determined by the method de
scribed by Lundberg and Chipault.23 The acid concentra
tions were determined by titrating samples of the oxidized 
products with standard sodium hydroxide with phenol- 
phthalein as the indicator.

In a typical run, one-half mole of ethyl sorbate was placed 
in the reactor and oxygen was passed through. In all the 
runs reported in this paper, the oxygen was bubbled through 
the reactor sufficiently fast that the rate of oxidation was in
dependent of the oxygen flow rate.

Results
The autoxidation of ethyl sorbate has been stud

ied between 30-90° and typical curves of the 
changes in capacitance are shown in Fig. 1. These 
curves are similar to the oxygen absorption curves 
obtained by Smith.24 25 The average rate constants 
for the steady state have been calculated from the 
results of a number of experiments (not only those 
shown in Fig. 1) and are tabulated in Table I. 
The corresponding rate constants from Smith’s 
data are summarized in Table II. The average en
ergies of activation of the steady state from these 
data are 15.7 and 14.8 keal. per mole, respectively. 
Clearfield26 has reported a value of 17.5 keal. per 
mole.

Time, hr.
Fig. 1.—Capacitance changes during the autoxidation of 

ethyl sorbate: curve (1), 30°; (2), 45°; (3), 60°; (4), 75°; 
(5), 90°.
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T a b l e  I
S t e a d y  S t a t e  R e a c t i o n  C o n s t a n t s  f r o m  D i e l e c t r i c  

D a t a

k, «ffi/hr. 0.392 2.13 6.65 15.4 28.0
Temp., °C. 30 45 60 75 90

T a b l e  II
S t e a d y  S t a t e  R e a c t i o n  C o n s t a n t s  f r o m  O x y g e n  A b 

s o r p t i o n  D a t a  

E.S. = ethyl sorbate
k, mole Oa/mole E.S./hr. 0.0183 0.0652 0.250
Temp., °C. 45 60 75

During the initial stages of the autoxidation the 
changes in capacitance are first order and can be 
represented by the equation

log (ACi — ACt) =  — kt +  log ACf
where

ACf = capacitance of the oxidized products — initial 
capacitance

ACt = capacitance at time t — initial capacitance
The average first-order rate constants are given in 
Table III. The corresponding energy of activa
tion is 22.5 keal. per mole.

T a b l e  III
F i r s t - o r d e r  R e a c t i o n  R a t e  C o n s t a n t s

k, hr.-1 0.00026 0.0012 0.0039 0.0302
Temp., °C. 30 45 60 75

The average first-order rate constants from the 
oxygen absorption curves of Smith24 are 0.0078 
hr.-1 at 45° and 0.046 hr.-1 at 60°. The energy of 
activation corresponding to these rate constants is
25.5 keal. per mole.

Smith24 applied a first-order rate equation 
throughout the complete oxidation. Careful analy
sis of his results show that his calculations are in er
ror, and that a first-order equation is not applicable 
throughout the entire reaction. The rate constants 
presented in this paper have been independently 
calculated by the authors from the original data of 
Smith.

Plots of capacitance changes against oxygen ab
sorption are linear over the range for which absorp
tion data are available. Similar results have been 
reported by Balsbaugh and co-workers for several 
other substances.6 These workers generally em
ployed a kinetic equation with two constants, which 
was applicable throughout most of the reaction. 
This type of equation can be applied to the data for 
ethyl sorbate, but the authors feel that separate 
treatments of the initiation and propagation steps 
are fully justified.

The decrease in capacitance observed in the final 
stage of the reaction at 75° (Fig. 1) is probably due 
to the decomposition of an unstable intermediate 
product. This effect was observed in all the runs 
at 75° and undoubtedly would have occurred at 
90°, if the reactions could have been continued 
longer. In most cases the reactions were discon
tinued, when the oxidation products became too 
viscous for the passage of oxygen through them.

The peroxide concentrations during the autoxida- 
tions of ethyl sorbate were determined at various 
time intervals and the results are shown in Fig. 2.
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CD

Time, hr.
Fig. 2.—Peroxide concentrations during the autoxidation 

of ethyl sorbate: curve (1), 45°; (2), 60°; (3), 75°; (4), 
90°.

Large maxima were observed at 45 and 90° after 
one hour. At 60° the peroxide concentrations are 
much lower, but a slight maximum occurred in the 
initial stages of the reaction. At 75 and 90° there 
were high peroxide concentrations at times corre
sponding to the maximum changes in viscosity and 
color (white to yellow). The large peroxide val
ues at 45° probably result from the increased sta
bility of the intermediate peroxide at that tempera
ture. A t 60° and higher the peroxide concentra
tions increased with increasing temperature.

Most autoxidations are considered to take place 
by free radical mechanisms. Benzoyl peroxide is 
used as a catalyst in many commercial processes 
that involve free radical reactions such as polymeri
zations. The effect of this catalyst on the autoxi
dation of ethyl sorbate at 60° is shown in Fig. 3 
(curve 1). In this experiment 0.01 g. of benzoyl 
peroxide was added to one-half mole of ethyl sor-

T a b l e  IV
A u t o x i d a t i o n  o f  E t h y l  S o r b a t e  i n  B e n z e n e  (45°)

T im e , hr.
C a p a c it a n c e  
ch a n g e s , md.

P e r o x id e
c o n c n .,

m e q . / c c .
A c id  c o n c n ., 

m e q . /c c .

8.26% Ethyl Sorbate
0.5 0.05 0.47
1 .13 .50 0.0054
2 .25 .24 .0062
3 .42 .12 .0066
4 .37 .16 .0077
6 1.48 .09 .0091
8 2.59 .02 .0122

16.42% Ethyl Sorbate
0.5 0.24 0.39
1 0.58 .44 0.0110
2 1.21 .78 .0120
3 1.68 .26 .0165
4 1.98 .23 .0140
6 2.97 .33 .0340
8 4.77 .12 .0321

Time, hr.
Fig. 3.—Effects of benzoyl peroxide (curve 1) and 2,5- 

di-t-butylhydroquinone (curve 2) on the autoxidation of 
ethyl sorbate at 60°.

bate. Curve (2) shows the effect of the same 
amount of a free radical inhibitor, 2,5-di-i-butylhy- 
droquinone. Runs were made at higher concentra
tions of these substances, but the effects were only 
slightly greater than those shown in Fig. 3. The 
catalytic action of benzoyl peroxide and the in
hibiting effect of the hydroquinone suggest that the 
autoxidation of ethyl sorbate involves a free radical 
mechanism. At the end of the inhibition periods, 
the rates of reaction were very fast; a slight; de
crease in capacitance was observed near the end of 
these runs.

The autoxidation of ethyl sorbate in benzene was 
studied at 45 and 60°. In these experiments the 
oxygen was saturated with benzene at the tempera
ture of the reaction, before it entered the oxidation

T a b l e  V
A u t o x i d a t i o n  o f  E t h y l  S o r b a t e  i n  B e n z e n e  ( 6 0 ° )

T im e , h r .
C a p a c ita n ce  

ch a n g e s , ftftî.
P e r o x id e
c o n c n .,

m e q . / c c .
A c id  c o n c n . 

m e q . / c c .

8.22% Ethyl Sorbate
0.5 0.08 0.50
1 0.16 1.17 0.0067
2 0.36 1.06 .0077
3 0.86 0.60 .0079
4 1.72 .45 .0085
6 2.25 .12 .0102
8 3.45 .02 .0118

15.79% Ethyl Sorbate
0 . 5 0.42 0.77
1 0.81 .29 0.0117
2 2.04 .16 .0124
3 2.99 .11 .0155
4 4.04 .15 .0196
6 5.93 .31 .0241
8 6.82 .16 .0342
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Time, hr.
Fig. 4.—-Autoxidation of ethyl sorbate (10%) in glacial 
acetic acid: curve (1), 45°; (2), 00°; (3), 75°; (4), 90°.

pell. This technique reduced the loss of benzene 
from the oxidation mixture. The changes in capaci
tance, peroxide concentrations and acid concen
trations are given in Tables IV and V. Maximum 
peroxide concentrations occurred during the first 
few hours of the autoxidations. Appreciable 
amounts of acids were formed in the initial stages 
of the reaction, and there were steady increases in 
the acid concentrations as the reaction proceeded. 
The high peroxide values at 60° are difficult to un
derstand.

Ten per cent, solutions of ethyl sorbate and sor
bic acid in glacial acetic acid were oxidized from 45 
to 90°. The peroxide concentrations are shown in 
Figs. 4 and 5. Maximum peroxide values were ob
served during the first hour at the autoxidations of 
the ethyl sorbate solutions. The maximum at 45° 
is greater than the one at 90°, both of which are 
larger than those at 60 and 75°. These residts are 
similar to those obtained for pure ethyl sorbate 
(Fig. 2). Secondary maxima were also observed at 
45 and 90°.

The autoxidation of sorbic acid was 
only studied in glacial acetic acid as 
this compound is a solid at all the 
temperatures studied, and its solubility 
in benzene was found to be much lower 
than that reported by earlier workers.
Solutions of sorbic acid in glacial acetic 
acid are light yellow, but during the 
autoxidation they turn red; at 90° the 
most pronounced color change occurred 
after two hours and at 75° after 3.5 
hours. There were maxima in the per
oxide curves during the first hour of 
the oxidations (Fig. 5). The solutions 
at 75 and 90° had low peroxide concen
trations (0.06-0.08 meq. per cc.) at 2.5 
hours. These values are much lower 
than the smooth curves (3 and 4 of 
Fig. 5) obtained from all the other val
ues at these temperatures. The in
clusion of these values would require 
sharp minima in curves (3) and (4) of 
Fig. 5 at 2.5 hours, which seems un
reasonable upon consideration of all 
the other values. It may be, how
ever, that these low values are related to the ob
served color changes.

All attempts to isolate urea complexes of the 
autoxidation products of ethyl sorbate and sorbic 
acid were unsuccessful. When ethyl sorbate was 
added to methyl alcohol saturated with urea, a 
white precipitate (unreacted urea) was obtained,

Fig. 5 
acid:

4
Time, hr.

Autoxidation of sorbic acid (10%) in glacial acetic 
curve (1), 45°; (2), 60°; (3), 75°; (4), 90°.

probably due to a decrease in the solubility of urea 
in the presence of ethyl sorbate.

Samples of ethyl sorbate were oxidized for one 
hour at 45° (a maximum peroxide value was ob
tained under these conditions) and then the reaction 
mixture was reduced by the method used for perox
ide determinations. The reduced forms of any per
oxide or hydroperoxide present should conceivably 
be alcohols. Analyses of the reduced materials in
dicated the probable presence of an unsaturated 
diol.

Discussion
There are three possible mechanisms by which the 

initial oxygen attack can take place, which can be 
identified as 1,2-, 1,4-, and 3,4-addition. The prob
able sequences of reactions initiated by each one are 
outlined below

— CH3CH=CHCH=CHCOOC2H5------- 1
Oi (1,2) j, 0 2 (1,4)

—CH=CHCHCH—
' I oo-

CH=CHOHCH—

-CHCH=CHCH—

+
—CHCH=

OO-

^CHCH—

\ 0 2 (3,4) 

-CHCHCH=CII—
' I 

OO-
+

-CHCHCH=CH—-

l 0 0 - o a l 0 0 - iT
Polymers

'

T
Polymers

t >

T
Polymers

f y
-OH=CHCHCH—•

u
1

CH3CH=CHCHO
+

OCHCOOC2H5

—CHCH=CHCH-
I I

O--------------o
(Stable peroxide)

—CHCHGH=CH-

u
I

CH3CHO
+

OCHCH=CHCOOC2H5

0 2 or decomposing 
peroxides

0 2 or decomposing 
peroxides

Acids Acids

The primary product obtained in the cold trap 
was acetaldehyde, and appreciable quantities were 
only obtained at the higher temperatures used. No 
aldehydes or ketones could be detected in the liquid 
phase at the lower temperatures studied. Since the 
final oxidation products of 1,2- and 3,4-additions 
are aldehydes (or acids), it seems reasonable to
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con clu de  th at th e  in itial a ttack  b y  th e  oxygen  is 
prim arily  1 ,4-addition . T h e  con cen tration s o f  ac
ids present can  be  assum ed to  be  a m easure o f the 
am ounts o f 1 ,2- and 3 ,4 -addition s th at tak e  p lace. 
A t  45 ° the acid  con cen tration s are v ery  sm all co m 
pared to  the peroxide  values, w h ich  is fu rth er ev i
dence th at the in itia l reaction  m u st b e  prim arily
1 ,4-addition . T h e  exten t o f 3 ,4 -add ition  appears 
to  increase w ith  increasing tem peratures as ev i
den ced  b y  th e  am ou n ts o f  aceta ldehyde obta ined  at 
h igher tem peratures. T here is n o  experim ental 
evidence to  sh ow  th at 1 ,2 -addition  takes place. 
T hese results are sim ilar to  those obta in ed  b y  
F arm er12 and H einan en .1

T h e  six-m em bered  cy c lic  peroxide is u n d ou bted ly  
m u ch  m ore  stable against d ecom position  than  
either of the possible fou r-m em bered  cy c lic  p erox 
ides. T h is  ty p e  o f beh av ior has been  observed  in 
m an y  organic com pou n ds.

T h e  in itia l first-order p ortion  o f th e  au toxida - 
tion  o f e th y l sorbate decreases w ith  increasing 
tem perature and  actu a lly  d isappears at 7 5 °. T his 
beh av ior m a y  result from  th e  decreased 1,4-addi
tion  that takes p lace at h igher tem peratures. T his 
w ou ld  in fer th at th e  in itiation  step  o f 1 ,4-addition  
is first order and  th at o f  3 ,4 -add ition  is zero order. 
O f course, th e  disappearance o f th e  first order in iti

ation  step  m ay  on ly  be a  tem perature effect. T h e 
peroxide  values a t 45 an d  9 0 ° are m u ch  larger than 
th ose  at 60 and 7 5 °, w h ich  indicates th at th e  perox 
ide con cen tration s g o  th rou gh  a m in im u m  betw een  
4 5 -9 0 ° . T h is  stron gly  suggests th a t  d ifferent 
m echanism s are operative a t 45 and  90°.

T h e  presence o f  such  large num bers o f  unsatu
rated com pou n ds in the reaction  m ixture p rob a b ly  
leads to  num erous side reactions, such as the form a
tion  o f low  m olecu lar w eigh t polym ers, through  
D ie ls -A ld e r  ty p e  reaction s.15 F arm er has in d icated  
th at th e  polym ers, w h ich  are form ed  from  th e  per
ox ide radicals, can  undergo decom p osition  to  a lde
h y d e s .12

O ne o f  the outstanding results o f  th is stu d y  is the 
close correspondence betw een  th e  d ielectric curves 
and  the oxygen  absorption  curves. T h is is espe
cia lly  significant in  v iew  o f th e  com p lex ity  o f  the 
reaction  m ixture. T h e d ielectric m eth od  should 
p rov e  exceed in g ly  va luable in studies o f  the au toxi- 
dations o f  com pou n ds, w h ich  form  stable  peroxides 
and d o  n ot lead to  so  m an y  side reactions.
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their appreciation  to  the R esearch  C ou n cil o f 
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THE CRITICAL MICELLE CONCENTRATION OF SOAP MIXTURES (TWO-
COMPONENT MIXTURE)

B y  K o z o  Sh in o d a

Department of Physical Chemistry, Faculty of Engineering, Yokohama National University, M inamiku Yokohama, Japan
R e c e i v e d  J a n u a r y  2 5 ,  1 9 5 4

The critical micelle concentration of soap mixtures has been determined for the combination of seven potassium soaps: 
hexanoate, heptanoate, octanoate, decanoate, undecanoate, dodecanoate and tetradecanoate. A theoretical equation
,-ri + + /nr Cl +K________________ -_____________________l- C1+K ^  x  ̂ exP rnpoj/kTLm, u  X) c mix and/or o mi +  (1 _  x ' ) exp - mi)w/kT ^  x' +  ( l - x ' ) e x p  (m2-m,)u/kT~
Cmì%K f°r the critical micelle concentration (c.m.c.) of soap mixture was derived. Experimental results were in good agree
ment with theory. The curves for the c.m.c. of soap mixtures versus mole fraction were quite similar, when the difference in 
the number of carbon atoms between two soaps was equal. Some difference between the calculated values and the experi
mental results was observed, when there existed a large difference in the number of carbon atoms between two soaps. This 
discrepancy was attributed to the incompleteness of the penetration of longer soap molecules into the palisade layer of shorter 
soap micelie.

Introduction
T h e  c m .c . o f  several soap m ixtures were in vesti

gated  b y  K le v e n s T 2 H ow ever, the th eoretica l ex
planation  o f the c .m .c . o f  aqu eous soap m ixture has 
n ot y et been  done.

T h e  present in vestigation  was undertaken  to  ob 
tain m ore extensive data  on the c .m .c . o f  tw o  com 
pon ent soap m ixtures, and  on  the other hand to  d e
rive an equ ation  for  the c .m .c . o f soap m ixture from  
the equ ation  fo r  the c .m .c . o f pure soap  presented in 
the p rev iou s p a p er .3 In  com paring  the experi
m ental results w ith  the ca lcu lated  values, the m ech 
anism  fo r  the form ation  o f m icelle has com e m ore 
clearly  and the th eory  w as con firm ed m ore  ex
tensively .

(1 )  H . B . K lc v e n s ,  J .  C h e m . P h y s . ,  14, 7 4 2  (1 9 4 6 ).
(2 )  IT. B . K lc v e n s ,  T h i s  J o u r n a l , 52, 1 3 0  (1 9 4 8 ) .
(3 )  K . S h in o d a , B u l l .  C h e m . S o c .  J a p a n , 26, 101 (1 9 5 3 ).

Experimental Details
Hexanoic and heptanoic acids were saponified and then the 

unsaponified portion was extracted with ethyl ether. After 
the addition of sulfuric acid, separated fatty acids were 
purified by fractional distillation through a 3-ft. column, 
whose boiling points were given as 109.5° (20 mm.) and 
121° (16 mm.). Octanoic acid was purified also by frac
tional distillation through a 3-ft. column, whose boiling 
point was 120.5° (9 mm.). Decanoic acid (m.p. 31,5°), 
undecanoic acid (m.p. 26°), dodecanoic acid (m.p. 44.1°) 
and tetradecanoic acid (m.p. 54.1°) used were “ purest”  
grade materials.

The soap solutions were prepared by neutralizing a known 
quantity of carbonate-free potassium hydroxide solution 
with the proper quantity of fatty acids. The c.m.c. of soap 
mixtures was determined by the change in color of pinacy- 
anole chloride.4 5»6 Measured volumes of soap solutions of

(4 ) M .  L. C o r r in  a n d  W . D . H a rk in s , J .  A m .  C h e m . S o c . ,  69, 679
(1 9 4 7 ).

(5 )  M .  L . C o r r in , IT. B . K le v e n s  a n d  W . D . H a rk in s , J .  C h e m . P h y s . ,

14, 4 8 0  (1 9 4 6 ).
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known normalities were mixed in varying ratios. These 
soap solutions were diluted to the proper concentration with 
proper quantity of dye solution and distilled water. Each 
mixture was brought by dilution at constant concentration 
of dye (same concentration, 5 X 10 ~6 mole/liter, as in soap 
solution) to the critical concentration. Then various 
amounts of dye solution near this end-point were added to a 
series of vessels which contained a definite quantity of aque
ous soap mixture. In the course of time, the end-point 
shifts gradually to the higher concentration, and in about 2 
hours the color change stops. The final end-point, which 
is always a somewhat more concentrated point than that of 
the preliminary test, was determined after 2-4 hours from 
the boundary concentration between the blue solution and 
the reddish-violet solution. Critical micelle concentration 
was calculated from the titration end-point and was sub
jected to titration error and to ambiguity of color change. 
The temperature in all instances was kept at 25°.

Results
T h e  c .m .c . o f  soap m ixtures (sum  o f the con cen tra 

tion  o f the tw o  soaps) has been  determ ined  fo r  the 
com bin ation  o f variou s potassium  soaps: h exan o- 
ate, heptan oate, octan oate, decan oate, u n d ecan o- 
ate, d odecan oate  and  tetradecan oate. T h e  results 
are p lo tted  in  Figs. 1, 2, 3 and 4.

Fig. 1.—Plot illustrates the c.m.c. of soap mixtures at 25°: 
O, potassium hexanoate +  potassium heptanoate; •, 
potassium hexar.oate -f- potassium octanoate; □, potassium 
hexanoate +  potassium decanoate; ■, potassium hexanoate 
+  potassium undecanoate; o , potassium hexanoate +  
potassium tetradecanoate.

In  every  case it is ev iden t that there are n o  c .m .c . 
values w h ich  d o  n o t fall w ith in  the range o f the 
pure soaps. I t  can  also be  seen from  the curves in 
F igs. 1 -4  that the greater change in  c.m .c . o f  soap 
m ixtures is observed  w hen there is a larger d ifference 
in  the n um ber o f carbon  atom s betw een  com pon en t 
soaps. T h e  curves o f  the c .m .c . o f  soap m ixtures 
versus m ole  fraction  are qu ite  sim ilar w hen the d if
ference in the n um ber o f carbon  atom s betw een  
com p on en t soaps is the sam e. T h ou g h  m ixed  m i
celle o f  h om ologou s soap m ixture is th ou gh t to  be  
a lm ost in a state o f  ideal m ixing, the cu rves p rov i
sion a lly  seem  to  sh ow  a great departure from  an 
ideal m ixing. H ow ever, th e  correspon dence b e 
tw een  the th eoretica l values, in w hich  ideal m ixing

Mole fraction of Rb-COOK.
Fig. 2.—Plot illustrates the c.m.c. of soap mixtures at 25° : 

O, potassium heptanoate +  potassium octanoate; •, 
potassium heptanoate +  potassium decanoate; □, potas
sium heptanoate +  potassium undecanoate; ■, potassium 
heptanoate +  potassium dodecanoate; o , potassium 
heptanoate +  potassium tetradecanoate.

Fig. 3.—Plot illustrates the c.m.c. of soap mixtures at 25°: 
O, potassium octanoate +  potassium decanoate; •, potas
sium octanoate +  potassium undecanoate: □, potassium
octanoate +  potassium dodecanoate; ■, potassium octa
noate +  potassium tetradecanoate.

has been  assum ed, and the experim ental results 
are, as was show n in Figs. 1 -4 , exceed in g ly  well. 
Som e difference betw een  the th eoretica l va lu es and 
the experim ental results w as observed  w h en  there 
exists a large difference in the n um ber o f carbon  
atom s betw een  tw o soaps. T h is  d iscrep an cy  was 
explained as being due to  the in com pleten ess o f the 
penetration  o f longer soap m olecules in to  the pali
sade layer o f shorter soap m icelle.
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Theory and Discussions
T h e  c .m .c . o f soap m ixture has been  discussed on ly  

qu a lita tive ly  ov er  certain  m ole  fraction  ra n ges,1’2 
b u t the th eoretica l exp lanation  has n ot been  don e 
yet. In  the present paper, all ph enom ena on  the 
c .m .c . c f  tw o -com p on en t soap m ixtures has been  ex
plained in clu sive ly  b y  the th eory  presented  here 
over all m ole fraction  ranges.

R e la tion  fo r  the c .m .c . o f  lon g-ch a in  salts was o b 
served6'7 and d er iv e d 3'8 as a fu n ction  o f the num ber 
o f carbon  atom s in soap chain, m, and o f th e  co n 
centration  o f cou nter ions in  gram  equ iva len ts per 
liter, C t

log C m = -  g  -  K  log C„ +  Const. ( l )

w here C m is the c .m .c . o f  lon g-ch ain  salt (m -carbon  
chain ) in  m oles per liter ; K  is the con stan t in each 
h om ologou s series o f  lon g-ch ain  salts2'9; co is the 
surface energy change per m ethy lene  radical pass
ing from  the aqueous en viron m en t in to  the interior 
o f the m icelle . T h e  va lu e  o f K  for  fa tty  acid  soaps 
was g iven  as 0 .56 ,6-7 an d  the en ergy  change per 
m ethylene radical, « ,  was g iven  as 1.08/cT1.3'10' 11

I f  n o  salt is added , C s is equal to  C m, and we o b 
tain

(1 +  K )  log C m -  -  H  +  Const. (2)

C onsider a m ixed  m icelle  o f  tw o  soaps. I f  we 
den ote  the n um ber o f carbon  atom s in respective 
soaps m i and  m 2, and the m ole  fraction s o f  the soaps 
w ith  x  and  (1 — cc), respectively , the con cen tration  
o f these soaps in  th e  bu lk  o f the solu tion  in equ ilib 
rium  w ith  the m ixed  m icelle  are g iven  from  (1), 
assum ing an ideal m ixing o f the h om ologou s soaps 
in the m icelle  (w here the term  ideal m ixing im 
presses the atherm al m ixing o f tw o k inds o f m ole
cules su fficiently  sim ilar in size and sh a p e).

log C mllX ,cmix = -  ?-jr  ̂ -  K  log Cmix +log X +  Const.

(3 )
and

log ^  ~  K  log +
log (1 — x) +  Const. (4) 

F rom  (2) and  (3 ), w e obta in
log CmI,x.Cmil = (1 +  K  ) log C m  -  K  log (7mix +  log x

(5 )

Sim ilarly from  (2) and (4 ), w e obtain

log Cm2.1— z.cmix “ ( I T  ) log Cm2 A  log Cmix “H
log (1 -  x )  (6)

E vid en tly  the c .m .c . o f soap  m ixture is g iven  b y  the 
su m m ation  o f th e  con cen tra tion  o f respective soaps

Cmi.x.cmix -f~ Cma.l —x.cmix = Cmix (I )

In trod u cin g  (5) an d  (6) in to  (7 ), w e obta in

___________ C £ K x +  C ^ M l -  x )  = C it/  (8)

(6 ) M .  L. C o r r in  a n d  W . D . H a rk in s , J. Am. Chem. Soc., 69, 683  
(1 9 4 7 ) .

(7 )  S . H .  H e rz fe ld , T h i s  J o u r n a l , 56, 9 5 9  (1 9 5 2 ).
(8 ) M .  E. H o b b s ,  ibid., 65, 6 7 5  (1 9 5 1 ).
(9 ) H . B . E le v e n s ,  J. Am. Oil Chemist's Soc., 30, 74  (1 9 5 3 ).
(1 0 ) J . T .  D a v is ,  Trans. Faraday Soc., 4 8 , 1 05 2  (1 9 5 2 ).
(1 1 )  K .  S b in o d a , T h i s  J o u r n a l , in  press.

Fig. 4.—Plot illustrates the c.m.c. of soap mixtures at 25°: 
O, potassium decanoate +  potassium undecanoate; •, 
potassium decanoate +  potassium dodecanoate; □, potas
sium decanoate +  potassium tetradecanoate.

This equation expresses the c.m.c. of two-component 
soap mixture. From this equation 8, it is evident 
that there are no c.m.c. values which do not fall 
within the range of the pure soaps.

From (3) and (4), the ratio of the concentration 
of soaps in a state of molecular dispersion is

— exp(wi2 — n i i ) c o / k T  (9) 
Cm2,l-x,cmix 1 -  x

If we assume the mole fractions of composite 
soaps in molecular dispersion are x ’  and (1 — x ' ) ,  
we obtain

exp(m2 — mi)a/kT (10)

Introducing the relation (10) into (8), we derive
+ K  _______________ ^__________________  i

mi x' - f  (1 — x')exp(ni2 — mi)co/JcT
r i+K (1 ~  z)exp(m2 -  mi)u/kT 1 + K

m2 x' +  (1 — x')exp (to2 — mi)a/kT mlJt ^

This equation 11 expresses the c.m.c. of two-compo
nent soap mixture in the mole fractions of soaps in 
a state of molecular dispersion. As the majority of 
soap molecules are in a state of molecular dispersion 
and there are fevr micelles at the c.m.c., equation 11 
also expresses the c.m.c. of soap mixture in the mole 
fraction of mixed soaps (sum of the concentration 
of soap in micellar state and in molecularly dis
persed state).

Introducing K  =  0.56, u =  1.08/cT and the val
ues of the c.m.c. of component soaps, the c.m.c. of 
two-component soap mixtures was calculated. Com
parison between the observed values and the calcu
lated lines were plotted in Figs. 1-4. Experimental 
results are in good agreement with the calculated 
values.

The author wishes to express his sincere thanks
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The variation of the theoretical linear coefficients, /S — ( e — fpl/epF, of spherical_ non-metallic particles in dilute sus
pensions is considered. The linear coefficients and shape factors, /, for dilute suspensions of randomly oriented spheroidal 
particles are discussed and the linear coefficients are tabulated as a function of particle shape and dielectric constant. The 
treatment by Polder and Van Santen of the dielectric constants of heterogeneous mixtures containing randomly distributed 
ellipsoidal particles or holes is expanded to include the case of dilute suspensions of ellipsoidal particles oriented with respect 
to the electric field. The variations of linear coefficients with particle shape and dielectric constant are tabulated for the 
case of complete orientation with respect to the electric field.

R e ce n tly  considerable interest has been  show n in 
the d ie lectric  properties o f  suspensions and  m ix
tures o f  so lid s .1-6 V o e t in p articu lar1 2 3’4 5 has in 
vestigated  experim en ta lly  the d ie lectric  constants 
o f a n um ber o f  system s consisting o f  solid  particles 
d ispersed in liquids.

T h e  relationships betw een  the d ie lectric  constants 
o f  the suspensions and the shapes o f  the dispersed 
particles are o f  considerable in terest an d  im p or
tance. A lth ou gh  th eoretica l form ulas h a v e  been 
d erived  relating the d ielectric con stan ts o f  suspen
sions to  the properties o f  their com p on en ts  fo r  
sp h erica l1'6 and ellipsoidal partic les ,2 n o  th eoretica l 
form ulas exist w h ich  are sa tisfa ctory  fo r  arb itrary 
shapes o f  particles.

V o e t3 has em p loyed  the sem i-em pirica l equ ation  
e =  ed(1 +  3f V )  for  con d u ctin g  particles (ep —►“ ), 
w here o> is the d ielectric  con stan t o f  the particles; 
V  is the vo lu m e fraction  o f  the particles, an d  /  is 
the shape fa ctor. T h e  shape factors w ere derived  
from  experim ental data  using th e  em pirica l equa
tion  e =  «d (1 +  bV )  fo r  vo lu m e  fraction s arou nd  10

Fig. 1.—Linear coefficients as a function of ev at various <n 
for spheres.

(1 )  C . J . B ö t t c h e r ,  Rec. trav. chim., 6 4 ,  4 7  (1 9 4 5 ).
(2 ) D . P o ld e r  a n d  J . H . V a n  S a n te n , Physica, 1 2 , 2 5 7  (1 9 4 6 ) .
(3 )  A . V o e t ,  T h is  J o u r n a l , 5 1 , 1 0 3 7  (1 9 4 7 ) .
(1 )  A . V o e t  a n d  L . R .  S u ria n i, J. Colloid Sei., 7 ,  1 (1 9 5 2 ) .
(5 ) A , B o n d i  a n d  3 .  J . P e n th e r , T h is  J o u r n a l , 5 7 , 7 2  (1 9 5 3 ) .
(0 ) D . A . G .  B r u g g e m a n , Ann. Physik, 2 4 ,  G36 (1 9 3 5 ) .

and below . F or  m etallic particles b equals 3 /. 
T h e  shape factors, although  related to  th e  actual 
shapes o f  the particles, were n ot em p loyed  b y  V oet 
to  find the actual shapes o f  the particles b u t m erely  
to  represent a num erical dev ia tion  from  spherical 
shape ( /  =  1 for  sph eres).

In  the present in vestigation  the m athem atica l 
relationships con n ectin g  the d ielectric  constants o f  
dilute suspensions w ith  the d ielectric  con stan ts and 
vo lu m e fraction s o f  the com pon en ts and  w ith  the 
shapes o f  the suspended particles w ill be  con sidered  
in deta il fo r  particles d istributed  at ran dom  and 
oriented  w ith  respect to  the electric  field. T h e  
linear coefficients, /3, o f  the equations relating the 
d ielectric  con stan t o f  the suspension to  the vo lu m e 
fraction  o f suspended particles, V , will be  show n  to  
be calcu lable from  the ratio o f  ep/e n  an d  from  the 
assum ed axial ratios o f  the particles. Such ca lcu 
lated values m a y  then be com pared  w ith  the corre
spon d in g  experim entally  derived  values and  the 
shapes (axial ratios) o f the particles m ay  be deter
m ined.

W h en  the spherical particles are non -m etallic , 
the linear coefficient is n ot equal to  three as it  is for  
spherical m etallic particles. F rom  the th eoretica l 
equations, /3, the linear coefficient for  spheres, equals 
3 (ip — e D ) /(q  +  2 «d ) a t low  con cen tration s o f  par
ticles in suspensions. T h e  value o f the coefficient 
o f  the linear term  for  spheres actu a lly  depends on ly  
on the ratio o f  eP to  en and this ratio m ust be know n 
also before  /  can be ca lcu lated  for  non-spherical 
particles o f  the sam e m aterial. T h e  theoretical 
curves fo r  at variou s values o f  en and ep are show n 
in F ig . 1. I t  m a y  be seen that even  fo r  a particle  
w ith  a  d ielectric constant o f  around 50 in  a  m ed ium  
such as m ineral oil (en ~  2 ), /3 =  2.7 n ot 3 .

A  linear relationship  betw een  the d ielectric  con 
stant o f  a  suspension  and  the vo lu m e  con cen tra tion  
m a y  b e  expected  to  be  va lid  at vo lu m e con cen tra 
tions o f  a  few  vo lu m e  %  and below . T h e  th eoreti
cal equ ation s1'2'6 a lso m a y  o n ly  be  ju stified  rigor
ou sly  to  the linear term  in vo lu m e con cen tra tion .2

T h e  v a lid ity  o f  the theoretica l equ ation s a t  low  
con cen tration s is sufficient to  m ake possible com -
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T able I
Values of Linear Coefficients B for M etallic and N on-metallic Spheroids 

in M edia A ssuming R andom D istribution
--------------Linear coefficlients-----------------

V A i A t * p / <» 25 10 5 4 2.5 2 0 .5 0.4 0.25 0.2 0.1
0.1 0.861 0.070 9.97 6.36 4.03 2.39 1.93 1.12 0 .802 - 0 .638 -0.831 -1 .23 -1 .42 -1 .97

.2 .751 .125 5.79 4.43 3.21 2.11 1.76 1.08 .783 - .622 -  .796 -1 .12 -1 .26 -1 .60

.3 .661 .169 4.44 3.36 2.81 1.96 1.66 1.05 .771 .613 -  .777 -1 .07 -1 .18 -1 .45

.4 .588 .206 3.81 3.22 2.58 1.86 1.60 1.03 .763 - .608 -  .765 -1 .04 -1 .14 -1 .37

.5 .527 .236 3.45 2.98 2.44 1.80 1.56 1.02 .757 - .604 -  .759 -1 .02 -1 .12 -1 .33

.6 .476 .262 3.25 2.84 2.35 1.76 1.53 1.01 .754 .602 -  .755 -1.01 -1.105 -1.31

.7 .433 .284 3.12 2.75 2.30 1.74 1.515 1.005 .752 .601 -  .752 -1.005 -1 .10 -1 .30

.8 .396 .302 3.05 2.70 2.27 1.72 1.505 1.00 .751 .600 -  .751 -1 .00 -1.095 -1 .29

.9 .362 .319 3.01 2.675 2.255 1.715 1.50 1.00 .750 .600 -  .750 -1 .00 -1 .09 -1.285
1.0 .333 .333 3.00 2.665 2.25 1.715 1.500 1.000 .750 .600 -  .750 -1 .00 -1 .09 -1.285
1.2 .286 .357 3.03 2.69 2.26 1.72 1.505 1.00 .751 .600 -  .751 -1 .00 -1 .09 -1 .29
1.4 .248 .376 3.12 2.75 2.30 1.735 1.51 1.005 .752 .601 -  .751 -  1.005 -1.095 -1.295
1.6 .219 .391 3.23 2.82 2.34 1.75 1.52 1.01 .753 - .601 -  .753 -  1.005 -1 .10 -1 .30
1.8 .194 .403 3.37 2.91 2.39 1.77 1.54 1.01 .754 .602 -  .754 -  1.01 -1 .10 -1.305
2.0 .174 .413 3.53 3.01 2.44 1.79 1.55 1.015 .756 - .603 -  .755 -1.01 -1.105 -1 .31
2.5 .135 .432 4.01 3.29 2.58 1.84 1.58 1.02 .759 .604 -  .758 -1.015 -1.115 -  1.325
3.0 . 109 .446 4.56 3.59 2.71 1.89 1.61 1.03 .762 - ,605 — .760 -1.025 -1 .12 -1.335
3.5 .090 .455 5.18 3.88 2.84 1.93 1.63 1.035 ,764 -  ..606 -  .762 -1.025 -1.125 -1 .34
4.0 .075 .462 5.86 4.17 2.95 1.96 1.65 1.04 .766 -  .607 -  .763 -1 .03 -1 .13 -1 .35
5.0 .056 .472 7.38 4.72 3.14 2.01 1.68 1.045 769 -  .608 -  .765 -1.035 -1.135 -1 .36

10.0 .020 .490 17.79 6.63 3.65 2.13 1.75 1.06 774 -  .610 -  .769 -1.045 -1 .15 -1 .38

parisons betw een the v alues o f the th eoretica lly where there are AT particles con tribu tin g to  the
calcu lated  coefficients o f  th e  linear term , ¡3, and the 
experim entally  determ ined  linear coefficients. S ince 
the th eoretica l va lu e, /?, is ca lcu lated  on  the assum p
tion  o f  a particle  shape, in form ation  as to  the ex
perim ental linear coefficient fo r  th e  suspension 
allow s con clu sion s to  be  m ade as to  at least th e  reg
ular shape (ellipsoidal) corresponding  to  the actu a l 
shapes o f  the particles in  suspension.

R a th er  than  a p p ly /a s  has been  d on e b y  V o e t ,3’4 
it will be seen w hether it  is possib le  to  derive  parti
cle shapes from  d ie lectric  con stan t m easurem ents 
b y  considering th e  equ ation s th at m a y  be derived  
for  ellipsoidal p articles or cavities.

P older and  V an  S anten2 h ave  d erived  the equa
tion

volu m e fraction  V .
F or particles dispersed h om ogen eou sly  in a liquid 

m ed ium  or for  holes scattered  th rou gh ou t a solid , 
equ ation  2 shou ld  be satis fa ctory  at low  con cen 
trations o f  particles in  the absen ce  o f  external ori
enting  forces.

F or  m etallic e llipsoidal particles equ ation  2 re
duces to  th e  expression

i 3
> -  - I

1
i Aij

(4)

e =  e<s - 1 l  f ,( .j -  ««) è +  (« c)Ai

(D
w here the A  j are depolarization  factors an d  there 
are j  k inds o f  particles or holes in  the m edium  e. 
I f  on ly  tw o  su bstan ces are present then  let ee =  «d 
and ej =  €p. A t  su fficien tly  low  con cen tration s all 
term s in  a series expansion  o f  equ ation  1 b ey on d  
the linear term  b ecom e neglig ib le  and equ ation  1 
m ay  be w ritten  as fo llow s (rem em bering  th at e -*■ 
«d ) .

I f  the d iscussion  is n ow  lim ited  to  the cases o f  
prolate and ob la te  spheroids w ith  axes a < b =  c, 
the A j ’s, the depolarization  factors, redu ce  to  in te 
grals o f  th e  fo rm 7’8

_  ab2 F ”  _______ ds_______
2 Jo (s +  o2)’/!(s -f  b2)

F or prolate spheroids w ith  axes a, b, c w ith  p  =  
a /b  and  a >  b =  c 

-1

Ai (5)

Ai = + P
p *  —  1 (p2 — 1 )*/i

and fo r  ob late  spheroids w ith  a < b  — c

A = _ i _____ r ______V____1
i — p2 L(i -  p2)’/’J

i,

ln [p +  (p2 -  D'A] (6)

1 +  g F (cp -  cD) E 'j CD +  (cp — «d)A i
(2)

In  b o th  cases A 2 =  A- “  ÿ 1 "

(7)

T h e  linear

I t  shou ld  be  em phasized  that equ ation s 1 and 2 
h old  on ly  fo r  th e  situation  w here all orientations o f 
the ellipsoidal particles w ith  respect to  the e lectric 
field are equ a lly  p robab le . F or  the general case 
w here th e  in d iv id u a l ellipsoids are oriented  a t an
gles 6 and  <p to  E ,  the electric  field, the fo llow in g  
equ ation  results

coefficients, /3, ca lcu lated  from  equ ation  2 are ta b u 
lated for  m etallic and  n on -m eta llic  spheroids in 
T a b le  I  fo r  a range o f  values o f  A ,  ep and cd- T h e  
shape fa ctors  relative to  spheres m a y  be  ca lcu lated  
s im p ly  b y  d iv id in g  the /3 for  a sph eroid  b y  the /3 for  
the sphere at A i  =  0.333 and w ith  the sam e values 
o f  ep/  6d - T h e  shape factors fo r  m etallic spheroids 
relative to  spheres are g iven  b y

€ = €D 1 1 vf. -I XT' cos2 gt
3 €p £D I ~ l CD +  (cD — Cd)A

________ 92 ifk sin2 9k sin2 <pk
CD +  (cp — cd)A:

+
l E v i E r i iJ 9 A ,A i  9LAi 1 -  Aid (8)

sin2 8k  cos2 v k  sin2 0k  sin2 <pk

' '  ' A CD +  (cp — Cd)AjJ (3)
(7) Th. G. Scholte, P h y s i c a , IB, 437 (1949).
(8) J. A. Stratton, “Electromagnetic Theory,” McGraw-Hill Co., 

I n c .,  N e w  Y o r k ,  N . Y . ,  194 1 , p .  21 4 .
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Table II
Values of Linear Coefficients ¡5 for Metallic and Non-metallic Spheroids 

in Various Media Assuming Complete Orientation
Linear coefficients-

p A i eP /  €D= co 25 10 5 4 2 .5 2 0 . 5 0. 4 0 .2 5 0 . 2 0 . 1 0 .0 4 O.i30
0. 1 0 .8 6 1 1. 17 1. 11 1 .03 0. 90 0..84 0 .65 0 .5 4 - 0 .88 - 1 .2 4 - 2 .12 - 2 .57 - 4 .01 - 5 . 5 3 - 7 .1 8

2 .751 1. 33 1. 26 1 .16 1. 00 0..92 .71 .57 - .80 - 1 .09 - 1 .72 - 2 .00 - 2 .77 - 3 . 4 4 - 4 .01
3 .661 1..51 1. 42 1 .29 1..10 1..00 .75 .6 0 - .75 - 1 .00 - 1 .49 - 1 .7 0 - 2 .22 - 2 . 6 3 - 2 .95
4 .588 1..70 1. 59 1 .43 1,.19 1..08 .80 .63 - .71 - 0 .93 - 1 .34 - 1 .51 - 1 .91 - 2 . 2 1 - 2 . .43
5 .527 1..90 1.,76 1 .57 1.,29 1..16 .84 .65 - .6 8 - .88 - 1 .24 - 1 .38 - 1 .71 - 1 . 9 4 - 2 . .12
6 .476 2 .10 1, 93 1 .70 1.,38 1 ,23 .88 .6 8 - .66 - .8 4 - 1 .17 - 1 .29 - 1 .58 - 1 . 7 7 - 1 .91
7 .433 2 ,31 2..11 1 .84 1..46 1 .31 .91 .70 - .64 - .81 - 1 .11 - 1 .22 - 1 .47 - 1 . 6 4 - 1 .76

.8 .396 2,.56 2..38 1 .97 1 .55 1 .37 .94 .71 - .62 — .79 - 1 .07 - 1 .17 - 1 .40 - 1 . 5 5 - 1 .66
9 .362 2 .76 2,.48 2 .11 1 .63 1 .44 .97 .73 - .61 - .77 - 1 .03 - 1 .12 - 1 .34 - 1 . 4 7 - 1 .57

1. 0 .333 3 .00 2..67 2.25 1 .71 1 .50 1 .00 .75 - .6 0 - .75 - 1 .00 - 1 .09 - 1 .28 - 1 . 4 1 - 1 .50
1. 2 .286 3 .49 3..05 2 .51 1 .86 1 .61 1 .05 .77 - .58 - .72 - 0 .95 - 1 .04 - 1 .21 - 1 . 3 2 - 1 .40
1.,4 .248 4 .03 3..45 2.7 8 2.00 1 .72 1 .09 .80 — .57 — .71 _ .92 - 1 .00 - 1 .16 - 1 . 2 6 - 1 .33
1. 6 .219 4..57 3,.84 3 .03 2..13 1 .81 1 .13 .82 - .56 - .69 — .90 - 0 .97 - 1 .12 - 1 . 2 2 - 1 . .28
1. 8 .194 5..15 4.,24 3 .28 2..25 1 ,90 1 .16 .84 - .55 — .68 - .88 — .95 - 1 .09 - 1 . 1 8 - 1 , ,24
2. 0 .174 5 .76 4.,65 3 .51 2.36 1..97 1 .19 .85 - .55 - .67 - .86 — .93 - 1 .07 - 1 . 1 5 - 1 , ,21
2. 5 .135 7..40 5.,66 4 .06 2..60 2..13 1 .25 .88 — .54 - .65 — .84 — .90 - 1 .02 - 1 . 1 0 - 1 . .16
3. 0 .109 9.,20 6..65 4 .55 2..79 2..26 1 .29 .9 0 - .53 - .6 4 - .82 — .88 - 1 .00 - 1 . 0 7 - 1 . .12
3. 5 .090 11..2 7. 62 4 .98 2..94 2..36 1 .32 .92 - .5 2 - .63 — .80 — .86 - 0 .98 - 1 . 0 5 - 1 .10
4 . 0 .075 13. 3 8.,54 5 .36 3..07 2..45 1 .35 .9 3 — .52 — .63 — .79 — .85 _ ,97 - 1 . 0 3 - 1 . .08
5. 0 .056 1?.,9 10. 26 5 .99 3.,27 2..57 1. CO 00 .9 5 - .51 — .62 — ,78 — .84 _ ,85 - 1 . 0 1 - 1 . .06

10. 0 .020 49. 3 16. 1 7..61 3 . 70 2. 83 1.,46 .9 8 - .51 - .61 -  . 76 -  . 81 -  . 92 - 0 . 9 8 - 1 .02

and fo r  non-m etals b y  the expression

_  1 y  (ep/ep) +  2
9 A '11 +  (>p/cd — 1 ) A i

_  1 r  ( gp/tp) +  2 _____ 4 (ep/ep) +  8_____ “I
9 Ll +  (ep/ep — l ) A i  1 +  (ep/ cd — 1)(1 — Ai]J

(9)
I t  shou ld  be n oted  again  th at p an d  /  fo r  n on -m et-

Fig. 2.—Linear coefficients as functions of ratio of axes at 
various values of «pA d for randomly oriented particles.

als depen d  on the ratio o f  ev/ e v  and  A ,  and n o t on 
the in d iv idua l values o f  cd and ep.

T h e  linear coefficients p are p lo tted  against p  for  
various values o f  ep/e n  in  F ig. 2. I t  is ev iden t th at 
on ly  w hen ep/e u  <  0.1 or ep/eD <  10 are th e  m inim a 
narrow  en ough  to  m ake it possib le  to  distinguish  
betw een  p ’s in  th e  v ic in ity  o f  one. T a b le  I and  
F ig. 2 a lso m ake it ev iden t th at p  is a d ou b le  va lu ed  
fu n ction  o f ¡3 o r / .  U n fortun ately , therefore , unless 
qu a lita tive  in form ation  is availab le  from  an oth er 
m eth od  such as m icroscop y , the correspon d in g  p ro 
late an d  ob la te  shapes can not be  d istinguished. 
I f  it  is k n ow n  th at the particles are p la te -lik e  or 
needle-like then  th e  d ielectric con stan t m easure
m ents w ill a llow  a qu an tita tive  va lu e o f  p  to  be 
determ ined. T h is w ou ld  be  particu larly  usefu l 
in  d istinguishing am on g several different shapes o f  
particles all p late-like or all needle-like in  form .

I f  the p reviou s trea tm en t2 is extended  to  cov er  
the situation  in  w hich  the particles are com p le te ly  
oriented parallel t o  (or  p erpendicu lar to ) th e  e lectric  
field, the equations assum e a som ew hat different 
form . I f  a  is the axis parallel t o  the e lectric  field 
and  A i  is the corresponding  depolarization  factor, 
then  th e  term s in v o lv in g  /1 2 and  A 3 equal zero, 
since th e  other field  com pon en ts w ou ld  be  equ a l to  
zero. I f  this is th e  case, then  p and  /  p ro v e  t o  be  
single va lu ed  fu n ction s o f  p. T h e  equations corre 
spon d in g  to  2, 4, 8 and  9 are as fo llow s

® 1 +  7 A pA d ) — 1 "I

/  =

4 +  («p/«d — l)A ij
€ =  ®[1 -  V/Ai] 

f  =  1/SAi 
1 ApA d) +  2 
3 1 +  («pAd — l)Ai

(10)

(ID
(12)

(1 3 )

T a b le  I I  and F ig. 3 g ive  th e  values and  shapes o^ 
the curves relating p  to  p  a t variou s ratios o f  « „ /  cd 
fo r  com plete  orientation  o f the particles.

C om parin g  the linear coefficients in T a b les  I  and 
I I , it  m a y  be seen th at the d ielectric con stan t o f 
the suspension fo r  ep >  en is p red icted  to  h ave a 
m axim um  va lu e fo r  particles orien ted  w ith  their
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m ajor axes parallel to  the electric  field, an interm e
d iate value fo r  ran dom  orientation , and  a m inim um  
value for  particles oriented  w ith  their m a jor  axes 
perpendicu lar to  the electric  field . F o r  eP <  eD the 
reverse is true. T hese conclusions are in qualita 
tive  agreem ent w ith  the results obta in ed  b y  B rugge- 
m an .6

T h e  case in  w h ich  ep/e o  =  1 is also o f  interest. 
E q u a tion  2 m a y  be  w ritten  as

« = CD +  (fp — 6d)T(€p, fD, V, S) (14)

w here S  is som e com plex  shape fu n ction . T hu s 
fo r  particles o f  a n y  shape the d ielectric con stan t o f 
the particles m ay  be obta in ed  w hen e =  «d . W h en  
this relation  holds, «p =  £d  and e is in depen den t o f 
the v o lu m e fraction  and shape o f th e  particles. T h e  
d ie lectric  con stan t o f  the dispersing m edium  m ay  
be varied  b y  using different liquids, v a ry in g  the 
p rop ortion s  o f  a liqu id  m ixture w hich  form s the 
d ispersing m edium , or b y  v a ry in g  the tem perature 
o f  the dispersing m edium  until cd =  eP.

A ctu a lly  suspensions con ta in  particles w h ich  
v a ry  som ew hat in  shape even  i f  th e  particles are 
regular in  shape. T h e  result w ill be  th at the axial 
ratios fou n d  w ill be  average values. F urtherm ore, 
m an y  particles w h ich  are usefu l and  availab le  are 
rather irregular in shape. I t  w ou ld  be  extrem ely  
difficult if  n ot entirely  im possib le  to  derive theoret
ica l equations to  represent such shapes.2 T h e  reg
ular shapes w hich  can be  an a lyzed  th eoretica lly  
m a y  be  considered  equ iva len t (shapes) to  the irreg
u larly  shaped particles w hose axes w ou ld  be  in 
a b ou t the sam e ratio . I f  the irregularities o f  the 
particles are n ot to o  extrem e, the correspondence 
m ight w ell be  a fa irly  satis fa ctory  one.

T h e influence o f  agglom eration  in liqu id  suspen
sions has n o t been considered  in  th e  previou s dis
cussion. T h is  add ition a l p rob lem  m a y  be  avo id ed  
b y  em p loy in g  v e ry  dilute suspensions, b y  add in g  
surface a ctiv e  agents to  aid in  deagglom erating the 
particles, or b y  em p loy in g  h igh  rates o f  shear to  
deagglom erate w hen orien tation  o f the particles is 
also desired. P ro b a b ly  a com bin ation  o f  these 
m ethods w ou ld  b e  m ost satisfactory .

T h e trea tm en t g iven  here is particu larly  ap p li
cable to  particles suspended in  n on -polar or low  con 
d u c t iv ity  liqu ids. O ne or b o th  com pon en ts m ay  
be insulators. T h e  deriva tion  applies to  static 
d ielectric  constants an d  is n o t  app licab le  in  d isper
sion regions. F rick e9'10 has recen tly  derived  equ a-

(9 ) H . F r ic k e , Ezperientia, 8 ,  3 7 6  (1 9 5 2 ).
(10) H . F r ic k e ,  T h is  J o u r n a l , 57, 934 (1953).

Fig. 3.-—-Linear coefficients as functions of ratio of axes at 
various ep/eD for oriented particles.

tions for  com pon en ts w hich  are pure con du ctors 
and has considered  the beh av ior o f  suspensions o f  
con d u ctin g  ellipsoids in  d ispersion  regions. Such a 
treatm en t is useful fo r  b io log ica l cellular m aterials, 
i.e ., red  b lo o d  cells in plasm a, at u ltra-high  frequen 
cies. T h e  equations derived  in the present inves
tigation  are n ot app licab le  to  such system s.

Conclusion.— T h e  m athem atica l results o f  the 
present investigation  in d icate  th at m easurem ents 
o f  the d ielectric constants o f  dilute suspensions m a y  
be  em p loyed  in obta in in g  the average shapes o f 
the suspended particles. D ie lectric  con stan t m eas
urem ents on  suspensions consisting o f particles 
com p lete ly  oriented  w ith  respect t o  th e  electric 
field b y  som e external force  should  be  particu larly  
useful.
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ULTRAVIOLET ABSORPTION SPECTRA AND DISSOCIATION CONSTANTS 
OF PICOLINIC, ISONICOTINIC ACIDS AND THEIR AMIDES

B y  H . H . G . J e l l i n e k  a n d  J. R . U r w i n

The Johnson Laboratories, University of Adelaide, Adelaide, Australia 
Received February £0, 1954

Ultraviolet, absorption spectra of nicotinic acid and its amide as a function of pH values were presented in two previous 
communications.1’2 Dissociation constants were derived from the experimental data. This paper brings an extension 
of the work to picolinic, isonicotinic acid and their amides. When the work comprising this paper was actually completed, 
a paper by Evans, Herington and Kynaston3 was published dealing with the absorption spectra and dissociation constants 
of the pyridine monocarboxylic acids.

Experimental
Materials.—Isonicotinic acid, picolinic acid, isonicotin

amide and picolinamide were the same samples as described 
in a previous paper.4 All other chemicals were of Analar 
grade.Apparatus.— Measurements were made with a Hilger 
Uvispek spectrophotometer. pH values were determined 
by means of a glass electrode.Solutions.—Solutions were prepared by adding requisite 
amounts of hydrochloric acid solutions and solutions of the 
amide or acid to 0.05 M sodium acetate and making up the 
volume to a total of 50 ml. The concentrations of the re
spective acid or amide ranged from 1 X 10-4 to 5 X 10-4 M. 
The ionic strength of the solutions down to about pH 3.5 
had a constant value of 0.01. The measurements were 
carried out at room temperature, 20 ±  2°.

Experimental Results and Discussion
T h e  absorp tion  spectra  as a fu n ction  o f  p H  values 

for  p icolin am ide an d  ison icotin am ide are show n in 
Figs. 1 and  2. T h e  spectra  o f  the respective  acids 
w ill n ot be presented, as th ey  have been  g iven  b y

X  1 0 !

WAVE LENGTH A.U

Tig. 1.—Absorption spectra of picolinamide at various 
pH values.

(1) E. B . H u g h e s , H . II. G . Jellinek and B . A . A m b r o s e ,  T his 
J o u r n a l , 53, 414  (1 5 4 9 ).

(2 )  H . H . G . J e llin e k  a n d  M . G . W a y n e , ibid., 55, 173 (1 9 5 1 ) .
(3 )  R . F . E v a n s , E . F . G . H e r in g to n  a n d  W . K y n a s t o n , Trans. Fara- 

day Soc., 49, 1284 (1 9 5 3 ).
(4 )  H . H . G . J e llin e k  a n d  J . R .  U rw in , T h i s  J o u r n a l , V o l .  58, 168

(1 9 5 4 ) .

H erington  and co -w ork ers3 and w e h ave  fou n d  n o  
essential d ifferences. T h e  spectra  o f p ico lin ic acid  
show  m axim a at abou t 2650 A . and a shoulder, which 
sh ift w ith  the p H  values in the region  o f abou t 2700 
A . A t v ery  low  p H  values the m axim um  absorption  
shifts to  longer w a ve  lengths. T here  are indica
tions o f  tw o  pairs o f isosbestic po in ts  in the region  
o f 2350 and 2750 A.

P icolin am ide show s absorp tion  m axim a a t 2655 
A . and  a definite isosbestic p o in t at 2400 A ., the 
absorp tion  curves for  p H  values 0  and  low er d o  n ot 
pass through  this isosbestic poin t.

Ison icotin ic  acid  presents a p icture o f  greater 
com plexity . T h e  absorption  m axim a sh ift appre
c ia b ly  w ith  p H  values. T h e  absorp tion  spectra  
o f  ison icotinam ide, on  the other hand, are again 
sim pler. T h e  absorption  m axim a shift m oderate ly  
w ith  p H  values from  a b ou t 2680 to  2630 A . T here  
are in d ication s o f  tw o  isosbestic po in ts  at a b o u t 
2800 and  2340 Â .

Fig. 2.—Absorption spectra of isomcotinamide at various 
pH values.

I t  was ascertained th at B eer ’s law  w as ob ey ed  at 
con stan t p H  values fo r  the ranges o f  con cen tra tion s 
o f  acid  and  am ide used in this w ork .

M olecu la r  extinction  coefficients fo r  these co m 
pou n d s as fu n ction  o f p H  values fo r  con stan t w a v e
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lengths are show n  in F igs. 3 an d  4. T h e  theoretica l 
curves are draw n th rou gh  the experim ental poin ts 
and w ill b e  discussed below .

P icolin ic acid  show s tw o  d istin ct sections and  the 
poin ts appear to  pass th rou gh  a m axim um  at low  pH  
values. T h e  p o in ts  fo r  p ico lin am ide  also pass 
th rou gh  a m axim u m  a t low  p H  values.

Ison icotin ic  a c id  show s a v e r y  d istin ct m axim um  
at in term ediate p H  values, w hereas ison icotin am ide 
passes th rou gh  a m axim u m  at low  p H  values.

T h e  acids h ave  an acid  grou p  and a basic grou p  
each, whereas th e  am ides have tw o b a s ic  groups. 
T h e  respective equ ilibria  can  be w ritten  as follow s

+HNRCOOH +  HaO NRCOOH +  H:.0 + 
NRCOOH +  H20  NRCOO- +  H30  +

and
+HNRCONH.+ +  HaO H+NRCONH, +  H ,0 + 

+HNRCONH, +  H20  NRCONH, +  H.O +
C alcu lations w ere carried o u t to  fit the experi

m ental p o in ts  in  F igs. 3 and  4 b y  ch oosin g  su itable 
p A a values an d  p H  valu es fo r  the isoelectric points. 
T h e  ca lcu lations w ere carried ou t either accord in g  
to  the first m eth od  described  in the previou s paper 
on  n icotin ic  a c id 1 or th a t g iven  in the paper on 
n icotin am ide ,2 respectively . T h e  curves drawn 
throu gh  the experim ental poin ts in F igs. 3 and 4 
w ere obta in ed  in th is w ay.

P ico lin ic  acid  cou ld  b e  fitted  b y  tw o  constants, 
p icolin am ide b y  on e con sta n t; th e  decrease in ex
tinction s at low  p H  values m a y  b e  an ind ication  o f 
th e  equ ilibrium  perta in ing to  the am ido  group. 
Ison icotin ic  acid  cou ld  be fitted  very  w ell b y  tw o  
d issociation  constants. T h e  extinction  values for  
the species + H N R C O O H  are here sm aller than 
th ose  fo r  N R C O O H  fo r  th is particu lar w ave 
length  in con trast to  n icotin ic  acid  w here the

T a b l e  I
I s o e l e c t r i c  P o i n t s  a n d  pK,,  V a l u e s

S u b s ta n ce

I s o 
e le c t r ic  C a r b o x y l  

p o in t  g r o u p

N it r o 
g e n
r in g

A m id o
g r o u p R e f .

Picolinic 3.48 5.40* 1.60 This
acid

3.21 5.40* 1.08*
work

3
Isonicotinic 3.45 4.95* 1.70 This

acid
3.31 4.84* 1.77*

work
3

Nicotinic 4.24 4.95* 3.55* 1
acid 3.42 4.83* 2.08* 3

Picolin- 2.10 < - 1 .0 This
amide

Isonicotin- 3.61* < - 1 . 0
work

This
amide

Nicotin- 3.35* 0.5
work

2
amide

Pyridine 5.12* 5

Benzoic 4.20
5.16* 7

6
acid

Acetamide - 0 .5 6

(5 )  E .  B . H u g h e s , H . H . G . J e llin e k  and B . A . A m b r o s e ,  T h is 
J o u r n a l , 53, 410 (1949).

(6 )  “ H a n d b o o k  o f  P h y s ic s  a n d  C h e m is t r y ,”  C h e m ic a l  R u b b e r  P u b 
lish in g  C o m p a n y ,  C le v e la n d , O h io .

(7 >  K ,  F ,  Q ,  Farad*\.y 3 3  ( Î P 6 Q ) *

picolinamide as a function of pH values. Curves are calcu
lated, points are experimental (A ~2650 and 2600 A., re
spectively).

Fig. 4.—Molecular extinctions for isonicotinic acid and 
isonicotinamide as a function of pH values. Curves are 
calculated, points are experimental (\ ~2600 A.).

reverse w as the ca se .1 Ison icotin am ide  cou ld  be 
fitted  b y  one p A a va lu e  and there is an in dication  
o f an equ ilibrium  pertaining to  the am ido  group  at 
low  p H  values.

A ll p A a values are com prised  in T a b le  I . T h e  
values m arked b y  asterisks are th erm odyn am ic d is
socia tion  constants, w here the ion ic  strength  has 
been  taken in to  a ccou n t a ccord in g  to  the D e b y e -  
H iick el th eory . T a b le  I conta ins also values o b 
tained  b y  H erington  and  co -w ork ers3 and values 
fo r  ben zo ic  acid , pyrid in e and  acetam ide.

I t  can be seen th at the K „ va lues belon g in g  to  
the ca rb ox y l groups are v e ry  sim ilar, th ou gh  som e
w h at sm aller than  th at fo r  ben zoic acid . H ow ever, 
there are som e discrepancies in the values fo r  the 
n itrogen  in  the ring. T h e  d ifference betw een  our 
va lu e  and th at o f  H erington , et a l.,3 is due t o  the fa ct 
th a t our solutions con ta in ed  h yd roch lor ic  acid  for  
sm all p H  values, w hereas H erington , et al., used 
su lfuric acid . T hese  authors poin ted  ou t th at the 
extinction s decreased in HC1 solu tions w ith  d e 
creasing p H , w hereas th e  reverse is true fo r  sul
fu ric acid  solutions. T h e y  ascribe this d ifferent 
beh av ior to  the form ation  o f a  h ydroch loride . T h e 
discrepancies fou n d  fo r  the n itrogen  o f  n icotin ic 
acid  p ro b a b ly  are due to  the less accu rate p h o to 
graph ic m eth od  used b y  H ughes, Jellinek  and A m 
brose, as pointed out by Herington and co-worker».*
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I t  is possib le  th a t th e  decrease in extinction s for  
the am ides at low  p H  values is due also t o  h y d ro 
ch loride form ation , th ou gh  in  the present w ork  it 
has been  taken  as an in d ication  fo r  th e  d issociation  
o f  the am ido  group.

T h e  w eakest acid  is p icolin ic, w here the car
b o x y l grou p  is in  ortho p osition  to  th e  n itrogen  in 
the ring. T h e  n itrogen  in th e  ring is a w eaker base 
in th e  case o f  ison icotin am ide than  fo r  ison icotin ic 
acid . I t  a lso m a y  be n oted  th at the n itrogen  in  the 
ring fo r  the acid  show s a sim ilar trend as th at for

the correspon d in g  p icolines.6 W hereas th e  m e th y l 
groups, being electron -donatin g , increase th e  basic 
strength  o f the nitrogen , the ca rb ox y l g rou ps a c t  in  
the opp osite  w ay. /3-Picoline is the w eakest base, 
w hereas n icotin ic  acid  is the strongest. (T h e rm o d y 
nam ic d issociation  constants fo r  a, /3 and  y p ico lin e  
are as fo llow s: 8.77 X  10~9, 4 .54 X  H W  an d  10.62 
X  10 9, resp ective ly .7)

T h e  basic strength  o f the am ido grou ps is sm aller 
than  that fo r  acetam ide w ith  the excep tion  o f n ico 
tinam ide, w h ich  is ap p reciab ly  stronger.

THE CATALYTIC DECOMPOSITION OF CARBON MONOXIDE ON LARGE
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Virginia Institute for Scientific Research, Richmond, Virginia 

Received February 27, 1964

The catalytic decomposition of carbon monoxide was studied on electrolytically polished single crystals of cobalt, copper 
nickel, silver, iron, chromium and molybdenum in the form of spheres with a small shaft, and on electrodeposits of palladium 
and rhodium on copper single crystals. Carbon was identified as one of the products of the reaction on iron, nickel and cubic 
cobalt crystals at 550° and on hexagonal cobalt at 410°. None of the other metals exhibited appreciable catalytic activity. 
In the case of the three active cubic metals, the minor faces such as (321), (432) and (431) were most active catalytically and 
in the case of hexagonal cobalt the minor faces such as the (0113) and (1124) were most active. The (100) major face was 
the least active face of the cubic metals and the (0001) major face was the least active for hexagonal cobalt. The reaction 
patterns which formed during decomposition on cobalt and nickel single crystals, which have a face-centered cubic structure 
and similar interatomic spacings, were similar.

In trodu ction

P rev iou s studies h ave  show n th at the ca ta ly tic  
a c t iv ity  o f m etals is a fu n ction  o f the crysta l face  
exposed  a t the surface. P ron ou n ced  d ifferences in 
the ca ta ly tic  a c t iv ity  o f  th e  variou s fa ces o f  large 
single crysta ls h ave been  determ ined  in th e  case o f  
th e  reaction  c f  h ydrogen  and  oxygen  on  co p p e r ,2 
the d ecom position  o f carbon  m on ox ide  on  nickel, 3and 
the ca ta ly tic  deposition  o f cob a lt  from  solu tions o f p o 
tassium  fo rm a 'e  on  co p p e r .4 I t  w as next o f  in terest 
to  s tu d y  a  single reaction  on  a n um ber o f different 
m etal crysta ls in  order to  n ote  if  a n y  generaliza
tions cou ld  b e  draw n  con cern in g  th e  relationship  
betw een  the structure o f  the crysta l faces an d  their 
a ctiv ity .

T h e  reaction  chosen fo r  s tu d y  was th e  d e co m p o 
sition  o f carbon  m on ox ide  since th e  p rodu ct, 
carbon , is a  solid  an d  hence w ou ld  b e  deposited  on  
th e  surface w here th e  d ecom p osition  to o k  place. 
T h u s  large spherical single crysta ls exposing all 
crysta l faces cou ld  be  used .6 T h e  rate  o f  form ation  
o f th e  p ro d u ct cou ld  then  be  determ ined  sim ultane
ou sly  on  all crysta l faces in on e  experim ent. T h e  
use o f  the solid  ca ta lyst in  th e  fo rm  o f a  sphere had 
the added  advan tage  th at X -r a y  analysis o f  the 
p rod u cts  cou ld  be  m ade v e ry  con ven ien tly  at 
grazing  incidence.

(1 ) T h is  re se a rch  w a s  s p o n s o r e d  b y  T h e  T e x a s  C o m p a n y .
(2 )  H . L e id h e ise r , J r ., a n d  A . T .  G w a t h m e y , J. Am. Chem. Soc., 70, 

1 2 0 0  (1 9 4 8 ) .  S e e  a lso  p a p e rs  b y  R .  C u n n in g h a m  a n d  A .  T .  G w a t h 
m e y ,  ibid., 76, 391  (1 9 5 4 ) ;  J . B . W a g n e r  a n d  A . T .  G w a t h m e y , ibid., 
76, 3 9 0  (1 9 5 4 ) .

(3 )  H . L e id h e ise r , J r .,  a n d  A . T .  G w a t h m e y , ibid., 7 0 , 1 2 0 6  (1 9 4 8 ) .
(4 )  H .  L e id h e ise r  J r ., a n d  R .  M e e lh e im , ibid., 7 1 ,  1 1 2 2  (1 9 4 9 ) .
(5 )  S e e  H . L e id h e ise r , J r .,  a n d  A . T .  G w a t h m e y , Trans. Electro- 

chem. Soc., 9 1 ,  9 7  (1 9 4 7 ) , f o r  » d e s c r ip t io n  o f  th e  s in g le  c r y s ta l  m e th o d  o f  
s t u d y .

T h e  resu lts rep orted  h erein  em p h a size  th a t  th e  
c ry sta l face  ex p osed  a t  th e  su rface o f a  c a ta ly st  is 
an  im p o rta n t fa c to r  in  c a ta ly tic  a c t iv ity .

Method of Experiment.—Single crystals of cobalt, copper, 
nickel and silver were prepared in the form of rods, 3/ s"—5/ s" 
in diameter, by slowly towering the molten metal in a pointed 
mold through a temperature gradient.6 Single crystals of 
Armco iron, 3/ 8" in diameter and 1" to 3" long, were pre
pared by the anneal-strain-anneal method.7 Single crystals 
of electrolytic chromium were obtained in the form of irregu
lar chunks from the Metals and Thermite Corp., New York, 
and a single crystal of molybdenum in the form of a wire, 
Vs" in diameter and 1" long, was kindly furnished to us by 
Professor Robert Maddin of the Johns Hopxins University. 
Palladium and rhodium were electrodeposited on electro
lytically polished single crystals of copper following the 
directions furnished by the supplier, Baker and Co., 
Newark, New Jersey. The single crystals were machined 
(or filed in the case of chromium) in the form of spheres 
with a small shaft. The strained layer resulting from the 
machining operation was removed by deep etching.

A smooth and strain-free surface was obtained by electro
lytic polishing. Copper was polished in 42.5% ortho- 
phosphoric acid by the method of Jacquet8; nickel was 
polished in 70 wt. % sulfuric acid by the method of Hother- 
sall and Hammond9; cobalt was polished in 42.5% ortho- 
phosphoric acid by the method of Elmore10; iron was pol
ished in the perchloric acid-acetic anhydride bath described 
by Jacquet and Rocquet11; silver was polished by the 
method of Powell12 in a 5% potassium cyanide bath to which

(6 ) T h e  fu r n a c e  d e s c r ib e d  b y  A . T .  G w a t h m e y  a n d  A . F . B e n to n , 
T h is  J o u r n a l , 4 4 , 35 (1940), w a s m odified  b y  using a  c o p p e r  fu r n a c e  
ja c k e t  in s te a d  o f  q u a r tz  a n d  b y  lo w e r in g  t h e  c r u c ib le  b y  m e a n s  o f  a 
s u p p o r t in g  r o d  p a ss in g  t h r o u g h  a  v a c u u m  seal.

(7 ) T h e  b a s ic  fa c ts  u p o n  w h ic h  th e  a n n e a l-s tr a in -a n n e a l m e t h o d  is  
b a s e d  w e re  first o u t l in e d  b y  C . A . E d w a r d s  a n d  L . B . P fe il ,  J. Iron Steel 
Inst., 5 9 , 129 (1924).

(8 ) P .  J a c q u e t ,  Compl. rend., 2 0 2 , 4 0 2  (1 9 3 6 ).
(9) A . W . H o th e rs a ll  a n d  R .  A .  F . H a m m o n d , J. Electrodepositors’ 

Tech. Soc., 1 6 , 83 (1940).
(1 0 )  W . C . E lm o r e ,  Phys. Rev., 5 3 ,  7 5 7  (1 9 3 8 ).
(11) P . J a c q u e t  a n d  P . R o c q u e t ,  C o m p t .  rend., 2 0 8 , 1012 (1939).
(12) A . S. P ow ell, D issertation, U niversity  o f  V irgin ia (1943),
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was added 2 ml. of a 10% sodium chloride solution just 
prior to polishing; molybdenum was polished in 20% sul
furic acid by the method of Coons.13 Chromium was elec- 
trolytically polished in a solution consisting of 85% ortho- 
phosphoric acid and 15_% distilled water. The most lus
trous surfaces were obtained with chromium when the bath 
was operated under the following conditions: a temperature 
of 50°, an aluminum sheet cathode, a current density of 3 
amp./sq. dm., 3 volts, 20 minutes, and with constant agi
tation.

After _ being electrolytically polished and thoroughly 
washed in water, the metal crystal was placed shaft down
ward in a glass tube sealed to the movable section of a ground 
glass joint. This tube projected up into the reaction cham
ber so that the crystal was immediately opposite a small 
window in the furnace. The window permitted the crystal 
to be viewed frequently during the course of an experiment 
and the method of support permitted rotation of the crystal 
about its axis while it was in the reaction chamber. In 
order to reduce oxide films and to remove residual strain, 
the crystals were heated in hydrogen at 550° in most of the 
experiments for 2-16 hours before being exposed to carbon 
monoxide. In some of the experiments the residual strain 
was removed by heating the crystals to the reaction tem
perature in vacuo. Both procedures yielded identical re
sults.

Carbon monoxide was prepared by the dehydration of for
mic acid with sulfuric acid and it was stored over water in 5- 
gallon bottles. The gas was purified before admission to the 
reaction vessel by passage over copper wire heated to 500°, 
and then over tubes containing sodium hydroxide on asbestos 
(Ascarite) and anhydrous calcium sulfate. Tank hydrogen 
was purified in the same manner but through a separate 
train. Unless otherwise noted the gas remained in contact 
with the crystal in a closed system.

Powder X-ray analysis was made by collecting a small 
amount of the product on the surface of a small fiber coated 
with rubber cement. Iron or copper radiation was used. 
Analysis of the product before removal from the surface was 
made by placing the spherical crystal in the X-ray beam such 
that it intersected one-half of the beam.

The minor faces were located on the surface of the sphere 
by an application of the orthographic projection. An ortho
graphic projection normal to a major plane was drawn and 
a photographic negative was prepared. After reaction, 
the crystal was photographed and a print was made. The 
orthographic projection was then projected on the photo
graph of the reaction pattern by means of a photographic 
enlarger. The major planes on the orthographic projection 
and the photograph were superimposed by rotation, and the 
minor faces were located on the pattern. In order to achieve 
even moderate accuracy with this technique, it was neces
sary to be certain that the photograph was taken exactly 
normal to the plane which formed the center of the ortho
graphic projection.

R esu lts

A p p rox im a te ly  100 experim ents w ith  nickel 
single crysta ls h a v e  been  p erform ed  since th e  orig i
nal p u b lica tion .3 In  the orig inal n ote  th e  large 
area surrounding th e  (111) p o le  w as identified  as the 
m ost a ctiv e  region . C arefu l exam ination  during 
the cou rse o f  the reaction  in d ica ted  th at th e  regions 
surrounding th e  (111) faces w ere sligh tly  m ore  ac
tiv e  than  the (111) fa ces them selves. T hese  re
gions are associa ted  w ith  th e  m in or crysta l faces o f  
high index surrou nding  the (111) face. T h e  order 
o f appearance o f carbon , an d  hence the order o f  a c
t iv ity  o f  the faces, is g iven  in  T a b le  I.

T a b l e  I
T h e  R e l a t i v e  A c t i v i t y  i n  D e c r e a s i n g  O r d e r  o p  t h e  

C r y s t a l  F a c e s  o p  N i c k e l  d u r i n g  t h e  D e c o m p o s i t i o n  o p  

C a r b o n  M o n o x i d e  a t  550 °
Crystal face: minor faces about (111), (111), (110), (100)

(1 3 )  W . C . C o o n s , Trans. Am. Soc. Metals, 4 1 ,  1 41 5  (1 9 4 9 ).

I t  is o f  in terest th at exactly  th e  sam e pattern  o f 
carbon  deposition  was form ed  in m icroscop ic  pits 
w hen th e  decom p osition  o f carbon  m on ox id e  was 
carried  ou t on  flat n ickel single cry sta ls .14 T hese 
pits, o f  approx im ately  hem ispherical shape, were 
form ed  occasion a lly  during e lectro ly tic  polishing.

X -R a y  analysis o f  the p rod u cts  o f  the reaction  on  
the (111) faces a t grazing in ciden ce in d icated  the 
presence o f  on ly  g raph itic  carbon . H ow ever, 
ch em ical analysis had  prev iou sly  in d icated  the 
presence o f  n ickel in the b lack  p ro d u ct form ed  on  
the su rface .3 F urther ev iden ce  fo r  th e  presence o f 
n ickel in the m aterial was obta in ed  b y  n otin g  that 
th e  p rod u ct w as a ttracted  b y  a stron g  m agnet. 
E lectron  m icroscop ic  exam ination  o f  the carbon  
p rod u ct in d icated  th at it  was v e r y  porou s and con 
sisted o f tangled  thread-like segm ents.

A  series o f  experim ents w ith  n ick el crystals was 
carried ou t in order to  assess th e  im portan ce  o f 
roughness o f  the surface in  con tro llin g  th e  relative 
rates o f  reaction . R ou gh en in g  procedu res were 
used in  w hich  selected areas on  th e  surface w ere 
preferentia lly  roughened. T hese results are reported  
in  T a b le  I I . I t  w ill be  n o ted  th at in  all nine p ro 
cedures the large area surrounding th e  (111) pole 
was th e  m ost a ctive . A lth ou gh  the absolu te  rate 
o f  reaction  varied  greatly  in th e  experim ents, the 
relative rates o f  reaction  o f the areas surrounding 
the three m a jor  faces rem ained th e  sam e as the rela
tiv e  rates n oted  in  T a b le  1 .16

C obalt.— C o b a lt single crystals w ere o f  special 
in terest because o f the fa ct  th at the m eta l is hex
agonal close-packed  b e low  420° and  face-cen tered  
cu b ic  a b o v e  420°. P reviou s resu lts16 h ad  in d i
ca ted  th at the crysta l cou ld  be h eated  and  coo led  
th rou gh  the transition  tem perature and  w ou ld  con 
tinue to  exh ib it the properties o f  a  hexagonal close- 
pack ed  crysta l be low  420° an d  o f a  face-centered  
cu b ic  crysta l a b o v e  420°. I t  was fou n d  th at co 
ba lt crysta ls w ere a ctiv e  in  the carbon  m on ox id e  
reaction  a b ov e  and be low  420°.

T h e  results o f  a ty p ica l experim ent carried  ou t at 
550° were as fo llow s; C arbon  began  to  d ep osit in 
large areas surrounding the (111) poles w ith in  sev 
eral hours a fter the adm ission  o f carbon  m on oxide. 
T hese  areas in clude m a n y  o f th e  m inor faces w ith  
unequal indices such as (321), (432), (431), etc. 
N arrow  bands radiating from  th e  (111) poles tow ard  
th e  neigh borin g  (100) faces w ere n ext in a ctiv ity , 
fo llow ed  b y  the sm all area im m ed iate ly  ad jacen t to  
the (111) face . T h e  (110) faces show ed  low  a ctiv 
ity  and the (100) faces w ere re la tive ly  inert as show n 
b y  the fa ct  th at these faces rem ained free o f  carbon  
fo r  16 hours, a t w h ich  p o in t th e  experim ents w ere 
stopped . R esults sim ilar to  th ose  a t 550° w ere o b -

(1 4 ) A t  t h e  e d it o r ’ s r e q u e s t  te n  p h o t o g r a p h s  d e s c r ib in g  t h e  re su lts  
h a v e  b e e n  d e le te d  f r o m  t h e  p a p e r . P r in te d  sh e e ts  c o n t a in in g  th e se  
p h o to g r a p h s  w ill b e  fu rn is h e d  b y  th e  a u t h o r s  t o  in te re s te d  re a d e rs . 
A d d r e s s  r e q u e s t  t o  th e  a u th o rs  a t  3 2 6  N . B o u le v a r d , R ic h m o n d  20 , 
V irg in ia .

(1 5 ) J . B .  W a g n e r  in  a  s t u d y  o f  t h e  d e c o m p o s it io n  o f  c a r b o n  m o n 
o x id e  o n  n ick e l  a t  t h e  U n iv e r s it y  o f  V ir g in ia  a ls o  c o n c lu d e d  " h a t  th e  
r e la t iv e  ra te s  o f  r e a c t io n  o n  th e  v a r io u s  c r y s ta l  fa c e s  w e re  in d e p e n d e n t  
o f  t h e  ro u g h n e ss  o f  th e  s u r fa c e . S im ila r  c o n c lu s io n s  w ith in  l im its  h ad  
b e e n  r e a c h e d  e a r lie r  b y  H . L . in  a  s t u d y  o f  th e  o x id a t io n  o f  c o p p e r  
c r y s ta ls  a n d  b y  L . B . J o h n so n  in  a  s t u d y  o f  th e  e le c t r o d e  p o te n t ia l  o f  
p la n e  fa c e s  o f  c o p p e r  c r y s ta ls .

(1 6 )  H . L e id h e ise r , J r .,  a n d  V . J . K e h r e r , J. Chem. Phys., 2 1 ,  570  
(1 9 5 3 ) ,
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T a b l e  I I

A  S u m m a r y  o f  t h e  R e s u l t s  O b t a i n e d  d u r i n g  t h e  C a t a l y t i c  D e c o m p o s i t i o n  o f  C a r b o n  M o n o x i d e  o n  N i c k e l  S i n g l e

C r y s t a l s  S u b j e c t e d  t o  V a r i o u s  P r e - t r e a t m e n t s

P r e -t re a tm e n t  o f  s u r fa c e  A c t iv e  a rea  R e m a r k s

(1) Electrolytieally polished
(2) Electrolytieally polished and etehed in hot 6 N HC1

(3) Electrolytieally polished and etched in hot 3 N acetic
acid

(4) Electrolytieally polished, electroplated with nickel,
and electrolytieally polished

(5) Electrolytieally polished, oxidized in 0 2 at 550°, re
duced with H2, CO admitted

(6) Electrolytieally polished and etched electrolytieally
in H2S04

(111) Use procedure as ref. (100) and (110) areas inactive 
(111) (100) and (110) inactive. Etching developed good etch

pattern. C deposition did not follow each pattern 
(111) Etching caused the development of smooth (111) and 

rough (100). However, reaction took place fastest on
(111)

(111) Reaction pattern same as electrolytieally polished speci
mens even though (111) areas were polycrystalline and 
(100) areas were monocrystalline“

(111) (100) areas rougher than (111) yet (111) areas were
most active

(111) (100) and (110) inactive

(7) Electrolytieally polished and alternately oxidized in (111)
0 2 and reduced in H2 ten times

(8) Electrolytieally polished, CO decomposition reac- (111)
tion, C burned off with 0 2, CO admitted again

Sphere was uniformly rough after alternate oxidation and 
reduction. (100) and (110) inactive 

(111) areas were most active even after continued cyclic 
operations involving C deposition and then burning
off with 0 2

(9) Copper single crystals, electrolytieally polished, elec- (111) Same results as observed with nickel single crystals, 
tropolated with nickel, nickel deposit polished (100) and (110) inactive
electrolytieally

° See H. Leidheiser, Jr., and A. T .  Gwathmey, J. Electrochem. Soc., 98, 225 (1951) for a description of the electrodeposition 
of nickel on copper and nickel single crystals.

tained at 500 ar.d 600°. T h e  results are sum m a
rized in  T ab le  I I I .

T a b l e  I I I

T h e  R e l a t i v e  A c t i v i t y  i n  D e c r e a s i n g  O r d e r  o f  t h e  

C r y s t a l  F a c e s  o f  C o b a l t  d u r i n g  t h e  D e c o m p o s i t i o n  o f  

C a r b o n  M o n o x i d e

C u b ic  c o b a l t  a t  4 5 0 -6 0 0 °  H e x a g o n a l  c o b a l t  a t  4 1 0 °

Minoi faces with unequal indices (0113) and (1124) 
(211), (311), (411) (0110)

(H I) (0111)
(11C) (0001)
(100)

1010

Fig- 1-—Diagram of typical pattern formed on hexagonal 
oobalt, exposed to carbon monoxide for 3 days at 410°.

X -R a y  analysis a t grazing in cidence o f  the de
p osit in the areas surrounding the (111) fa ce  indi
cated  the presence o f  on ly  graph itic carbon . X -  
R a y  analysis o f  the (100) areas at grazing in ciden ce  
y ie lded  n o  d iffraction  lines. T h e  X -r a y  m easure
m ents con firm ed the visual observation  th at no 
p rod u ct w as form ed  on  the (100) faces even  a fter 
exposure to  carbon  m on ox ide  at 550° fo r  16 h ou rs .

C o b a lt single crysta ls w ere re la tive ly  in active  in 
th e  hexagonal phase be low  42 0 °. N o  ch an ge in 
the appearance o f the crysta l o ccu rred  a fter expos
ure fo r  12 days at 350°. A t  410° a  sym m etrica l 
pattern  show ing the six fold  sy m m etry  a b o u t th e  
(0001) faces was observed  in 3 days. A  schem atic 
d iagram  o f  this pattern  is g iven  in  F ig . 1. T h e  
m ost a ctive  regions o f  the surface w ere in the areas 
surrounding the (0113) and  (1124) faces. F aces 
such  as the (0110) and  (0111) show ed  slight a c t iv 
ity , w hereas the (0001) fa ces show ed  n o  a ctiv ity . 
X -R a y  d iffraction  analysis o f  the d ep osit on  the 
(0113) faces in d icated  the presence o f  on ly  graph itic  
carbon .

A  few  experim ents w ere carried  ou t w ith  cob a lt 
crysta ls  in  w h ich  the crysta l w as e lectro ly tiea lly  
etch ed  in  h y d roch lor ic  acid  or  in  the ph osp h oric  acid  
polishing bath . T h e  etch  pattern  w hich  was thus 
form ed  a t ro o m  tem perature had  th e  sy m m etry  o f 
the h exagonal close-packed  structure. H ow ever, 
w hen the reaction  w as carried  ou t a t 600°, the m in or 
faces surrounding the (111) poles had the highest 
a ctiv ity  and the (100) face  and  surrounding area 
had the low est a ctiv ity . T here  appeared  to  be  n o  
difference in  the beh av ior o f the tw o  (111) faces 
w h ich  becam e the (0001) faces in th e  hexagonal 
structure from  the beh av ior o f  the o th er six (111) 
faces. T h e  resulting reaction  pattern  show ed som e 
evidences o f  the hexagonal etch  pattern , ind icating
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th at the roughening o f  specific planes o f  the hexag
onal structure increased the rea ctiv ity  o f  these 
positions on  the surface a t 600° in the fa ce-centered  
cu b ic structure.

Iron .— E xperim ents w ith  iron  crystals were 
carried ou t at 550, 450, 350 and 250°. T h e  fo l
low ing sequence o f even ts w as n oted  at 550°. 
A pp rox im a te ly  15 m inutes a fter adm ission  o f the 
carbon  m on oxide, the first darkening o f the sphere 
was n oted  in  regions n eighboring  the three m a jor 
faces. T hese m ost active  regions correspon ded  to  
crysta l faces w hose three ind ices are all d ifferent 
and unequal to  zero. F aces such as (321) and (432) 
represent m em bers o f  this class. N arrow  bands 
ly in g  betw een  the (100) and  (111) faces n ext be
cam e darkened  in 2 0 -3 0  m inutes. T h e  faces o ccu 
p y in g  these positions on  th e  surface h ave indices o f 
the class (211), (311), (411), etc. A fter  ap p rox i
m ately  40 m inutes, carbon  was observed  on  the 
regions betw een  the (110) and  (111) faces and  be
tw een  the (110) and (100) faces. T h e  faces o ccu 
p y in g  these position s on  the surface h ave indices o f 
the class (221), (331), (441), e tc ., and  (210), (310), 
(410), etc. T h e  (111) an d  (110) m a jor  faces b e 
cam e dark  a fter ap p rox im a te ly  60 m inutes, and 
finally  a fter ap p rox im ate ly  90 m inutes, the (100) 
faces began  to  tu rn  dark. T hese  results are sum 
m arized in T a b le  IV .

T a b l e  I V

T h e  R e l a t i v e  A c t i v i t y  i n  D e c r e a s i n g  O r d e r  o f  t h e  

C r y s t a l  F a c e s  o f  I r o n  d u r i n g  t h e  D e c o m p o s i t i o n  o f  

C a r b o n  M o n o x i d e  a t  450 a n d  550°
Minor faces with unequal indices
Minor faces of type (211), (311), (411), etc.
Minor faces of type (221), (331), (441), etc.
Minor faces of type (210), (310), (410), etc.

( I l l )  and (110)
(100)

M icro s co p ic  exam ination  o f an  iron  sphere w hich  
had been  exposed  to  carbon  m on ox ide  in d icated  the 
presence o f  needle-like grow ths on  the surface. A  
series o f  observations w ere thus m ade in order to  
stu dy  the surface d ep osit as a fu n ction  o f  tim e. A n  
iron  sphere w as heated fo r  increasing periods o f  
tim e in  carbon  m on ox ide  at 550° and  the m icro 
scop ic  appearance o f the areas on  the surface was 
studied. A fter  be in g  exposed  fo r  8 m inutes the 
sphere exh ib ited  n o  d isco loration  and  n o  carbon  
was v isib le to  the naked  eye  or  under the m icro 
scope  on  a n y  part o f  th e  surface. T h e  in active  
(100) area rem ained com p lete ly  unchanged  in 
appearance w hereas fine needles w ere observed  on  
the active  faces. W ith  increased exposure to  the 
carbon  m on ox ide  the needles grew  in size until th ey  
p ractica lly  covered  the surface. A fter  be in g  ex
posed  fo r  45 m inutes to  the carbon  m on ox id e  at 
550°, large m asses o f  carbon  began  to  form  on the 
active  areas w hereas on ly  the first signs o f  carbon  
w ere v isib le on  the in active  (100) areas. A ll crysta l 
faces passed th rou gh  the sam e sequence o f events, 
b u t the rate  o f  form ation  o f  the needles and o f  the 
carbon  fo llow ed  th e  order show n in  T a b le  IV .

X -R a y  p ow d er ph otographs o f the loose b lack  
pow der w hich  form ed  on  an  iron  crysta l exp osed  to  
carhon m on oxide  fo r  several hours at 550° indi

ca ted  the presence o f  b oth  graph itic carbon  and 
cem entite. T h e  p ro d u ct was a ttracted  to  a strong 
m agnet, con firm ing the presence o f  iron  or  a  ferro 
m agnetic iron  com pou n d . E lectron  m icrographs 
o f the p rod u ct in d icated  th at the d ep osit form ed  as 
lon g  coiled  threads. Som e o f  the im ages on  the 
fluorescent screen o f the m icroscop e  gave the o b 
server the im pression  th at these coils  w ere form ed  b y  
an extrusion  process. E lectron  d iffraction  ex
am ination  o f the pow der y ie lded  on ly  rings charac
teristic o f  graphite.

X -R a y  studies at grazing in ciden ce w ere m ade in 
order to  id en tify  these surface crysta ls and  to  fo llow  
the reaction  tak in g  p lace on  the surface. C em en
tite, F e3C , was detected  on  the surface in all o f  the 
ca ta ly tic  experim ents carried ou t a t 550°. I t  was 
detected  before  the a ctive  areas o f  the surface 
turned  b lack  (presum ably  becau se o f  carbon ) as 
w ell as a fter the reaction  had proceeded  su fficiently 
far to  cov er  the entire sphere w ith  carbon . T h e  m a
jo r  d iffraction  lines o f  cem entite  w ere a lw ays fou n d  
in the d iffraction  patterns, b u t ca rb on  appeared 
on ly  w hen a relatively  h ea v y  b lack  deposit was ex
am ined. T h e  correlation  betw een  the visual o b 
servance o f the needle-like crysta ls and  the appear
ance o f  the m a jor  lines o f  cem en tite  in the d iffrac
tion  patterns suggests th at these surface crysta ls  
were cem entite. B a rre tt17 reports th e  existence 
o f  several solid  solutions o f  a -iron  and cem entite. 
T h e  form s differ a ccord in g  to  the tem perature o f 
form ation . T h e  h igh tem perature form  is pearlite. 
I f  the solid  solu tion  is coo led  to o  rap id ly  fo r  pearl
ite to  be form ed, m artensite is the p rod u ct. T h e 
low  tem perature form  is bain ite w h ich  is p rodu ced  
betw een  200 and 550°. V ilella, G uellich  and 
B a in 18 h ave published ph otom icrograph s o f bain ite 
w h ich  appear identica l t o  the crystals seen in the 
present stu dy . A  striated structure surrounding 
the acicu lar crystals stron g ly  resem bled the p u b 
lished ph otographs o f pearlite.

A n  attem p t was m ade to  a lter th e  acicu lar c ry s 
tals b y  heating in h ydrogen , since th e  data  o f E m 
m e tt19 in d icated  th at the d irect redu ction  o f F e3C  
b y  h ydrogen  was th erm odyn am ica lly  favorab le  at 
550°. A n  iron  sphere was exposed  to  carbon  m on 
oxide fo r  an hour a t 550° and  the reaction  was 
halted  a fter carbon  had  form ed  on ly  on  the m inor 
faces, b u t th e  acicu lar crystals had form ed  on  all 
faces, bein g  m ore  con cen trated  on  the m inor 
faces. X -R a y  d iffraction  analysis show ed the 
presence o f  cem entite an d  carbon  on the (321) fa ce  
b u t on ly  cem entite on  the (100) face . A fter  being 
heated  in  h ydrogen  at 550° for  20 hours the sphere 
show ed  n o  change as ju d ged  either b y  its m icro
scop ic  appearance o r  b y  its X -r a y  d iffraction  p a t
tern. T h e  sphere h ad  assum ed a grayish  cast. 
T h e  change in appearance suggested th at h ydrogen  
had  a reducing effect on  som e con stituen t, bu t this 
con stituen t was n o t identified  b y  X -r a y  analysis. 
T h e  sphere w as again heated  to  550° in h ydrogen  
and  exposed  to  carbon  m on ox ide . T h e  d e com p o-

(1 7 ) C . S . B a rr e tt , “ S tr u c tu r e  o f  M e t a ls ,”  M c G r a w -H i l l  B o o k  C o ., 
I n c . ,  N e w  Y o r k ,  N .  Y . ,  1 9 4 3 , p .  4 75 .

(1 8 ) J . R .  V ile lla , G . E .  G u e ll ic h  a n d  E .  C . B a in , T ra n s. A m . S oc. 
Metals, 2 4 , 2 2 5  (1 9 3 6 ) .

(1 9 )  L .  C .  B r o w n in g , T .  W . D e W U t  a n d  J?* M. E m n o e tt , J. Am. 
Ch*m> 7 2 ,  4 2 U  (1 9 5 0 ) .



554 Victor J. Kehrer, Jr., and Henry Leidheiser, Jr. Vol. 58

sition  o f the m on ox id e  p roceed ed  ra p id ly  an d  the 
d ep osit soon  cov ered  th e  entire sphere. T h e  (321) 
areas still retained th e  h eaviest deposit. X -R a y  
analysis again  show ed  F e3C  and carbon  on  the 
(321) fa ce  and  on ly  F e 3C  on  th e  (100) face .

T h e  results obta ined  during the d ecom p osition  o f 
carbon  m on ox ide  at 450° w ere essentially  the sam e 
as th ose  at 550°. T h e  m in or faces w ere m ost a c
tive  an d  th e  ( 100) fa ce  w as b y  far the least a ctive . 
X -R a y  analysis a t grazing in ciden ce  o f  th e  surface 
produ cts fo rm ed  during th e  reaction  revealed  the 
presence o f  carbon  and  cem entite. T h e  acicu lar 
crystals w ere again  n oted  and  th e  re la tive  rates o f  
form ation  on  the variou s crysta l faces w ere sim ilar 
to  the relative rates fou n d  a t  550°.

T h e  results obta ined  a t 250° w ere v e ry  sim ilar to  
th ose  obta in ed  a t 350°. A t  b o th  tem peratures an 
in terference c c lo r  pattern  form ed . T h e  pattern  
consisted  o f  large areas o f  u n iform  appearance sur
rou nding  the ( 1 1 1 ) faces and  large areas o f  un iform  
appearance surrounding the (100) faces. X -R a y  
analysis a t grazing in ciden ce o f  th e  p rod u cts  form ed  
a t 350° in d ica ted  the presence o f  FC20C 9 an d  F e304. 
W h en  a  sphere, w h ich  had  been  p rev iou sly  exposed  
to  carbon  m on ox id e  a t  250 or  3 5 0 °, w as h eated  at 
600° in vacuo, ca rbon  was form ed  w h ich  w as con 
cen trated  arou nd  th e  ( 1 1 1 ) an d  ( 110 ) faces w ith  
sm aller am ou n ts a lon g  th e  ban ds form in g  the 
planes con n ectin g  these tw o  m a jor  faces. A t  
250° the m a jor  p rod u ct fo rm ed  a fter exposure to  
carbon  m on ox id e  fo r  4 -1 0  days w as F e304 as in d i
cated  b y  X -r a y  d iffraction . T h e  ox ide exh ib ited  a 
stron g  preferred  orientation . Sim ilar results were 
obta in ed  w hen  carbon  m on ox id e  w as con tin u ou sly  
flow ed  th rou gh  the system .

Copper, Silver, Chromium, Molybdenum and 
Electrodeposited Rhodium and Palladium on Cop
per Single Crystals.— T h e  results obta in ed  w ith  
these m etals are sum m arized in T a b le  V . O n ly  
in  the case o f  ch rom iu m  w ere reprodu cib le  d iffer
ences in the beh av ior o f  the crysta l faces observed . 
T h e  com position  o f  the film  on  the surface was n ot 
determ ined.

T a b l e  V
A S u m m a r y  o f  t h e  R e s u l t s  O b t a i n e d  w i t h  C o p p e r , S i l 

v e r , C h r o m i u m  a n d  M o l y b d e n u m  C r y s t a l s  a n d  w i t h

E l e c t r o d e p o s i t s  o f  

M e ta l s in g le

R h o d i u m  a n d  P a l l a d i u m  o n  C o p p e r  

C r y s t a l s

c r y s ta l T e m p . ,  ° C . R e s u lts

Copper 550-800 Completely inactive
Silver 550 Completely inactive
Chromium 400-550 Interference color films 

which formed more rap
idly on (111) than (100) 
areas

Molybdenum 550-700 Showed activity in only 1 of 
12 experiments; small 
size limited useful life

Rhodium electrode- 550 
deposited on copper crystal

Completely inactive

Palladium electro- 550 
deposited on copper crystal

Completely inactive

Discussion
T h e  m a jo r  o b je ct iv e  o f  this research was to  re

late th e  arrangem ent o f  th e  atom s in  the surface

w ith  ca ta ly tic  a c t iv ity  using a single reaction  and  
single crysta ls o f  a  n um ber o f d ifferent m etals. O f 
the n ine m etals in vestigated  in  this stu d y , o n ly  three 
w ere fou n d  to  h ave  appreciab le  a c t iv ity  in  th e  de
com p osition  o f carbon  m on ox ide , n am ely , n ickel, 
iron  an d  co b a lt  (in  b o th  the hexagonal an d  cu b ic  
ph ases). In  the case o f  iron , n ickel an d  cu b ic  cob a lt  
at 550° and  hexagonal co b a lt  a t 410°, graph itic  car
bon  was identified  as on e o f  th e  p rod u cts  o f the re
action . O n all three m etals the reaction , 2C O  =  
C 0 2 +  C  occu rred . O n th e  iron  crysta ls  oth er re
actions occu rred  a lso  as show n b y  th e  fa c t  th at 
produ cts such  as F e2oC9, F e304 an d  F e 3C  w ere iden 
tified. N o  ev iden ce  w as fou n d  fo r  side reactions 
on  co b a lt  or  n ickel.

O f greatest interest to  the relationship  betw een  
the arrangem ent o f  atom s an d  ca ta ly tic  a c t iv ity  is 
th e  fa c t  th a t the regions o f  h igh  a c tiv ity  w ere the 
sam e and the regions o f  low  a c tiv ity  w ere the sam e 
on  the three cu b ic  m etals iron , n ickel an d  coba lt . 
T h e  m inor faces ly in g  on  the surface betw een  the 
areas surrounding th e  m a jor faces w ere the m ost a c
tive  in  all cases. E ven  in  th e  case o f  h exagonal c o 
ba lt th e  m inor faces such as (0113) and  (1124) w ere 
the m o st active . T h e  appearance o f the pattern  
form ed  on  iron  crysta ls w as v e ry  m u ch  m ore  co m 
p lica ted  than  th at form ed  on  n ick el or  cu b ic  coba lt, 
in th at the large areas o f  h igh a c tiv ity  w ere further 
d iv ided  in to  areas o f  slightly  d ifferent a ctiv ity . 
F urtherm ore, iron , n ickel and  cu b ic  co b a lt  w ere 
sim ilar in  th at a t 550° th e  (100) fa ce  w as b y  far the 
m ost in active  area on  th e  surface. B o th  v isu al o b 
servation  and  X -r a y  d iffraction  analysis o f  th e  sur
fa ce  led to  the sam e conclusion . In  fa ct , com pared  
to  m in or faces, the (100) faces w ere a lm ost inert. 
In  som e cases it  appeared th at th e  (100) fa ce  be
cam e covered  w ith  carbon  b y  lateral grow th  o f  the 
carbon  from  neigh borin g  m inor faces rather than  b y  
v irtu e  o f its ow n  a ctiv ity .

O ne o f the strongest p ieces o f  ev iden ce  con cern 
ing the relationship  betw een  th e  arrangem ent o f 
atom s an d  th e  ca ta ly tic  a c t iv ity  was fou n d  in the 
studies w ith  nickel and  cu b ic  coba lt. T h e  carbon  
patterns w h ich  w ere observed  a t 550° on  b o th  o f 
these m etals w ere the sam e. T h is  sim ilarity  is to  
be  expected  since b o th  m etals possess iden tica l 
crysta l stru ctu res20 a t 550° an d  the la ttice  constants 
are v e r y  sim ilar. In  b o th  cases th e  order o f  a c t iv 
ity  in  decreasing order w as: m in or faces, (111 ), 
(110) and (100).

In  th e  case o f  n ickel as show n  in  T a b le  I I  the 
relative rates a t w h ich  carbon  form ed  on  th e  cry s 
ta l faces o f  th e  spherical crysta l w ere in depen den t 
o f  the roughness o f  th e  surface. Sim ilar relative 
rates o f  reaction  w ere obta in ed  on  e lectro ly tica lly  
polished specim ens as w ere ob ta in ed  on  crysta ls 
w h ich  h ad  been  roughened b y  treatm ents such  as 
etch ing, e lectrop lating, and  alternate ox id a tion  and 
reduction . In  som e cases the area surrounding the

(2 0 )  T h r o u g h o u t  th is  p a p e r  t h e  te r m s  c u b ic  c o b a l t  a n d  h e x a g o n a l 
c o b a l t  h a v e  b e e n  u se d  a lth o u g h  i t  is  g e n e ra lly  k n o w n  t h a t  b e lo w  4 2 0 °  
th e  c r y s ta l  c o n s is ts  o f  a  m ix tu re  o f  th e  h e x a g o n a l a n d  c u b ic  p h a se s  
(O . S. E d w a r d s , J. Inst, Metals, 69, 1 7 7  (1 9 4 3 ) ) .  H o w e v e r ,  a s  p r e v i 
o u s ly  d e s c r ib e d  in  re fe re n ce  (1 6 )  a n d  fu r th e r  o b s e r v e d  in  th e  s t u d y  re 
p o r t e d  h e re in , c h e m ic a l ly  c o b a l t  s in g le  c r y s ta ls  b e h a v e  a s  a  f a c e -  
c e n te r e d  c u b ic  m e ta l a b o v e  4 2 0 ° ,  a n d  as a  h e x a g o n a l c lo s e -p a c k e d  m e ta l  
b e lo w  4 2 0 ° .
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(100) fa ce  was roughest, w hereas in oth er cases the 
area surrounding the (111) fa ce  w as roughest. 
N evertheless in all cases the m inor faces w ere the 
m ost a ctive  and the (100) fa ce  w as the least active. 
I t  should  be em phasized that, a lthou gh  the relative 
rates o f  reaction  w ere in depen den t o f  the roughness 
o f  the surface, the absolu te  rate o f  reaction  on  an y  
fa ce  w as greatly  d ependen t u p on  the p re-treatm en t 
o f  th e  surface. In  the case o f  cu b ic  cob a lt  the m i
n or faces surrounding the (111) planes exh ib ited  
th e  highest a c t iv ity  and  the (100) fa ce  and sur
rounding area exh ib ited  the low est a c t iv ity  on 
crystals w h ich  had  been  electropolished  as w ell as 
on  crystals w hich  h ad  been  e lectro ly tica lly  etched  
a t ro o m  tem perature to  g ive  a hexagonal close- 
p a ck ed  e tch  pattern .

O ne o f th e  m ost in teresting features o f the cata 
ly t ic  reaction  on  co b a lt  single crystals w as th e  fa c t  
th at the (111) areas o f  the fa ce-cen tered  cu b ic  
structure w ere th e  m ost a ctiv e  whereas in th e  hex
agonal close-p acked  structure th e  (0001) areas were 
the least a ctive . In  order to  appreciate  fu lly  the 
significance o f  this d ifference in a ctiv ity , it  is neces
sary to  understand the relation  betw een  th e  fa ce - 
centered cu b ic  an d  hexagonal c lose-packed  stru c
tures. B o th  structures m a y  be  considered as a stack 
in g  o f planes o f  atom s arranged in densest pack in g : 
th at is, w ith in  each  p lane each a tom  has 6 neighbors 
at an equal d istance. T h e  tw o  structures d iffer on ly  
in the m eth od  o f stack ing  these planes o f  densest 
pack ing. In  the hexagonal close-packed  structure 
alternate p lanes are iden tica l in spatial arrange
m ent, whereas in the face -cen tered  cu b ic  structure 
every  p lane is id en tica l in  arrangem ent to  the 
fou rth  p lane a b o v e  or b e low  it. T h e  stack ing  in 
the hexagonal close-packed  structure m a y  thus 
be represented b y  the sequence abababab, e tc ., and 
the stack ing  o f  the planes in th e  face-centered  
cu b ic  structure m a y  be  represented b y  the se
qu ence  abcabcabc, etc. F rom  th e  foregoin g  it is 
apparent th at th e  (111) an d  (0001) planes, w hich  
are th e  planes o f  the densest pack ing , are identica l 
in a tom ic  con figuration  tw o-d im ensiona lly  bu t d if
fer in th at the position s o f  the atom s in  planes be

neath  the surface are d ifferent in  the tw o  struc
tures.

T h e  detection  o f d iscrete com pou n ds each  as 
F e3C , F e2oC9 and F e 304 on  iron , the presence o f  c o 
ba lt an d  n ickel in  the carbon  deposit, and  the 
form ation  o f polycrysta lline n ickel on  th e  areas sur
rou nding  the (111) faces during th e  passage o f a 2 :1  
m ixture o f  h ydrogen  and carbon  m on ox ide  over 
n ickel single crysta ls a t 5 5 0 ° ,21 all p o in t to  the v iew  
th at atom s b elow  the surface are also in v o lv ed  in 
som e w ay  in  the ca ta ly tic  reaction .

T h e  filam entary shape o f th e  carbon  form ed  dur
ing the d ecom position  o f  carbon  m on ox id e  on  iron  
has been observed  in depen den tly  b y  tw o  oth er 
groups o f w ork ers.22’23 U n der certain  con d itions 
filam ents o f  th e  sam e general appearance are form ed  
during the p h otograph ic  deve lop m en t o f  single crys
tals o f  silver b rom id e24 and silver ch lor id e .25 V e ry  
fine whiskers are a lso  form ed  under certain  con d i
tions on  a m etal such  as t in .26 Studies are needed 
to  understand th e  origin  o f  this filam entary  stru c
ture, w h ich  appears to  occu r  m ore  o ften  th an  is 
generally  realized.
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appreciation  to  D r. A llan  T . G w a th m ey  fo r  his 
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his con tin u ed  encouragem ent and  suggestions. 
W e  are gratefu l to  the T exas C om p a n y , and espe
cia lly  to  D r. W . E . K u h n , fo r  perm ission  to  p u b 
lish this w ork . D iscussions w ith  D r. F rank  J. 
M o o re  and oth er m em bers o f  th e  R esearch  L a b ora 
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v o n  G em m ingen  fo r  carry in g  o u t th e  electron  
m icroscop e  studies.

(2 1 )  U n p u b lis h e d  resu lts .
(2 2 )  W . R .  D a v is ,  R .  J . S la w so n  a n d  G . R .  R ig b y ,  Nature, 171, 7 5 6

(1 9 5 3 )  .
(2 3 )  L . V . R a d u s h k e v ic h  a n d  V . M .  L u k ’y a n o v ic h ,  Zhur. Fiz. Khim., 

26, 8 8  (1 9 5 2 ) ;  k n o w n  t h r o u g h  C. A., 47, 6 2 1 0  (1 9 5 3 ).
(2 4 )  H . D .  K e it h  a n d  J. W .  M itc h e l l ,  Phil. Mag., 44, 8 7 7  (1 9 5 3 ) .
(2 5 )  F . H .  C o o k  a n d  H . L e id h e ise r , J r .,  J. Am. Chem. Soc., 76, 617

(1 9 5 4 )  .
(2 6 )  S . E .  K o o n c e  a n d  S. M .  A r n o ld ,  J. Applied Phys., 24, 3 6 5  

(1 9 5 3 ).

ION EXCHANGE IN MIXED SOLVENTS
B y  O . D . B o n n e r  a n d  Ja n e  C . M o o r e f ie l d 1

Department of Chemistry of the University of South Carolina, Columbia, S. C. 
R e c e iv e d  M a r c h  1 ,  1 9 5 4

Equilibrium studies of the silver-hydrogen system on Dowex 50 have been made in ethanol-water and dioxane-water 
media. The characteristic solvent uptake of the pure silver and hydrogen resinates and the composition of the imbibed 
solvent have been determined. The over-all selectivity of the resin is increased by the addition of an organic solvent. 
The swollen volume of the hydrogen resinate remains relatively constant if water is present in the solvent phase. The 
presence of organic solvent, however, appears to shrink the silver resinate. Theoretical considerations are difficult, due to 
a lack of knowledge of the behavior of electrolytes in non-aqueous or mixed media.

In trodu ction
A lth ou gh  m a n y  results o f  ion -exch an ge experi

m ents in  aqueous m edia  h ave  been  published , there
(1) From a thesis submitted by Jane C. Moorefield to the University

of South Carolina in partial fulfillment of the requirements for the
degree of Master of Science.

are v e ry  few  literature references to  ion  exchange in 
n on -aqueou s m edia  or in  m ixed  solvents. C hance, 
B o y d  and G arber2 h ave recen tly  com pleted  a 
s tu d y  o f the kinetics o f  ion  exch ange in non -aque-

(2 ) F .  S . C h a n c e , J r ., G . F .  B o y d  a n d  H . J . G a r b e r , Ind. Eng. Ghem., 
4 6 , 1671 (1 9 5 3 ).
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ous m edia and o f the feasibility  o f industrial use o f 
certain  resins in w hich  th ey  report that organic 
solvents w hich  a llow  the w ater w et resin to  retain 
its aqueous vo lu m e are su itable as exchange m edia. 
T hese results seem ed to  in d icate  th at a sim ilar 
s tu d y  o f ion exchange equilibria  should  be o f  in ter
est.

T h is research w as thus o f an exp lora tory  nature, 
the purpose o f  w h ich  was to  com pare ion -exch an ge 
equilibria  o f  one pair o f  ions in certain  m ixed  sol
ven ts w ith  those in aqueous m edia  and  to  a ttem p t to  
ascertain w hether there was a relationship  betw een  
these equ ilibria  and th e  so lven t u ptak e o f the resin.

Experimental
Exchange Experiments.—Silver and hydrogen ions were 

chosen as the pair to be studied since quantitative analysis 
for these ions is very simple. Approximately 8% DVB 
Dowex 50 was chosen as the cation-exchange resin.* The 
experimental procedures for the equilibrium studies were 
identical with those used for similar studies in aqueous 
media.4 In each exchange experiment both the resin and the 
solvent phase were subjected to analysis for both ions when 
equilibrium was attained. When radioactive methods of 
analysis were to be used, a trace of Ag110 isotope was added 
to the influent silver solution.

Solvent Uptake.—The uptake of each solvent mixture by 
both pure hydrogen resinate and pure silver resinate was 
determined experimentally. A one-gram sample (approxi
mate) of the resin was placed in a column and eluted with 
25 ml. of the appropriate solvent. After elution the 
samples were immersed in the solvent for five minutes, re
moved by filtration, dried superficially by blotting until no 
excess moisture was apparent, and weighed. The samples 
were then dried to constant weight at 115° and the maxi
mum solvent uptake computed from the loss in weight.

Solvent Composition.—The composition of each solvent 
mixture imbibed by the resin was determined by equilibrat
ing a resin sample with the appropriate solvent, separating 
by filtration, superficially drying and distilling to dryness 
at 115°. The composition of the ethanol-water distillates 
was determined from specific gravity measurements. In the 
case of dioxane-water distillates, the composition was de
termined from dielectric constant measurements.

Discussion and Results
F rom  the so lven t uptake data, presented in T a 

bles I - I V ,  it is apparent th at w henever w ater is pres
ent in  the solven t m ixture, the h ydrogen  resinate 
im bibes a vo lu m e o f so lven t w hich  is at least as 
large as w hen it is equ ilibrated  w ith  pure w ater. 
T h e  presence o f  m ore than 25 w eight per cent, or
gan ic so lven t substantia lly  decreases the u ptak e o f 
so lven t b y  the silver resin, h ow ever, an d  thus de
creases the sw ollen  vo lu m e. T h e  com position  o f 
the so lven t im b ibed  b y  the h yd rogen  resinate is 
close  to  th a t o f  the influent solu tion , ex cep t th at the 
resinate phase is re la tive ly  richer in  organ ic so lven t 
w hen  th e  so lu tion  is p redom in an tly  aqueous. E th a
n ol is a lw ays taken  u p  t o  a  greater exten t from  aque
ous ethanol solutions than  is d ioxan e from  aqueous 
d ioxan e solutions con ta in ing  an equal w eight fra c
tion  o f  organ ic so lven t. T h e  silver resinate, on  the 
con trary , im bibes con siderab ly  less eth an ol from  
e th a n o l-w a ter  solu tions an d  a lm ost n o  d ioxane 
from  d iox a n e -w a ter  solutions. T h is  beh av ior ap 
pears to  be  an alogou s to  the “ salting in ”  properties 
o f  th e  h yd rogen  ion  in  certain solutions. F or  ex
am ple , isoam yl a lcoh ol and  con cen trated  h y d ro 
ch loric  acid  form  a one-phase system , bu t such  is

(3 )  T h e  a u th o r s  a re  g r a te fu l  t o  D o w  C h e m ic a l  C o m p a n y  f o r  su p p ly *  
in g  t h e  res in  u se d  in  th e s e  e x p e r im e n ts .

(4 ) O . P i  jRonneir V , T**»* ¿OWHNAfc, # 7 , 854  (1 8 5 3 ),

n o t the case w hen con cen trated  silver n itrate solu 
tions and isoam yl a lcoh o l are used . T h e  greater 
a ffin ity  o f  th e  resinates fo r  eth an ol th an  fo r  d ioxan e 
is p ro b a b ly  due to  the “ polar ch aracter”  o f  the 
form er substance.

T a b l e  I
S o l v a t i o n  o p  H y d r o g e n  R e s i n a t e  i n  E t h a n o l - W a t e r

S o l u t i o n s

I n f lu e n t  s o lv e n t  (w t .  %
e th a n o l) 0 2.5 50 75 100

S o lv e n t  u p ta k e  b y  res in a te  
c o m p n . (w t .  %  e th a n o l) 0 47 52 79 100

G . s o l v . / e q .  resin 2 0 5 2 1 5 202 178 94
M o le s  s o l v . / e q .  resin 1 1 .4 8 . 5 7 . 7 5 .1 2
M l.  s o l v . / e q .  resin 2 0 5 2 3 4 2 2 3 211 117

T a b l e  II
S o l v a t i o n  o p  H y d r o g e n  R e s i n a t e  i n  D i o x a n e - W a t e r  

S o l u t i o n s

Influent solvent (wt. %
d io x a n e )

S o lv e n t  u p ta k e  b y  res in a te
0  25 50 75 100

c o m p n . (w t .  %  d io x a n e ) 0 29 42 68 100
G . s o l v . / e q .  resin 2 0 5  224 229 202 83
M o le s  s o l v . / e q .  resin 1 1 .4  9 . 6 8 .4 5 .1 0 . 9
M l.  s o l v . / e q .  resin 2 0 5  220 222 195 80

T a b l e  I I I

S o l v a t i o n  o p  S i l v e r R e s i n a t e  i n E t h a n o l - W a t e r

S o l u t i o n s

I n f lu e n t  s o lu t io n  (w t .  % 
e th a n o l)

S o lv e n t  u p ta k e  b y  res in a te
0  25 50 75 100

c o m p n .  (w t .  %  e th a n o l) 0  29 36 3 9 100
G . s o l v . / e q .  resin 118 95 66 43 23
M o le s  s o l v . / e q .  resin 6 . 6  4 . 3 2 . 9 1 .8 0 . 5
M l.  s o l v . / e q .  res in 118 100 70 46 29

T a b l e  I V

S o l v a t i o n  o p  S i l v e r R e s i n a t e  i n D i o x a n e - W a t e r

S o l u t i o n s

In flu e n t  s o lu t io n  (w t .  %  
d io x a n e )

S o lv e n t  u p ta k e  b y  res in a te
0  25 50 75 100

c o m p n . (w t .  %  d io x a n e ) 0 1 .3 2 . 9 3 . 4 100
G . s o l v . / e q .  resin 118 123 80 55 29
M o le s  s o l v . / e q .  resin 6 . 6  6 . 8 4 . 3 3 . 0 0 . 3
M l.  s o l v . / e q ,  resin 118 122 80 55 28

T h e  equ ilibrium  data  for  the exchange reactions 
are presented  graph ica lly  in F igs. 1 an d  2. T h e  
equ ilibrium  qu otien t or se le ct iv ity  coefficient, k, 
is ca lcu lated  fo r  each  exchange reaction  from  the 
eq u ation

, _  Mb* Mole % Ag Res.
Mm* X Mole % H Res.

F rom  these p lots  o f  equ ilibrium  qu otien t vs. resin 
com p osition  it  m ay  be  observed  th at there is an 
over-a ll increase in a ffin ity  o f  th e  resin fo r  silver ion  
w hen organ ic so lven t is present. M o reov er , the in 
crease occu rs to  a  greater exten t w hen  th e  resin  is 
p redom in an tly  in the silver form . S ince it  has been 
n oted  th at th e  presence o f  som e organ ic so lv en t re 
duces the sw ollen  vo lu m e o f silver resinate an d  such  
is n o t the case from  the h yd rogen  resinate, th e  possi
b ility  o f  a relationship  betw een  sw elling an d  selec
t iv ity  is ind icated . T h is  increase in se lect iv ity  m a y  
be  due in part t o  increase in the a c t iv ity  coeffi
cient ra tio  / h  r « / / a «  Res caused b y  an increase in  
the concentration of the resin phase. A sim ilar
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Mole per cent, silver resin.
Fig. 1.—Silver-hydrogen exchange in ethanol-water media.

effect is observed  for  th is system  in aqueous m edia 
w hen the ion ic strength  o f  the external solu tion  is 
increased,5 th ereb y  redu cin g  the sw ollen  vo lu m e o f 
the resin. T h e  se lect iv ity  coefficient is a lso in
creased at all resin com p osition s4 fo r  resins o f  higher 
D V B  con ten t, in  w h ich  th e  sw elling is in h ib ited  to  
a greater extent. S ince little  is k n ow n  concern ing

(5 ) O . D . B o n n e r , W .  J . A rg e rs in g e r  a n d  A .  W . D a v id s o n ,  J . Am. 
Chem. Soc., 7 4 , 1044  (1 9 5 2 ).

Mole per cent, silver resin.
Fig. 2.—Silver-hydrogen exchange in dioxane-watcr media.

the beh av ior o f silver ion  in m ixed solvents, it is d if
ficult to  pred ict the effect o f  the change in solvent 
com position  in the resin phase w ith  resin com p osi
tion  on  the a b ove  a c t iv ity  coefficient ratio. T h e  
a c t iv ity  coefficient ratios o f  the ions in the external 
solu tion  are likewise k n ow n  on ly  for  aqueous m edia, 
and so  the effect o f  this term  on the se lectiv ity  co 
efficient can not be q u a n tita tive ly  pred icted . T h e o 
retical considerations, other than those given  above , 
therefore are n ot feasible.

THERMODYNAMIC DATA FOR THE ZINC-INDIUM SYSTEM OBTAINED
FROM THE PHASE DIAGRAM

By W . J. Svirbely

Department of Chemistry, University of Maryland, College Park, Maryland 
Received, March 4 , 196A

Integral heats of mixing and the relative partial molal heat contents of zinc and indium in zinc-indium alloys at 700°K. 
have been determined from solubility data for the system by means of semi-empirical equations proposed by Kleppa. The 
relative partial molal heat contents of zinc have been used in turn to calculate the activities and partial molal entropies of 
zinc in zinc-indium alloys at 700°K. All calculated data have been compared with data in the literature. The results 
support Kleppa’s equations as well as can be expected.

In trodu ction
D u e  to  experim ental d ifficulties, it is frequ en tly  

im possib le  to  a p p ly  either v a p o r  pressure or e lec
trom otiv e  force  procedures to  the determ ination  o f 
the th erm od yn am ic properties o f  b im etallic  sys
tem s. C on sequ en tly , a ttem pts h ave been  m ade to  
determ ine such  properties through  use o f  oth er 
availab le data , such  as so lu b ility  data . R ecen tly ,
K le p p a 1 has criticized  som e o f the earlier attem pts 
an d  he has presented  a m eth od  w h ich  perm its the 
separation  o f  the ca lcu lated  partial m ola l free ener
gies a lon g  the liqu idus in to  approxim ate  heat and 
en trop y  term s. T h e  m eth od  is restricted  to  a  sim 
ple eu tectic  phase diagram  w ith  a steep  liquidus 
d isp laced  tow ard  one extrem e in  com p osition .

T h e  com parison  o f  ca lcu lated  h eat data  w ith  ex
perim ental data  m ade b y  K le p p a 1 does n ot lead to

(1 )  O . J . K le p p a , J- Am. Chem. Soc., 7 4 ,  6 0 4 7  (1 9 5 2 )

a sa tisfa ctory  conclusion  con cern in g  the v a lid ity  o f  
K le p p a ’s m ethod  because o f the lack  o f sufficient 
experim ental data  fo r  the system s considered .

T h e  phase diagram  for  the z in c-in d iu m  sy stem 2 3 
indicates th at this system  is su b ject t o  the a b o v e  re
strictions. F urtherm ore, the th erm odyn am ic p rop 
erties o f  the z in c-in d iu m  system  h ave been deter
m ined  re ce n tly .4 T here  exist, therefore, in this 
case sufficient th erm odyn am ic data  fo r  the check ing  
o f K le p p a ’s m ethod .

R esu lts
T h erm al C alcu lations.— T h e  data  o f V alentiner2 

and o f R hines and G robe* were used in the eal-
(2 )  S . V a le n t in e r , Z .  Mclallkunde, 3 6 , 2 5 0  (1 9 4 3 ) .
(3 )  F . N . R h in o s  a n d  A . H . G r o b e ,  Am. Fust. Mining Met. Etigrs., 

Inst. Metals Div.. 15 6 , T e c h .  P u b . 1682 (1 9 4 4 ) .
(4 ) W . J . S v ir b e ly  a n d  S . M .  S elis, J. Am. Chem. Soc., 75  1532 

(1 9 5 3 ).
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cu lations. F igure 1 show s a p lo t o f log  N z n (s) in 
In (l) vs. 1 / T .  F rom  the slope and in tercept o f 
th e  lim iting straight line, one obta ins values for 
AH , the heat o f  solu tion  for  zinc, and log  iVzn at 
l / T  =  0, respectively . T h rou gh  use o f  equations 
1 and 2

L'L = L, =  aFi  -  a h , ( l )
2.3R log Niit~o — AS, = AS,*0 (2)

values o f L i°, the relative partial m olal heat con 
ten t o f  zinc at high dilution , and A SF0, the excess 
partial m ola l en trop y  o f zinc at high d ilution , were 
ca lcu lated  to  be 2675 c a l./m o le  and 1.94 e.u ., re
sp ective ly . T h e  heat o f  fusion  o f zinc w as taken5 6 
to  be 1765 ca l./m o le  at 692 .7 °K .

0.4 0.8 1.2 1.6 2.0 2.4
l/T  X 103.

Fig. 1.—Solubility of Zn(s) in In(l).

V alues o f  A H , the integral heating o f m ixing, L ,, 
the rela tive partia l m ola l heat con ten t o f  zinc, and 
Lo, the relative partial m ola l h eat con ten t o f  in 
dium , can be  ca lcu lated  b y  equ ation s 3, 4 and  5

AH = NiN2Li° (3)
L, = A W  (4)
U  =  NSL,” (5)

if  one assum es the v a lid ity  o f  the B a u d -H e it le r6'7 
equ ation  fo r  the heat o f  form ation  o f one m ole  o f 
so lu tion . On the other hand, if one assum es the va lid 
ity  o f the van  L aar8 equ ation  fo r  the integral heat 
o f  m ixing, then  A H , L , and  L 2 can be  ca lcu la ted 1 
b y  equ ation s 6, 7 and  8

AH = V 2 y 2 0SL,» +  AqsFV (6)

Li = 0227V> (7)
j f 2 _  
Lt -  V, ö‘2ii° (8)

In  these equations, N , 9 and V  represent m ole  frac- 
tion , vo lu m e  fra ction  and  m olar volu m e, respec-

(5 )  K .  K . K e lle y ,  B u re a u  o f  M in e s , B u lle t in  4 7 6 , p . 20 3 .
(6 )  E . B a u d , Bidl. soc. chim., [4 ] 17 , 3 2 4  (1 9 1 5 ).
(7 )  W .  H eitler,^4rm .P Ai/st'Ä , [4 ] 8 0 , 6 3 0  (1 9 3 6 ) .
(8 )  J . J . v a n  L a a r , " T h e r m o d y n a m ik  d e r  e in h e it l ich e n  S to f fe  u n d

b in ä e r  G e m is c h e ,”  G ro n in g e n , 1935.

tiv e ly , for  the designated com pon en t. A ll qu an 
tities ca lcu lated  b y  use o f  m ole  fraction  expressions 
(equations 3, 4, 5) and b y  use o f  v o lu m e  fra ction  ex
pressions (equ ations 6, 7, 8) are show n  in  F ig . 2 
a long w ith  th e  experim ental va lues fo r  th e  sam e 
quantities. In  the ca lcu lation  o f vo lu m e fraction s, 
V i and V 2 w ere taken  to  be  9.2 and 15.7 cc. fo r  zinc 
and  indium , resp ective ly ,9 over  the com plete  tem 
perature range. I t  shou ld  be  em phasized th at in 
this m eth od  o f com parison  one assum es th a t A H , 
L ,  and Z>2 are in depen den t o f the tem perature  n ot 
on ly  over the tem perature range cov ered  b y  the a c 
tual phase diagram  b u t a ctu a lly  t o  7 0 0 °K ., the 
tem perature at w h ich  the experim ental va lu es were 
ob ta in ed .4

A ctiv ities .— In  the ca lcu lation  o f th e  activ ities  
o f  com pon en ts in a hom ogen eous b im eta llic  m ixture 
from  so lu b ility  data, on e m u st rem em ber th at in 
form ation  obta in ed  from  the so lu b ility  d iagram  
con cern in g  equ ilibrium  in the so lid -liq u id  m ixture 
is restricted  to  the tem perature and com p osition  
a long the liquidus. In  such a case, N i  is th at m ole 
fraction  o f zinc a t each  tem perature in w hich

a,°(s/l) =  a,( 1/1) (9)
w here a i° (s /l)  is the a c t iv ity  o f  pure solid  zinc and 
a x( l / l )  is th e  a c t iv ity  o f  the zinc in the liqu id  a lloy ,

(9 )  J . H . H ild e b r a n d  a n d  R .  L . S c o t t ,  " T h e  S o lu b i l it y  o f  N o n e le c 
t r o ly t e s ,”  3 rd  e d ., R e in h o ld  P u b l. C o r p . ,  N e w  Y o r k ,  N . Y . ,  1 9 5 0 , p. 
3 23 .
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b oth  being referred to  pure liqu id  zinc as the stand
ard state. F or  the reaction  Z n (s) -► Z n (l), one 
can express the varia tion  o f the a c t iv ity  o f  liquid  
zinc w ith  tem perature b y  the usual equation , nam ely

A TT
R In ai°(l/s), = + Ci (10)

Sim ilarly, one uses fo r  the varia tion  o f the a ctiv ity  
o f  zinc w ith  tem perature in each  liqu id  a lloy  the 
equ ation

R In o jl /l )  =  ^  +  C (11)

Since ax°(s/l) =  l /a x ° ( l /s ) ,  then  on  ap p ly in g  the 
equ a lity  expressed b y  eq u ation  9 to  equations 10 
and  11 one obta ins

- A f f f  -  L j  =  (J +  Q

T (12)

F urtherm ore, since F i° — F sc =  R T  In a j° ( l/s ) , then 
b y  equ ation  10

AF° -  AHi 
T = Ci (13)

C om bin ation  o f equ ation s 12 an d  13 yields

- L i  -  A ff „
T  ^ (14)

T h u s one can obta in  C  fo r  each  a lloy  o f  a fixed com 
p osition  on  th e  liqu idu s if  b o th  the AF° va lu e for  
the m elting  o f pure zinc and  the L x va lue fo r  zinc in 
the a llo y  are available. V alues o f  AF °  a t tem pera
tures a lon g  the liqu idus correspon d in g  t o  th e  com 
positions fo r  w h ich  L i values had  been  obta in ed  b y  
K lep p a ’s m eth od  were ca lcu lated  through  use o f  
equ ation 6 15
AF° = 852 -  4.951L log T + 0.0012T2 +  12.015L (15)

T h e a ctiv ity  o f  zinc in an a lloy  o f  a fixed com p o
sition was n ext determ ined  at 7 0 0 °K . th ou gh  use o f 
equ ation  11 assum ing con sta n cy  fo r  L x and C  over 
the tem perature range. T h e  results o f  the ca lcu 
lations fo r  zinc using values o f  L i obta ined  b y  equa
tions 4 an d  7 are show n  graph ica lly  in  F ig . 3 a long 
w ith  the experim ental va lues in the literatu re .4

0.2 0.4 0.6 0.8 1.0
NZn

Fig. 3.—Activity of zinc in Zn-In liquid alloys at 700°K.: 
# ,  experimental values; O, calculated values using mole 
fraction relations; O', calculated values using volume frac
tion relations.

E ntropies.— In  liqu id  a lloy , the partia l m ola l 
en trop y  o f a  com p on en t m a y  be  expressed b y  equ a

tion  16, n am ely
A<Si = Li/27 — R In <Zi(l/l) (16)

U sing values o f  L x and  ax ob ta in ed  b y  b o th  m ole  
fraction  and  volu m e fraction  relations, values o f  ASi 
fo r  zinc in  the m olten  a lloys w ere ca lcu lated  at 
7 0 0 °K . and  the results are show n  in F ig . 4 a long 
w ith  the literature va lu es.4

Fig. 4.—Partial molal entropy of zinc in Zn-In liquid alloys 
at 700 °K.

D iscu ss ion .— R eferen ce  to  F ig . 2 show s that 
neither the m ole  fraction  nor the vo lu m e  fraction  
expressions for  A H , L i and  L 2 are com p lete ly  satis
fa c to ry  for  the accurate eva lu ation  o f those qu anti
ties over the entire con cen tration  range o f the z in c -  
indium  system . H ow ever, the agreem ent is as 
g ood  as can be expected  considering th e  assum p
tions w hich  w ere m ade in the d eriv a tion 1 o f the 
equations. M o reov er , con sideration  o f  th e  curves 
for  all three quantities ind icates th at th e  m ole fra c
tion  expressions lead to  b etter agreem ent w ith  ex
perim ent fo r  the A H  and L x ca lcu lations than  d o  the 
vo lu m e fraction  expressions. H ow ever, the o p p o 
site appears to  be true con cern in g  the L 2 results.

R eferen ce  to  F ig . 3 show s th at the ca lcu lated  ac
tiv ities o f  zinc in the liqu id  a lloys obta in ed  b y  
using the m ole  fraction  values o f  L x are in g ood  
agreem ent w ith  the experim ental activ ities. H o w 
ever, the ca lcu lated  results^ obta in ed  b y  using the 
vo lu m e fraction  values o f  L , are low er in the m ore 
d ilute zinc alloys.

R eferen ce  to  F ig . 4 show s th a t th e  partia l m olal 
entropies o f  zinc in a lloys are reprodu ced  as w ell as 
can be  expected  b y  use o f  L x values obta in ed  b y  
either m ethod .

In  conclusion , it  can be  stated  th at w hile the re
su lts reported  in th is paper fo r  the zin c-in d iu m  
system  su pport the sem i-em pirical relations p ro 
posed  b y  K lep p a  fo r  certain  restricted  system s, 
nevertheless, one can not ch oose  defin itely  betw een  
the m ole  fra ction  or the vo lu m e  fra ction  relations 
used.
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Considerable doubt has existed as to the availability of the channels in attapulgite for intracrystalline sorption. A study 
of the kinetics and equilibria of sorption of Ns, Os, CO2, H2O1 NHs, CH3OH and C2H5OH has now been made which indicates 
some lattice penetration as well as substantial surface sorption by H20, NH3, and to a lesser extent by the alcohols. Sorp
tion of the other species is confined to the external surfaces of the crystallites, and possibly to some extra sites at the entrances 
to the channels. Curves of the differential quantities AH, AG and AS against the amount sorbed for N2 and O2 show that 
attapulgite is heterogeneous as a sorbent, and that the initial heat of sorption of nitrogen exceeds that of oxygen, as it does for 
several other polar sorbents. Possible reasons are given for this heterogeneity, for the small extent of hysteresis and for the 
failure of permanent gases to penetrate into the wide channels traversing the lattice of attapulgite.

T h e  structure o f  attapu lgite  p roposed  b y  B rad 
le y 1 presents this m ineral as com p osed  o f lath-like 
crystallites w ith  long  d ou b le  chains (Si4O n) running 
parallel to  th e  lon g  axis. T h e  u pper and  low er 
parts o f  each  d ou b le  chain  are jo in ed  togeth er b y  a 
layer o f  M g  and A1 atom s in  6 -fo ld  coord in ation , 
and to  oth er chains b y  shared oxygen  atom s along 
each  edge. T h e  chains thus fo rm  a n etw ork  o f 
strips presenting m ain ly  oxygen  a tom  surfaces. T h e  
strips are jo in ed  togeth er on ly  a long edges so that a 
cross-section  o : the crysta l norm al to  the strips 
w ou ld  resem ble a w all w ith  every  secon d  brick  re
m oved . A ccord in g ly  there exist channels w hich  
run parallel to  th e  crysta l length  and  w hich  n or
m ally  con ta in  w ater m olecules. H a lf o f these are 
be lieved  to  be  closely  coord in ated  to  the outerm ost 
o f the M g  cations sandw iched  in to  the strips and 
half t o  be  v a ga b on d  constituents o f  the crystal. 
I f  this latter g rou p  o f w ater m olecules were rem oved  
each  channel shou ld  h ave an estim ated free crosso o
section  o f a b o u t 3 .7  A . b y  6.0 A . parallel to  the 
lon g  axis, since on  deh ydration  the structure re
m ains essentially  in tact. W h en  the coord in ated  
w ater is also rem oved  the free cross-section  w ou ld° o
b ecom e approx im ately  3 .7  A . b y  12 A . B ecause o f 
rep lacem ent b y  A1 o f som e Si in  tetrahedral and M g  
in octah edral coord in ation  w ith in  each  a lum inosili
ca te  strip these strips d eve lop  a  n et an ion ic charge, 
neutralized b y  ad d ition a l ca tions som e o f w h ich  
are p ro b a b ly  con ta in ed  w ith in  th e  channels.2 O n ly  
th e  A l-free  M g  end  m em ber shou ld  b e  free o f  such 
cations. I t  sh ou ld  also be  n oted  th at a lthough  de
tails o f  th e  structure o f  sepiolite  h ave n ot been 
g iven  it  is possible th at this m ineral resem bles atta
pu lg ite  in  stru ctu re ,3 d ifferences being due as m uch  
to  differences in  chem ical com p osition  as to  a tom ic 
configuration . F urther w ork  is required h ow 
ever before  the true in ter-relations can  be  estab
lished.

C la y  m inerals includ ing  a ttapu lgus clay  have 
becom e im portan t as industrial sorben ts4'6 b u t con 
siderable con fu sion  exists regarding the nature o f 
th e  sorp tion  processes in vo lved . N ederbragt and

(1 )  W .  F . B r a d le y ,  Am. Mineralogist, 2 5 , 4 0 5  (1 9 4 0 ).
(2 )  C .  E .  M a r s h a ll  a n d  O . G . C a ld w e ll,  T h i s  J o u r n a l , 5 1 , 311 

(1 9 4 7 ) .
(3 )  Cf. “ X - R a y  Id e n t i f ic a t io n  a n d  S tr u c tu r e  o f  C la y  M in e r a ls ,”  

M in e r a lo g ic a l  S o e .,  1 9 5 1 , C h a p . 8  a n d  9.
(4 )  C . L . M a n te l  1, “ A d s o r p t io n ,”  M c G r a w -H i l l  B o o k  C o . ,  I n c .,  N e w  

Y o r k ,  N . Y . ,  1 9 4 5 , C n a p . I I I .
(5 )  W .  S . M c C a r t e r ,  K . A . K r ie g e r  a n d  H . H e in e m a n n , Ind. Eng. 

Chem., 4 2 , 5 2 9  (1 9 5 0 ) .

de J on g6'7 th ou ght th at the intracrystalline chan
nels in attapu lgite  m ight entrain n-paraffins bu t 
were to o  narrow  to  adm it isoparaffins. M cC a rter  
and co -w ork ers6 also considered that sorp tion  o f 
n itrogen  in  the channels was possible. G ran qu ist 
and A m ero8 on the other hand qu estion ed  the avail
a b ility  o f the channels for  n itrogen  sorption . B ra d 
le y 9 observed  a decrease in refractive index o f a tta 
pu lg ite  crystals w hen im m ersed in  g ly co l, w h ich  
m ight im p ly  that channel w ater was rem oved  w ith 
ou t rep lacem ent b y  g lyco l. I t  w as therefore  o f  in 
terest to  carry  ou t further studies o f th e  sorben t 
properties o f  a ttapu lgite, to  try  to  establish 
w hether sorption  is in tracrystalline or con fin ed  to  
external surfaces, or w hether b o th  ty p es  o f  sorp tion  
occu r  sim ultaneously. M ig e o n 10 has m oreov er  
m ade a stu d y  o f sorption  in sepiolite an d  has su g
gested  th at zeolitic sorption  o f oils and o th er spe
cies m a y  occu r. In  v iew  o f this and  becau se o f th e  
structural sim ilarity  th at m a y  exist betw een  a tta 
pulgite and  sepiolite  som e m easurem ents o f  sorp 
tion  were also m ade using this m ineral.

E xperim ental
Sepiolite was supplied from the Department of Geology 

of this University. The attapulgite was supplied by the 
Royal Dutch Shell Co. An X-ray powder photograph 
showed that some quartz was also present. Both attapul
gite and sepiolite were also examined by means of the elec
tron microscope, and appeared as characteristic very fine 
lath-like crystallites.

Sorption isotherms were measured for less condensable 
gases in a volumetric apparatus, using helium to determine 
dead space. Helium, nitrogen and oxygen were obtained 
in the pure state from the British Oxygen Co. Ammonia 
was prepared by heating a mixture of calcium oxide and 
ammonium chloride previously degassed for six hours in 
vacuo. The ammonia evolved was passed through a column 
of freshly ignited quicklime, condensed and purified by re
peated fractionation. Carbon dioxide of medical grade was 
obtained from the British Oxygen Co. It was bubbled 
through concentrated sulfuric acid, condensed and submitted 
to repeated fractionation. The sorption bulb in the volumet
ric apparatus was held at various constant temperatures by 
surrounding with constant temperature two-phase media: 
melting ice (0°); melting chloroform ( — 63.5°); and Dry 
Ice in acetone ( —78°). Also liquid oxygen ( — 183°) and 
liquid nitrogen ( — 195°) were employed as refrigerants. 
Temperatures in the interval —183 to —195° were meas
ured by means of an oxygen vapor pressure thermometer.

(6 ) G . W . N e d e r b r a g t , Clay. Min. Bull., 3 ,  7 2  (1 9 4 9 ) .
(7 )  G .  W . N e d e r b r a g t  a n d  J . J . d e  J o n g , Rec. trav. chim., 6 5 , 831 

(1 9 4 6 ) .
(8 ) W . T .  G r a n q u is t  a n d  R .  C . A m e ro , J. Am. Chem. Soc., 7 0 , 3 2 6 5

(1 9 4 8 ).
(9 ) W .  F . B r a d le y ,  Am. Mineralogist, 3 0 , 7 0 4  (1 9 4 6 ) .
(1 0 ) G . M ig e o n , Bull. soc. franc, mineral., 5 9 , 6  (1 9 3 6 ) .
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Relative pressure. Vt (t in min.).
Fig. 1.—(a) Loss of volatile matter from attapulgite. Curve 1 refers to atmospheric conditions and curve 2 to vacuum. 

Results obtained by McCarter, et a l are also shown in Curve 3. (b) Rate of loss of volatile matter from attapulgite at
room temperature in vacuo, (c) Water sorption on attapulgite outgassed at 70°: G, • are sorption and desorption points 
for an isotherm at 50°; A  are sorption points for an isotherm at 70°. (d) Rate of uptake of initial charge of water vapor
at 50° by attapulgite samples outgassed at 50° (G ), 102° (A ), 124° (# ), 175° (A ) and 215° (0 ) .

The sorption of condensable vapors was measured by 
means of a modification of the McBain and Bakr silica 
spring balance. Silica springs were supplied by the Ther
mal Syndicate, Ltd. The springs gave a linear extension 
corresponding to ~15 cm. per g. with a maximum permis
sible load of ~ 1  g. They were calibrated in an air thermo
stat at several temperatures within the sorption range 
studied (10 to 70°). Extensions were independent of tem
perature in this range, and independent also of thermal 
treatments of the springs up to 360°. About 0.4 g. of sor
bent was suspended from a spring in a glass bucket weighing 
about 0.1 g. Spring extensions were observed by means of 
a cathetometer reading to 0.001 cm., so that weight changes

of 1 0 mg. per g. of sorbent could be measured with con
siderable accuracy. Corrections for buoyancy were made, 
but were usually very small. The cathetometer was used 
also to read the vapor pressures recorded by mercury man
ometers attached to the balance case of the silica spring 
balance.

The balance case vras immersed in a water thermostat 
maintained within ±0.05° at any desired temperature 10 
to 70°. Temperatures between 10 and 20° were reached 
by circulating cold water through a U-tube immersed in the 
thermostat. The liquid sorbat.e was maintained in a second 
thermostat similarly regulated. It was retained by mer
cury cut-offs in place of taps, and was kept at temperatures
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Pig. 2.—(a) Isotherms for N2 on attapulgite at —194°. Sorption ( O ) and desorption (• ) on sorbent outgassed at 20°; 
©, sorbent outgassed at 115°; A, sorbent outgassed at 250°; 0 , sorbent outgassed at 350°. (b) Kinetics of N2 sorption 
at —194°. p]r>,, = 0.28, 0.46 and 0.75 for 2nd, 3rd and 5th charges, respectively, (c) Effect of outgassing time at room 
temperature upon N2 sorption at —194°. Outgassing times are indicated on the isotherms in hours, (d) N2 sorption.
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at —194° showing regeneration of attapulgite with saturated water vapor, after initial outgassing at 145° (©), 220° (A ), 
285° (A ), 320° (□  ) and 350° (■)• For comparison N2 isotherms are also shown on samples outgassed at 20° ( O ) and 145° 
(• ) without subsequent treatment with water vapor, (e) Effect of outgassing temperature on surface area of attapulgite. 
This investigation (G ); Granquist and Amerò ( A ); McCarter, Krieger and Heinemann (0 ) . (f) Effect of outgassing 
^emperature on surface area of sepiolites.

equal to or below that in the thermostat containing the bal
ance case. The connecting tube between the sorbate and 
sorbent was heated electrically. By opening the appropriate 
mercury cut-off any desired dose of sorbate vapor could be 
admitted to the sorbent in the balance case, and the sorbate 
then sealed off again. The condensable sorbates used were 
twice-distilled water, and methanol and ethanol of AnalaR 
grade. Various pure hydrocarbons were also studied in this 
apparatus as described in Part II.

To outgas the minerals at temperatures above 70° the 
water was run out of the thermostat in which the balance 
case and silica spring were placed, and a tubular furnace 
supported by vertical guide rails was slid down over the 
balance case. This furnace was operated up to 360°.

The electron microscope used in examination of the crys
tal form of attapulgite was a Met.rovick EM3 instrument. 
X-Ray photographs of the crystals were taken with a Hilger 
HRX Unit, using filtered Cu Ka radiation at 39 kv.

Sorption of Water.— It was early  apparent that, 
the sorp tive  properties o f  ar.tapulgite tow ard  other 
species were linked w ith  h s  w ater con ten t. A c 
cord in g ly  the sorption  process fo r  w ater was in
vestigated . T h e  dependen ce  o f w ater loss upon  
the tem perature is show n in F ig . la . F or  each  poin t 
the crystals w ere left fo r  as long  as 70 hours at the 
experim ental tem perature. T h ere  is o b v iou s ly  a 
very  m arked  d ifference w hen w ater loss is e ffected  
under exposure to  the atm osphere, and  w hen the 
w ater is rem oved  under va cu u m  (cu rves 1 and  2). 
H ow ever our cu rve  1 and th at o f M cC a rter , et a l.,4 
also for  w ater rem ova l under atm ospheric con d i
tions b u t a llow ing  on ly  30 m inutes fo r  equ ilibra
tion  o f each  poin t, correspon d  satisfactorily . W ater 
loss also has been  in vestigated  b y  L o n g ch a m b o n .11 
F ig . l b  show s the rate o f  ev o lu tion  o f the w ater 
during outgassing o f  a ttapu lgite  crystals at room  
tem perature.

W h en  crystals o f  attapu lgite  are bath ed  in w ater 
va p or  the sorption  isotherm s are sigm oid  in form  
(F ig. 1c) and if the crystals had  been  outgassed  in i
tia lly  at rather low  tem peratures close to  those o f 
the su bsequ ent sorption  there was on ly  a very  
slight hysteresis. E qu ilib ra tion  tim es increased 
w ith  the am ou n t sorbed  and  w ere rather longer for  
desorption  than  fo r  adsorption . T h e  sm all tem 
perature coefficien t o f  sorp tion  show s th at the heat 
o f  transfer from  liqu id  w ater to  adsorbed  film  is 
qu ite  sm all.

A s  the in itia l ou tgassing tem peratures increased 
the sorp tion  equ ilibriu m  in  subsequent low  tem per
ature isotherm s w as established w ith  increasing 
slowness. T h is  is show n in  F ig . Id , fo r  the rate o f 
approach  to  equ ilibrium  on  a dm ittin g  a  first charge 
o f w ater to  th e  crysta ls in itia lly  outgassed at 55, 
102, 124, 175 an d  215°. M a n y  days  were even tu 
a lly  required fo r  th e  in term ediate and  later parts of 
the isotherm s. W a ter  isotherm s obta ined  at 5 0 ° 
after h igh  tem perature outgassing o f a ttapu lgite  
are n ot necessarily com p lete ly  equ ilibrated , al
th ou gh  such equ ilibria  m u st h ave been  rather 
closely  approached . M on o la y er  values, vm, d id  n ot 
v a ry  greatly, how ever, w h atever the outgassing 
tem perature. T o  som e exten t this m a y  be  associ
ated  w ith  a ch ance ba lan ce betw een  tw o  opposin g

(1 1 ) E.g., H . L o n g c h a m b o n , Compt. rend., 204, 55 (1 9 3 7 ).

in fluences: a  decrease in  external surface area (as 
fou n d  w ith  N 2, 0 2 and C 0 2 (e.g., F ig . 2 d ) ) ;  and an 
increase in  the n um ber o f availab le  in tracrysta lline 
sites as m ore  in tracrysta lline w ater is rem oved  b y  
in itia l ou tgassing a t increasing tem peratures (F ig. 
la ) . T w o  processes d o  appear to  b e  in v o lv e d  in 
sorption  o f w ater, firstly  adsorp tion  u p on  external 
surfaces, w h ich  is a rapid  p rocess ; and  secon d ly  a 
slow  pen etration  in to  the crystals, b ecom in g  e v i
dent on ly  when som e in tracrysta lline w ater has been  
rem oved .

Sorption of Nitrogen.- C orrelation  was sought 
betw een the beh avior o f  n itrogen  and oxygen  as 
sorbates, and the w afer con ten t o f the crystals 
o f  a ttapu lgite. Isotherm s o f n itrogen  and oxygen  
at — 195 and — 183° were sigm oid  in form  (F ig . 
2a) ju st as were the w ater isotherm s o f F ig . lc .  
T hese  isotherm s under all con d ition s  show ed on ly  a 
v ery  slight b u t definite hysteresis. T h e  rates o f  sorp 
tion  for  the three perm anent gases were alw ays 
rapid, and th ou gh  these rates tended  to  decrease as 
the charge o f gas increased (F ig . 2 b ), the m u ch  
slow er processes observed  w ith  w ater w ere n ot 
noted .

T h e  progressive rem oval o f w ater, b y  degassing 
attapu lgite  crystals at room  tem perature, results 
in a correspon d in g  increase in th e  sorp tion  o f n itro 
gen (F ig . 2 c). W h en  the in itia l rem ova l o f  w ater 
from  attapu lgite  occu rred  ov er  a period  o f  as m uch  
as 70 hours b u t at progressively  h igher tem pera 
tures, the attapu lgite  crystals show ed interesting 
changes in the high surface area as revealed  b y  n i
trogen  sorption  at — 183° (F ig . 2e). W ith  o u t
gassing in the range 2 0 -9 5 °  there w as little  change 
in the vm values for  n itrogen ; betw een  95 and  115° 
a rapid  decrease in  vm o ccu rred ; and  betw een  115 
and 35 0 ° the m agn itude o f rm and so o f  derived  sur
fa ce  areas rem ained nearly  con stan t. On F ig . 2e are 
also g iven  the curves o f  surface area v s. “ a ctiv a 
t io n ”  (i.e., w ater rem oval) tem peratures as obta in ed  
b y  G ranqu ist and A m ero8 and  b y  M cC a rter , et aL5 
N eith er o f these grou ps o f w orkers observed  the 
v e ry  large areas obta in ed  b y  degassing b e low  95 °, 
presu m ably  because th ey  d id  n ot stu d y  low  a ctiva 
tion  tem peratures. O ur n um erica l values o f  vm and 
o f surface area are given , in relation  to  outgassing 
tem perature, in T a b le  I.

T a b l e  I
O u t g a s s i n g  T e m p e r a t u r e  a n d  S u r f a c e  A r e a  o f  A t 

t a p u l g i t e  ( b y  N 2 S o r p t i o n  a t  — 1 8 3 ° )

O u t 
g a ss in g
te m p .,

° C .

M e a n  vm 
v a lu e , 

c m .3 a t  
S . T .P . /g .

D e r iv e d  
s u r fa ce  

area , 
m .2/ g .

O u t 
g a ss in g
te m p .,

° C .

M e a n  vm 
v a lu e , 

c m .8 a t  
S . T . P . /g .

D e r iv e
s u r fa c e

a re a ,
m .2/ g .

20 40.85 195 150 30.59 127
70 40.85 195 200 30.59 127
95 46.09 192 250 30.06 125

115 30.85 128 350 29.54 123
120 30.85 128

A  stu dy  o f n itrogen  sorption  a t — 183° in sepiolite  
also show ed a close correlation  betw een  the tem per
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ature o f w ater rem oval and the surface area (F ig. 
2 f). A s w ith  a ttapu lgite, n itrogen  equ ilibrated  
q u ick ly  to  g ive  a cop iou s  sorption , the isotherm  
again  bein g  o f ty p e  2 in B runauer’s classification. 
T h e  area availab le fo r  N 2 sorption  at first increased 
w ith  outgassing tem perature, from  196 m .2/g .  at 
2 0 ° to  236 m .2/g .  at 140°. T h is  area then rem ained 
con stan t u p  to  185°. N ext, betw een  185 and 225° 
a rapid  d rop  in  area occurred , b u t betw een 225 and 
3 6 0 ° the area again stayed  con stan t at ~ 1 8 4  m .2/g . 
W h ile  there are qu antita tive  d ifferences in beh av ior 
betw een  attapu lgite  and  sep iolite  there are also 
v ery  striking qu a lita tive sim ilarities.

T h e  rap id  establishm ent o f equilibrium , and 
changes in sorption  w ith  outgassing tem peratures 
suggest th at n itrogen  does n ot show  significant in 
tracrystalline penetration  in a ttapu lgite. H ad  pene
tration  occu rred , the sorption  o f n itrogen  should 
h ave  increased  as the w ater was m ore com p lete ly  
rem oved  from  in tracrysta lline positions, and  so 
p rov id ed  m ore  sites fo r  n itrogen  uptake. Instead  
F ig . 2 c  an d  T a b le  I  sh ow  th at vm decreases as the 
w ater is m ore  com p lete ly  rem oved . E v id en tly  this 
w ater loss does n o t open  u p  the intracrystalline 
channels fo r  n itrogen . T h e  sam e beh av ior was also 
observed  in attapu lgite  w ith  the som ew hat sm aller 
m olecu le  o f  oxygen . T h e  in itial rise in vm and  de
r ived  surface area in  the case o f sep iolite  (F ig . 2f) 
m a y  be  associated  w ith  im p roved  b u t v e ry  lim ited 
access to  the m ou th s o f channels (see D iscussion ).

T h e  various specim ens o f attapu lgite  w h ich  had 
been  outgassed at 115-145, 220, 285, 320 and at 
35 0 ° were then exposed  to  saturated w ater va p or  at 
room  tem perature and on ce m ore outgassed, b u t 
this tim e a t a low  tem perature ( ~ 2 0 ° ) .  W h en  the 
n itrogen  sorption  at — 183° was again exam ined it 
was fou n d  that the h igh surface areas associated 
w ith  low  tem perature outgassing were largely or 
partia lly  regenerated. R e co v e ry  was a lm ost co m 
plete for  the crystals in itia lly  outgassed in  the range 
115 to  145°, and  was less and  less com plete  w hen the 
crystals had been  in itia lly  outgassed at progress
iv e ly  higher tem peratures than  this, as show n in 
F ig . 2d.

T h e  beh av ior w hich  has been  described  indicates 
that there are tw o  stages in the loss o f surface area 
associated  w ith  higher tem perature w ater rem oval. 
T here  is first a sudden  change in area cou p led  w ith 
w ater rem oval at 9 5 -1 1 5 ° , b u t n ot w ith  its rem oval 
be low  this range. T h is  change is reversible m erely 
b y  treatm ent w ith  saturated aqueous vap or. T h e 
secon d  stage in the process is the fixation  o f the 
low  surface area configuration . T h is  is a slow  re
action  w h ich  becom es progressively  accelerated  
as the tem perature rises. T hese changes are n ot 
dem on strab ly  cou p led  w ith  intracrystalline lattice 
alterations since X -r a y  p ow der ph otographs re
m ained  those o f  attapulgite. F ollow in g  from  the 
crysta l structure g iven  b y  B ra d le y ,1 the surface o f 
the crystals shou ld  consist o f corrugations on a m o
lecu lar scale. T h e  changes cou p led  w ith  w ater re
m o v a l from  9 5 °  upw ards m ay  be con n ected  w ith 
surface changes in these corrugations.

Sorption of Polar Vapors.— T h e  sorption  o f the 
polar m olecu les am m onia, m ethanol, e thanol and 
carbon  d iox ide  was studied  in order to  find to  w hat

extent la ttice  pen etration  cou ld  be  observed  am on g 
species w h ich  v a ry  con siderab ly  b o th  in size and 
polarity .

A m m on ia .— W h ile  the beh av ior o f  oth er sorbates 
fo llow ed  the sam e general pattern , am m onia  sorp 
tion  on  attapu lgite  was characterized  b y  a con 
siderable hysteresis loop  in the in itial isotherm , b y  a 
long equ ilibration  tim e an d  b y  a m arxed  dep en d 
ence on  outgassing tem perature and  sorp tive  his
tory . In  an isotherm  determ ined  at 100° a fter  an 
in itial rem ova l o f  w ater at 150° am m onia  w as still 
being sorbed, a lthou gh  v ery  slow ly, a fter fo u r  days. 
S orp tion  rates at 100° increased as th e  tem pera 
ture o f  in itial rem ova l o f w ater increased, and  in 
general desorp tion  w as slow er than  sorption . Such 
slow  processes are associated  w ith  la ttice  penetra
tion .

Isotherm  poin ts at — 6 3 .5 ° w ere read after an 
h ou r because o f the d ifficu lty  o f  m aintain ing this 
tem perature fo r  v e ry  long  periods. Isoth erm  
poin ts at 0 and 100° were read a fter fou r hours on 
the sorption  run and after eight hours on  desorption . 
T h u s the isotherm  show n in F ig . 3 m a y  n ot repre
sent true equilibrium . Such isotherm s sh ou ld  h ow 
ever be  in  correct relative positions.

T h e  substantial hysteresis observed  a t higher 
tem peratures (F ig . 3a) is associated w ith  n on -equ ilib 
rium  states o f  sorption  du e to  slow  la ttice  pen e
tration . T h e  hysteresis becam e less and  less in 
each successive sorp tion -d esorp tion  cy c le  until 
finally  it w as v ery  slight. A t  higher tem peratures 
on ly  isotherm s on  m uch  used sam ples w ere repeat- 
able. T h e  perform an ce o f th e  sorben t degassed 
at 2 0 0 ° and used at 100° was im p roved  b y  prelim i
nary  repeated  am m onia  sorption  w ith  outgassing at 
room  tem perature (F ig . 3 d ) ; on  the other h and  the 
perform ance at — 63 .5 ° decreased w ith  usage w hen 
the outgassing tem perature betw een  runs was 2 0 °  
(F ig . 3 c). F inally , w hen sorption  at 100° was stu d 
ied in relation  to  the outgassing tem perature o f  a 
m u ch  used sam ple o f attapulgite, the results o f  F ig . 
3b  w ere obta ined . S orption  o f am m onia  is n ot 
greatly  changed for  outgassing tem peratures o f 100, 
200 and 250°, bu t drops sharply  betw een  250 and 
300°. T here  is little  further change b etw een  300 
and 350°.

It is seen from  the foregoing  results that sorption  
phenom ena associated w ith am m onia are com plex. 
T h e y  can h ow ever be  correlated  w ith  slow  lattice  
penetration  cou p led  w ith  surface sorption . A lso  a 
con n ection  betw een  w ater loss and am m onia sorp 
tion  exists here as for  the adsorption  o f n itrogen  
and oxygen  a lthough  in a d ifferent range o f tem 
peratures.

Alcohols.— Isotherm s o f m ethanol and ethanol 
resem bled those o f n itrogen  in g iv ing  sigm oid  
isotherm s w ith  little  hysteresis (F ig . 4a ). U nlike 
w ater and am m onia b u t sim ilarly to  n itrogen , vm 
decreased w hen the in itia l rem oval o f w ater from  
attapu lgite  was in the range 9 5 -1 1 5 ° . N ev erth e 
less for  higher in itial outgassing tem peratures o f 
the crystals a slow  process was observed  requiring 
m an y days for  its com pletion  and  superposed  u pon  
the usual rapid adsorption . H ysteresis loops al
low ing finite tim e for  each  isotherm  p o in t n ow  b e 
cam e m ore m arked  and  presu m ably  reflect n on -
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Fig. 3.—Sorption of NHS by attapulgite. (a) Hysteresis; outgassed at 50 and 200°; sorption at 100°. (b) Influence

of outgassing temperature upon sorption at 100°; outgassed at 100, 200, 250, 300 and 350°. (c) Effect of consecutive
runs at room temperature, and of outgassing temperature upon sorption at —63.5°; outgassed at 150 and 350°. (d) In
fluence of aging through use upon the sorptive capacity of »ttapulaite at 100°, outeaBsad at 200° i top, much used sample; 
n&tddl«!, mncl«mtely uqiQcK bottom, frosh sample.
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Relative pressure. Pressure, cm.
Fig. 4.—(a) Sorption-desorption cycles for CH3OH on attapulgite outgassed at 70°. (b) Sorption of C-02 on attapulgite: • 

G, after outgassingat 20°; A , after outgassingat 150°; 0 , after outgassingat 150°, followed by treatment with saturated water va
por and a second outgassing at 20°.

equ ilibrium  states o f  the system . C om p lete  re
m ov a l o f  the sorbate required a period  o f five to  six 
d ays in  vacuo a t the sorption  tem perature.

T h e  results suggest, as w ith  w ater and am m onia, 
th at w hen  the original in tracrysta lline w ater has 
been  at least p a rtly  rem oved  sim ple a lcoh ol m ole
cules m a y  v e ry  slow ly  enter the crystals and  take 
its p lace. T h e  penetration  process is h ow ever less 
m arked, possib ly  because it occurs m ore  slow ly.

C arbon  D io x id e .— C arbon  d iox ide, w h ich  is inter
m ediate  in ph ysica l properties betw een  th e  readily  
con densable  a lcoh ols and  the perm anent gases, 
w as fou n d  to  fo llow  in all respects the nitrogen 
pattern . T y p ica l isotherm s are show n in  F ig . 4b. 
T h e  am ou n t o f  carbon  d iox ide  sorbed  fe ll sharply 
betw een  outgassing tem peratures o f 20 and  150°, 
b u t regeneration  w ith  w ater v a p o r  a fter outgassing 
at 150° v e ry  largely restored the h igh a c tiv ity  char
acteristic o f  th e  crystals w hen degassed at room  
tem perature. N o  slow  sorp tion  w as observed , and 
la ttice  penetration  w as therefore d iscounted .

S u rface  A reas.— M on o la y er  values, vm, were 
determ ined  b y  m eans o f the appropria te  linear 
p lots  fo r  various isotherm  m odels, based  on  equa
tions o f  B E T ,12 H u tt ig 13 and  B arrer, M ack en zie  
an d  M a c L e o d .14 T h e  degree o f  varia tion  in  vm de-

(1 2 )  S . B ru n a u e r , “ P h y s ic a l  A d s o r p t io n  o f  G a se s  a n d  V a p o r s ,“  
O .U .P .,  194 5 , C h a p . 6.

(1 3 )  G . F . H u t t ig ,  Monalsh., 7 8 ,  1 7 7  (1 9 4 8 ).
(14) R .  M ,  B a rre r , N .  M a c k e n z ie  a n d  D , M .  M a c L e o d ,  / .  Ch«m. 

fSW., 1 7 3 6  (1 9 5 2 ) ;  4 1 8 4  (1 9 5 3 ).

term ined  b y  m eans o f these ex trap ola tion  form ulas 
is show n fo r  n itrogen  at 7 8 °K . in T a b le  I I . N o t  all 
o f  the equ ation s fit the experim ental isotherm  
equ ally  well. Isoth erm s14 H , K ,  , K 2 and K 3 are in 
v e ry  sa tisfa ctory  agreem ent w ith  the isotherm , and 
all g ive  closely  corresponding  vm values. A s poin ted  
o u t earlier14 the m ost consistent vm values in  general 
fo llow  from  the best fitting extrapolation  form ulas.

T a b l e  II
V a l u e s  fo e N 2 a t  7 8 °K . U sin g  V a r io u s  

tio n  F orm u las

E x t r a p o l a -

I s o th e r m Vm, cm.3 at 
S.T.P./g.

Isotherm vm, cm.3 at 
S .T .P./g.designation3 designation“

BET 4 3 .8 1 F 5 6 .0 7
Huttig 4 7 . 1 9 H 4 6 .3 ]
A 4 6 .6 6 K , 4 7 .3 4
B 4 0 .6 2 k 2 4 7 . 8 1
D 4 0 .0 5 k 3 4 6 .6 2

“ Isotherms A to K 3 correspond to the notation of Barrer, 
Mackenzie and MacLeod. 14

F rom  the vm values one m a y  obta in  “ su rface”  
areas fo r  the crystals o f  attapu lgite  outgassed  at 
variou s tem peratures. T h e  results fo r  tw o  extrem e 
outgassing tem peratures, 20 and  3 5 0 ° are show n in 
T a b le  I I I .  T h is  tab le  includes, fo r  purposes o f 
com parison , data  fo r  n -heptane, isooctan e an d  the 
isom eric pentanes, the sorption  o f  w h ich  w ill be 
considered  in  another p a p er .16 W h ere  on ly  th e  re-

(15) R. M. Barrer, N. Mackenzie and D, M. MacLeod, in prepara
tion,
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Fig. 5.—Thermodynamic functions for sorption of N2 (left) and 0 2 (right) by attapulgite, determined from isotherms at
79.25 and 89.45°K.

T a b l e  III
A v e r a g e  S u r f a c e  A r e a s  f o r  A t t a p u l g i t e  C r y s t a l s

O u t-
g a s
s in g

A r e a
as

su m e d
p er

m o le 

I s o th e r m  
e q u a 

t io n  u sed  
in  g e t 

t in g A v .  Vm, S u rfa ce
te m p ., cu le , a v . c m .8 a t a rea ,

°C. S o r b a te Â .2 Vnj S.T.P./g. m .V g -

20 n 3 15.4 11 46.85 195
o2 14.6 3 53.25 210
n h 3 12.6 11 201.78 685
co2 19.5 3 36.57 193
h 2o 11.0 3 70.30 209
CH3OH 18.5 3 43.15 216
C2H5OH 23.4 2 31.50 199
«.-Heptane 59.4 12 9.67 152
Isooctane 57.8 12 6.85 107
«-Pentane 49.7 9 12.79 172
Isopentane 50.4 9 11.38 155
Neopentane 45.5 9 9.10 112

350 n 2 15.4 4 29.54 123
n h 3 12.6 11 36.36 123
co2 19.5 3 17.77 94
w-Pentane 49.7 9 7.06 95
Isopentane 50.4 9 7.54 103
Neopentane 45.5 9 7.55 93

suits o f  a sm all n u m ber o f isotherm s are averaged  
these w ere th e  best fitting  am on g  th e  equ ation s o f 
T a b le  I I  and  th e  C hu  L ia n g 16 form ula . T h e  surface 
areas w ith  the excep tion  o f the va lu e  fo r  am m onia 
are o f th e  sam e order as the area o f 150 m .2/g .  esti
m ated  b y  E n d e ll17 from  geom etric considerations.

(1 6 )  S . C h u  L ia n g , T h i s  J o u r n a l , 55, 1 4 1 0  (1 9 5 1 ).
(1 7 ) J . E n d e ll ,  Z. Naturforach., 1 ,  6 4 6  (1 9 4 6 ) .

H ow ever, w ith  som e vapors a fra ction  o f the sorbate 
is taken  in to  the lattice , an d  th is process presum 
a b ly  accou nts for  the abn orm ally  large in itia l sorp 
tion  o f  am m onia. T h e  areas in  T a b le  I I I  w ill be 
h igh  w hen m easurable la ttice  pen etration  occurs.

F or  m olecu les w hich  d o  n o t penetrate appreci
a b ly  the a ttapu lgite  la ttice  there is a considerable 
variation  betw een  surface areas, w h ich  is ou tside 
an y  lik ely  error in the area per m olecu le  o f  sorbate 
(of. T a b le  I I I ,  co lu m n  3 ). I t  seem s fo r  exam ple 
th at the top og ra p h y  o f th e  crysta l surface w hen 
outgassed  at 2 0 °  is such th at isooctan e packs b a d ly  
in th e  m on ola yer as com pared  w ith  n -heptane. 
T h is  is considered elsew here.16

T h erm od yn am ic F u n ction s.— T h e  differential 
th erm odyn am ic fu n ction s A H , AG  and AS associ
a ted  w ith  transfer o f  liqu id  sorbate to  the adsorbed  
film  on  a ttapu lgite  outgassed  at room  tem perature 
were eva lu ated  for  n itrogen  and oxygen , w ith  a v iew  
to  obta in ing  add itional in form ation  regarding the 
sorp tion  process. Isotherm s fo r  n itrogen  were de
term ined  at 79.25 and  89.45 °K ., an d  A H  ca lcu 
lated  from  these isotherm  data  using the in tegrated  
C la p eyron -C la u siu s  equation . AG  w as fou n d  from  
the relation  AG =  — R T  In p o/p , and  A S  from  the 
expression  A H  — T A G  =  T A S . T h e  results are 
show n in F ig . 5a. F igure 5b show s the analogous 
curves fo r  oxygen .

A ttap u lg ite  is seen from  F ig . 5 to  sh ow  a v ery  
p ron ou n ced  heterogen eity  tow ard  b o th  sorbates. 
T h is  h eterogen eity  cou ld  at least p artia lly  b e  asso
cia ted  w ith  the surface corru gation s fo llow in g  from  
th e  B ra d le y 1 structure. T h e  oxygen  and  n itrogen  
m olecu les w ill then  o ccu p y  preferen tia lly  the v a lleys
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betw een  parallel ridges. T h e  to p  o f each  ridge will 
ten d  to  be  covered  later w hen each  va lley  has been  
largely  occu p ied  b y  sorbate m olecules.

A s in the case o f  several oth er polar sorben ts18'19 
the heat o f  sorption  o f n itrogen  is in itia lly  appre
ciab ly  higher than that o f oxygen . T h is  is also true 
o f the initial en trop y  decrease fo llow in g  sorption .

D iscu ssion
I t  n ow  appears th at in add ition  to  substantial ad

sorp tion  upon  external surfaces H 20 ,  N H 3 and pos
sib ly  (a lth ough  to  a lesser exten t) C H 3O H  and C 2H 6- 
O H  m a y  enter the intracrystalline channels in a tta - 
pulgite. T hese channels are n ot h ow ever equally  
availab le to  N 2, 0 2 or C 0 2. T h u s p o la rity  rather 
than  m olecu lar dim ensions govern s the effect. A  
rather sim ilar beh av ior is fou n d  w ith  the zeolites 
analcite or  h arm otom e, w h ich  a ccom m oda te  on ly  
sm all polar species. S orption  is m easurable w ithin 
a  crysta l on ly  if  there is a free en ergy  decrease w hen 
occlu sion  occu rs. E ven  in channels so narrow  that 
appreciable  m olecu lar d istortion  m u st result from  
sorption  the endoth erm ic nature o f  this d istortion  
m a y  be  exceeded  b y  the exotherm ic in teraction  be
tw een  polar m olecu le and polar en viron m en t, and 
the net va lu e  o f AG  is still n egative for  the polar spe
cies w hile it is p ositive  for  a n on -polar m olecu le .20

H ow ever, the channels in a ttapu lgite  are, as 
n oted  in  the in trodu ction , o f  considerable d im en
sions, and  in a p erfect crysta l shou ld  b e  ab le  to  ac
com m oda te  sm all n on -polar species. Im perfec-

(1 8 )  L . E . D ra in  a n d  J . A . M o r r is o n , Trans. Faraday Soc., 4 9 , 654  
(1 9 5 3 ) .

(1 9 )  R .  M .  B a rre r , ibid., 4 0 , 5 5 5  (1 9 4 4 ).
(2 0 )  R .  M .  B a rrer , “ C o l lo q u e s  in te rn a t io n a u x  d u  C N R S , ”  N o . 19 , 

“ A d s o r p t io n  e t  C in e t iq u e  h e te r o g e n e ,”  1 9 4 9 , p . 27 .

tions o f the crysta l stru ctu re2 nevertheless result in  
add ition a l cations bein g  sparsely d istribu ted  a lon g  
the channels, w h ich , togeth er w ith  w ater m olecu les, 
p rov id e  h igh  energy barriers opposin g  diffusion . 
M o reov er , un like those in  m a n y  zeolites, th e  chan
nels in a ttapu lgite  are n o t in tercon n ected . W here 
this situation  occurs the high en ergy  barriers m ay, 
even  if few  in  num ber, largely  or a lm ost w h olly  in 
h ibit en try  in to  the crystal, b y  reducing the d iffu 
sion rate to  a negligible v a lu e .21 S orption  o f n on 
polar m olecules (N 2, 0 2) and  o f C 0 2 m a y  neverth e
less occu r at or ju st w ith in  the entrance p o in ts  to  
channels, before  the first barrier is en coun tered , but 
this, w hile p rov id in g  som e extra  sites, does n ot 
am ou n t to  real la ttice  pen etra tion .15

T h rou g h ou t the isotherm  m easurem ents a  very  
sm all b u t som etim es reprodu cib le  hysteresis was 
observed . T h e  slight exten t o f hysteresis is a lm ost 
certa in ly  associated w ith  the ph ysica l textu re o f the 
crystals. T hese  are in th e  form  o f th in  lath-like 
crystals, o ften  in  parallel, tw inned con figurations 
as com p a ct crysta l clusters, b u t also in loose aggre
gates. W ith  such a texture w edge-shaped  cap il
laries w ill be  com m on  w hich  w ill fill and em p ty  
reversibly . Substantial hysteresis w ill be  fou n d  
n ot w ith  m aterials such as sepiolite or a ttapu lgite, 
w h ich  b o th  h ave  the sam e texture, b u t rather w ith  
spon gy  xerogels (porou s glass,22 and som e silica 
gels23). F la k y  crystals such as m on tm orillon ite  
sh ou ld  ten d  to  be  in term ediate in beh av ior betw een  
attapu lgite  and  porou s glass.

(2 1 )  R .  M .  B a rre r  a n d  L . V . R e e s , in  p r e p a r a t io n .
(2 2 ) E.g., R .  M .  B a rre r  a n d  J . A . B a rr ie , Proc. Roy. Soc. (London). 

2 1 3 A , 2 5 0  (1 9 5 2 ).
(2 3 ) E.g., “ A d v a n c e s  in  C a ta ly s is ,”  V o l .  4 , A c a d e m ic  P re ss , N e w  

Y o r k ,  N . Y . ,  1 9 5 2 , p . 8 7 , et seq.

SORPTION BY ATTAPULGITE. PART II. SELECTIVITY SHOWN BY 
ATTAPULGITE, SEPIOLITE AND MONTMORILLONITE FOR n-PARAFFINS

B y  R . M . B a r r e r , N . M a c k e n z ie  a n d  (in  p a r t ) D . M . M a c L e o d  

The Chemistry Department, The University of Aberdeen, Old Aberdeen, Scotland
Received March 8, 1954.

A study has been made of the sorption of n-heptane, isooctane and n-, iso- and neopentane on attapulgite; and of the pen
tanes on montmorillonite and sepiolite. Attapulgite and montmorillonite show selective sorption in the direction «-hep
tane > isooctane; and n-pentane >  isopentane > neopentane. Sepiolite outgassed at 20 or 140° sorbed n- and isopentane 
equallystrongly, but neopentane less strongly. In the case of attapulgite selectivity has been investigated as a function of 
outgassing temperature, and has been found to decrease and disappear when the degassing occurs above about 88°. Se
lectivity reappears to an extent dependent upon the initial outgassing temperature on treatment with saturated water vapor 
at room temperature. An analysis of the isotherms for attapulgite has been made in terms of changes in vm values and of 
affinity constants C, and in terms of free energies, heats and entropies of sorption. vm and C drop sharply for «-heptane and 
n-pentane when outgassing occurs above 88°, but are little dependent upon outgassing temperature for neopentane and iso- 
octane._ Curves of AG, AH and AS against amount sorbed show the sorbent to be heterogeneous, and that all these quantities 
are initially greater in numerical magnitude for n-paraffins than for bran.' ted chain paraffins. The selectivity has been dis
cussed in terms of these observations.

W h en  m ixtures o f  saturated n-paraffins such  as 
n -hexadecane and n -tetracosane w ith  analogous 
bran ched  chain  paraffins w ere d issolved  in  pentane 
and  passed throughia  colu m n  o f attapu lgite, N eder- 
b ragt and de J o n g 1-2 fou n d  th at the n -paraffin  con 
stitu ents were preferentia lly  retained b y  the crys

H) G. W. Nederbragt and J. J. de Jong, Rec. trav. chim., 6B, 831
(1946).

(8) Q, W, Plat/ ft all.. 8, 78 f'104,0).

tals, w hile th e  isoparaffins w ere carried  through . 
It  w as suggested b y  them  that th e  n-paraffins m igh t 
b e  entrained in the channels present in a ttapu l
g ite 3'4 b u t th at th e  branched  chain  paraffins were 
n ot. H ow ever, the results o f  the p rev iou s  p aper4 
in d icate  th at even  qu ite  sm all n on -polar m olecu les

(3 ) Cf. “ X - R a y  I d e n t if ic a t io n  a n d  S tr u c tu r e  o f  C la y  M in e r a ls ,"  
M in e ra lo g ic a l  S o c .,  L o n d o n . 1951 C h a p . 9  a n d  p . 23 7 .

(*) R, M; jR«rirer *nd N. Thjq ¿ovr*****, B8, 560 <JQ£4>.
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such as n itrogen  and  oxygen  are n o t ap preciab ly  
occlu ded  w ith in  crystals o f  attapu lgite . T h e  sorp 
tion  o f single pure n -  and  isoparaffins has a ccord 
ingly  been  studied  to  determ ine w hat m easure o f 
se lectiv ity  arises am on g  their sorp tion  isotherm s 
and to  find if  possible w hat fa ctors govern  such se
lectiv ity .

Experimental
The gravimetric apparatus of Part I4 was used, according 

to the procedure there described. The same attapulgite 
and sepiolite crystals were employed, and also crystals of 
montmorillonite obtained from the Macaulay Institute for 
Soil Research. The montmorillonite had a base exchange 
capacity of about 100 meq. per 100 g. The main exchange
able cation was sodium, but there was also about 15% of 
calcium. Before use the attapulgite and sepiolite were out- 
gassed at various temperatures, while the montmorillonite 
was outgassed at 50°, a temperature adequate for removal 
of practically all the inter-laminar water.6

The sorbates studied were n-heptane (from hevea pine, of 
engine test standard), isooctane (2,2,4-trimethylpentane) 
of the same standard; and also n-, iso- and neopentane. 
The latter three hydrocarbons were first obtained as Phillips 
research grade pure chemicals and ultimately from the 
Chemical Research Laboratory, Teddington. The purity 
was then above 99.5%.

Sorption of n-Heptane and Isooctane.— A l
th ou gh  th e  boilin g  poin ts o f  n -heptane and o f 
isooctan e are n early  the sam e it w as soon apparent 
th at n -h eptan e show ed  the greater affin ity fo r  a tta 
pulgite. F igures la  an d  b  g ive  the isotherm s o f n - 
heptane an d  o f  isooctan e a t 50 and  6 5 ° on  a ttapu l
g ite  in itia lly  outgassed  at 7 0 °. T h ere  is n o t a large 
tem perature coefficien t in  th e  sorption , so th at the 
heat o f  transfer from  liqu id  n -heptane or iso6ctane 
to  the surface o f  the crysta ls is sm all. E quilibriu m  
was established q u ick ly  as w ith  n itrogen  or o x y g e n ,4 
and  hysteresis w as on ly  slight. L ast traces o f n - 
heptane were less easily  rem oved  than  w ere those 
o f  isooctane.

T h e  isotherm  cu rves at 5 0 °  w ere th orou g h ly  in
vestigated  in  a  com parative  m anner, using various 
th eoretica l isotherm s as extrapola tion  form ulas to  
obta in  th e  m on olayer va lues vm and the affin ity con 
stant C, b o th  these quantities b e in g  defined ju st as 
in  the B E T  th e o ry .6 T h e  results are seen in T a b le  
I  and sh ow  th at vm and  C  are b oth  larger fo r  the n - 
paraffin than  fo r  the isooctane.

T a b l e  I
n -H e p ta n e  I s o o c ta n e

Is o th e rm
d e s ig n a t io n 0

»m , c m . 8 a t  
S . T .P . /g . c

vm, c m .8 a t  
S .T .P . /g . c

BET6 8.90 68 5.86 11.6
Huttig7 9.88 40 7.43 8.1
A 9.65 45 6.5l 9.7
B 7.86 100 4.92 13.8
D 9.09 64 4.76 13.0
H 9.55 42 6.43 9.3
K 10.51 24 7.15 7.5
Theimer8 1 0 . 8 0 24 8.08 6.6
Chu Liang* 8.99 5.43
° Isotherms A to K are those correspondingly designated 

by Barrer, Mackenzie and MacLeod.10
(5 )  R ,  M .  B a rre r  a n d  D . M .  M a c L e o d ,  in  p re p a ra t io n .
(6 )  S . B ru n a u e r , “ P h y s ic a l  A d s o r p t io n  o f  G a se s  a n d  V a p o r s ,”  

O .U .P .,  194 5 , C h a p . 6.
(7 )  G .  F . H u t t ig ,  Monatah., 7 8 , 177  (1 9 4 8 ) .
(8 )  O . T h e im e r ,  Trans. Faraday Soc., 4 8 ,  3 2 6  (1 9 5 2 ) .
(9 )  S . C h u  L ia n g , T h i s  J o u r n a l , 5 5 , 1 41 0  (1 9 5 1 ) .
(1 0 )  R . M .  B a rre r , N . M a c k e n z ie  » n d  n  M .  M a c L e o d ,  J. Ch«m. 

, 1 73 6  (1 9 6 3 ) ;  4 13 4  (1 0 5 3 ) ,

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Relative pressure.

Fig. 1.—Sorption isotherms of (a) n-heptane and (b) 
isooctane on attapulgite outgassed at 70°: O, sorption at 
50°; • , desorption at 50°; A, sorption at 50°.

T h e  area per m olecu le  o f sorbed  heptane has been  
g iven  as 6 4 u and  as 5 9 12 sq. A. U sing scale m odels, 
areas o f  54 sq. A. fo r  n -h eptan e and 52.5 sq. A. for  
isooctane were obta ined . S uch  areas tend  to  b e  lo w ; 
m u ltip ly in g  each b y  1.1 g ives an  area o f 59.4 sq. A. 
fo r  n -h eptan e o(in  line w ith  L iv in gston ’s figure12) 
and  57.8 sq. A . fo r  isooctane. T h ese  areas are 
v ery  sim ilar, and  the m arked differences in vm in 
T a b le  I  therefore suggest th at a larger surface is 
availab le fo r  n -heptane than for  isooctane, ow in g  to  
som e con figurational pecu liarity  o f  the surface. 
A pa rt from  this the C  constants o f  T a b le  I sh ow  
th at n -heptane m olecules in the first layer h ave  the 
greater affin ity for  the crystals. T w o  fa ctors  there
fore  increase th e  se lectiv ity  tow ard  th e  n-paraffin .

The Pentane Isomers.— T h e sorp tion  o f the three 
pentane isom ers con firm ed th e  results obta in ed  
w ith  n -heptane and isooctane, the order o f se lectiv 
ity  in  sorp tion  being n -pentane >  isopen tan e >  n eo 
pentane, p rov id ed  the in itia l ou tgassing w as car
ried  o u t b e low  88° (see b e low ). I f  h ow ever the 
crystals w ere outgassed  a t higher tem peratures th e  
se lectiv ity  was redu ced  a lm ost to  n oth in g  (F ig. 
2a ). I t  a lso  w as fou n d  th at th e  sam e order o f  se
le ct iv ity  occu rred  w hen m on tm orillon ite  (o u t
gassed at 5 0 °) w as used as sorben t a t 50 ° (F ig . 2b ). 
T h e  q u a n tity  o f  each isom er sorbed  is h ow ever v e ry  
m uch  sm aller, correspon d in g  to  a  m u ch  reduced 
surface o f  the sorbent.

W h en  sepiolite  w as the sorbent, w hether w ater 
rem oval had  occu rred  b y  outgassing a t 20 ° or at

(1 1 )  E . H . L o e se r  a n d  W . D .  H a rk in s , J. Am. Chem. Soc., 7 2 ,  3 42 7  
(1 9 5 0 ) .

(1 8 )  H , K . L iv in g s to n , J, Colloid ,Sc*., 4 , 447  (1 9 4 9 ).
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Relative pressure. Relative pressure.
Fig. 2 .—(a) W-C5H12 ( 0 ), iso-C6Hi2 ( A ) and neo-C6Hi2 (□ )  at 2 0 0 on attapulgite outgassed at 70 °. Also n-CsBffi (•), 

iso-C5Hi2 (A ) and neo-C5Hi2 (■) at 20° on attapulgite outgassed at 215°, showing loss of selectivity, (b) Sorption of 
isomeric pentanes at 50° on montmorillonite outgassed at 5 0 °. ©, A  and □ , sorption points; •, A  and ■, desorption points.
1, H-C5H 12 ; 2, iso-C5Hi2 ; 3, neo-CsH^.

140°, th e  isotherm s sh ow ed  n o  se lectiv ity  as b e 
tw een  n - and  isopentane, b u t b o th  these paraffins 
were a t g iven  p /p 0 m ore  cop iou s ly  sorbed  than  n eo 
pentane. S orp tion  equilibria  were rap id ly  estab 
lished, suggesting th at, as w ith  n itrogen ,4 la ttice  
penetration  was n o t im portan t. T h e  am ounts 
sorbed  were h ow ever large, as w ith  attapulgite.

Sorption and Outgassing Temperatures.— S orp
tion  isotherm s o f each pentane isom er were m eas
ured at 20° on  the attapu lgite  crystals outgassed 
a t 20, 70, 88, 110, 124, 130, 260 an d  3 6 0 °, a selec
tion  o f the data  being g iven  in  F ig . 2a. Surface 
areas were n ext determ ined  fro m  all the isotherm s 
using the B E T  linear p lo t t o  find vm an d  C  fo r  each 
isom er (T a b le  I I ) .  In  these ca lcu lations the sur
fa ce  oareas used were 49.7 sq. A . (n -pen tan e), 50.4 
sq. A . (isopentane) and  45.5 sq. A . (neopen tan e). 
Scale m odels o f  each  m olecu le w ere used to  find 
the relative m olecu lar areas, an d  then  each  area 
was m ultip lied  b y  the fa cto r  required t o  brin g  the 
n -pen tan e area up  to  th e  va lu e  o f 49.7 sq. A ., as 
g iven  b y  C orrin .13 A cco rd in g  t o  T a b le  I I  there is a 
sharp drop  in the area availab le  fo r  sorp tion  o f n - 
pentane and  o f isopentane, b u t n o t in  th at availab le 
to  neopentane, fo r  outgassing tem peratures betw een  
88 and 110°. T h is is paralleled  b y  changes in the 
affin ity  constant, C, fo r  n - and  isopentanes.

T h e  close  relationship  betw een  the tem perature 
coefficient o f  w ater loss, a ffin ity  constants C, sur
fa ce  areas and  am ou n ts sorbed  at relative pressures 
o f  0.1 is brou gh t ou t in  F ig . 3, w here each  o f  these 
quantities is show n  in  relation  to  outgassing tem -

(13) M. L. Corrin, This Joubnal, SS, 612 (1951).

T a b l e  I I

E f f e c t  o f  O u t g a s s i n g  T e m p e r a t u r e  o n  S u r f a c e  o f

S o r b e n t

n-Pentane Isopentane Neopentane
Outgassing Area, Area, Area,
temp., °C. m.z/g. C m.2/g. C m. V  g. C

20 172 60 155 2 1 .4 112 1 4 .8
70 170 58 153 1 6 .8 105 1 4 .9
88 170 39 154 1 8 .3 104 1 3 .6

110 114 1 8 .0 115 12.6 98 1 3 .1
124 109 9 .6 110 10.1 97 1 0 .4
130 109 1 0 .5 111 1 1 .5 92 1 3 .5
260 100 11.6 107 9 .7 95 11.8
360 95 11.1 103 8.2 93 9 .9

perature. I t  is on ly  the low  tem perature stage o f 
w ater loss w h ich  is cou p led  w ith  m arked  changes in 
th e  o th er quantities. Sim ilar b eh a v ior  was also 
observed  w hen th e  sorbates w ere N 2, 0 2 and  C 0 2 
(P art I 4). M oreov er , as show n in  F ig . 4, the a tta 
pu lg ite  recovered  its se lectiv ity  if  crystals in itia lly  
degassed a b ov e  88° w ere exposed  to  saturated  w a 
ter v a p o r  an d  then  again  degassed at a  tem pera 
ture be low  8 8 °. T h e  exten t o f  re co v e ry  was less 
the higher the in itia l outgassing tem perature 
a b o v e  88 °.

Thermodynamic Functions.— T h e  differential 
th erm odyn am ic fu n ction s AG, A H  an d  A S  fo r  trans
fer o f  h yd rocarbon s from  the liqu id  to  the sorbed  
state  w ere ca lcu lated  as in P art I . 4 T h e  relation 
ships betw een  these fu n ction s an d  th e  surface c o v 
erage on  attapu lgite  crystals are show n  in F ig . 5 
fo r  n -h eptan e an d  isoòctane, an d  in  F ig . 6 fo r  the 
isom eric pentanes. T h e  sorben t w as here o u t
gassed b e low  88 °.
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Fig. 3.—Correlation of various properties in pentane 
sorption with outgassing temperature: O, n-C5Hi2; A ,
iso-C5Hi2; 0 , neo-C5Hi2: 1, water loss from attapulgite;
2, C value; 3, surface area; 4, amount sorbed at relative 
pressure 0.1.

T h e  free energy, h eat an d  en trop y  changes on  
sorption  are clearly  m u ch  greater fo r  n -heptane 
than fo r  isooctan e. In  particu lar th e  e n trop y  de
crease on  transferring isooctan e  from  liqu id  to  ad 
sorbed  film  is v e ry  sm all, w hile th e  correspon d in g  
decrease fo r  n -h eptan e is in itia lly  extrem ely  large. 
T h is  suggests th at fo r  n -heptane th e  con figurations 
o f  the m olecu le  on  the surface m a y  be  v e ry  re
stricted . T h is  w ill be  th e  case if  the n -h eptan e 
m olecu le close ly  fits its en v iron m en t in  the surface. 
L arge in itia l heat, e n trop y  an d  free en ergy  changes 
are associated  a lso  w ith  th e  u p tak e o f  n -pentane. 
O n th e  oth er h and  fo r  iso - an d  n eopentanes, like 
isooctane, th e  three th erm od yn am ic fu n ction s are 
in itia lly  sm aller. T h e  bran ched  chain  m olecules 
studied  h ave  few er p ossib le  con figurations in liqu id  
or v a p o r  states than  h a v e  their m ore  flexible straight 
chain  counterparts. I f  all m olecu les w hen  sorbed  
are constrained  to  on e con figuration  th e  en trop y  
decrease fo r  the n-paraffin  w ill on  this cou n t exceed  
th at for  th e  bran ched  chain  species. H ow ever  the 
constra in t on  sorp tion  o f bran ched  chain  m olecules 
does n o t in  fa ct  seem  v e ry  large, as show n fo r  in 
stance b y  the sm all en trop y  change fo r  isooctane. 
I t  seem s therefore  th at the first n -paraffin  m olecules 
sorbed  in  the process lose  a  re la tive ly  greater fra c
tion  o f their a lready  m ore  num erous gaseous and  
liqu id  phase con figurations th an  d o  bran ch ed  chain 
paraffins.

D iscu ss ion
T h e  loss o f  se lectiv ity  w hen th e  crystals o f  a tta -

Fig. 4.—Regeneration of selectivity in sorption of pen
tanes at 20° by treatment of attapulgite outgassed at 130 
and 360° with saturated water vapor at 20°. For com
parison the isotherm of n-CsHi2 on a fresh sample outgassed 
at 20°, and isotherms of the three pentanes on a sample 
outgassed at 360°, are shown: 0 , •, n-pentane; A , A,
isopentane; 0 , ■, neopentane.

pulgite are outgassed  a b o v e  8 8° is a  process associ
a ted  w ith  decreasing Vm an d  C  fo r  n -pen tan e, b u t 
w ith  little  change in  these quantities fo r  n eopentane, 
w hile isopentane beh aves in an  in term ediate  m an 
ner (F ig . 3 ). A  reason fo r  th e  h igher en ergy  and  
greater en trop y  decrease on  sorp tion  o f  n-paraffins 
as w ell as o f  th e  decrease in  vm and  C  m a y  be  sou ght 
in term s o f the structure o f  the crysta ls. T hese 
accord in g  to  B ra d ley ’s m o d e l14 sh ou ld  h ave  surface 
corru gation s4 o f m olecu lar dim ensions, in  w hich  it 
m a y  b e  th at on ly  n-paraffins m a y  fit close ly  p ro 
v id ed  the crystals are degassed b e low  88 °. M o re 
over, a  v e ry  lim ited  en try  in to  the m ou th s o f the in 
tracrysta lline channels m a y  b e  possib le  fo r  sim ple 
n on -polar m olecules an d  for  n-paraffins th ereby  
p rov id in g  som e add ition a l en ergetica lly  sorb in g  
sites fo r  these species, w hereas m ore  globu lar 
bran ch ed  chain m olecules ca n n ot avail them selves 
o f  these sites. Such  a process o f  en try  w ou ld  be 
lim ited  to  position s ju st a t or v e ry  near the sur
fa ce  because o f  perm anent a d ven titiou s ca tion s ,3 
arising from  crysta l defects an d  causing barriers in 
the channels. T h e  entrance p o in ts to  channels 
h ave  then  to  b ecom e b lock ed  to  n-paraffins and  the 
ava ilab ility  o f  corrugations also be  im paired  if  ou t- 
gassing is a b ov e  88 °. T h is  cou ld  result from  a p roc 
ess o f  surface sintering and  reaction , fo r  exam ple if 
som e h y d rox y l w ater were elim inated  an d  caused

(1 4 )  W . F . B r a d le y ,  Am. Min&ralogiri, 26» 4 0 6  (1 9 4 0 ).
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Fig. 5.—Some thermodynamic functions for (a) n-heptane 
and (b) isooctane, calculated from isotherms at 50 and 65°.

S i-O -S i bon ds to  form  across the n arrow  dim ensions 
o f the channels or  corrugations ( ~ 3 .7  A . across). 
N evertheless such a process m u st be  p artia lly  re
versed  on  treatm ent w ith  w ater. A lth ou gh  o b je c 
tions can be raised t o  som e aspects o f  the a b ov e  
v iew  it  seem s to  offer the best in terpretation  so  far 
o f F ig . 3 and  o f the th erm odyn am ic data.

S electiv ity  show n b y  the layer la ttice  crysta ls of 
m on tm orillon ite  tow ard  th e  n -pen tan e ca n n ot be 
explained in sim ilar term s. H ow ever  it  is to  be 
expected  th at if flattened on  to  the basal surfaces o f 
m on tm orillon ite  the center o f  g ra v ity  o f  n -pentane 
will be  nearest and th at o f  neopentane farthest 
from  these surfaces. T h is m eans th at n -pentane 
will ten d  to  be sorbed  w ith  the greatest h eat and 
decrease in en trop y . T h e  sam e order o f  se lectiv ity  
am on g  the pentanes has been  observed  fo r  ca rb o n 16

(1 5 )  R .  A . B e e b e ,  G . K in g t o n , M .  H . P o l le y  a n d  W . R . S m ith , J. Am. 
Chem. Sac., 7 2 , 4 0  (1 9 5 0 ) .

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Surface coverage (v/vm).

Fig. 6.—Thermodynamic functions for the sorption of the 
pentane isomers on attapulgite outgassed at 70°, calcu
lated from sorption isotherms at 20 and 30°: top, ri-C6Hi2; 
middle, iso-C5Hi2; bottom, neo-C5Hi2.

and fo r  som e ion -exch an ged  m on tm orillon ites .5 In  
the form er case a sim ilar explanation  to  th at a b o v e  
has been offered. T h e  d ifficu lty  w h ich  th is v iew  
encounters as an interpretation  also fo r  th e  data  
obta in ed  w ith  attapu lgite  is the d rop  in  th is case in 
vm and  C  fo r  n -pentane on  outgassing a b o v e  88 °, 
w hile there is no appreciable change in  vm o r  C  fo r  
neopentane, so  th at se lectiv ity  vanishes. A cco rd in g  
to  argum ents based on ly  on  the d istance from  th e  
surface o f  m olecular centers o f  g ra v ity  the se lectiv 
ity  w ou ld  alw ays remain.

T h e  order o f  se lectiv ity  in sep iolite  (n -pen tan e —  
isopentane >  neopentane) a lso  can n ot be related 
s im p ly  to  d istances o f  m olecu lar centers o f  g ra v ity  
from  the sorb ing  surface, because n -pentane an d  
isopen tan e are n o t differentiated b y  this sorben t. 
T h e  possib le  structural sim ilarity  betw een  a ttapu l
gite and  sep io lite4 3 m a y  m ean th at an  explanation  
in term s o f surface corrugations m u st be  sou ght a lso  
for  sepiolite. I t  m ay  be  con clu ded  th at one gen 
eral explanation  o f  the influence o f  m olecu lar s tru c
ture u pon  se lectiv ity  tow ard  isom eric paraffins is 
n ot possible fo r  a ttapu lgite, m on tm orillon ite  and 
sepiolite.
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N O T E S

POTENTIOM ETRIC D E TE R M IN A TIO N  OF 
FORM ATION CONSTANTS OF 
ACETYLACETONATES BY A 
DISPLACEM ENT REACTION

B y  B u r l  E . B r y a n t

S c h o o l o f  C h em istr y  a n d  P h y s ic s ,  T h e  P e n n s y lv a n ia  S ta te  C o lle g e , S ta te  
C o lle g e , P a .

R e c e iv e d  A u g u s t  5 ,  1 9 5 8

The formation constants of the copper, beryllium 
and uranyl acetylacetonates have been determined 
potentiometrically by a procedure involving the 
displacement of nickel ion from its complex. The 
constants for uranyl acetylacetonate determined by 
displacement of zinc ion were in excellent agreement 
with those determined by displacement of nickel 
ion. The values obtained for the copper and beryl
lium compounds agreed well with those determined 
by another method.

The work of Plumb, et al.,1 on spectrophotometrie 
determinations of the displacement series in metal 
complexes suggested that such displacements might 
be followed by other methods. The most direct 
method would be to observe the release of one metal 
ion from its complex upon addition of a second 
metal ion. In cases where a suitable electrode is 
available, the displacement could be followed read
ily. In the absence of such an electrode, the dis
placement can be followed by having present an ex
cess of the chelating agent and considering the equi
libria involving the chelating ion, the metal ions and 
hydrogen ion. Although the displacement of one 
metal ion by another is not nH dependent, in the 
presence of excess chelating agent the equilibrium 
involving hydrogen ion will be displaced by addi
tion of a second metal ion. The displacement can 
then be followed indirectly with the glass electrode.

Since the system MCh*-HCh constitutes a buffer 
system, it is possible to adjust, within limits, the pH 
at which the displacement is to be observed. The 
extensive hydrolysis of the uranyl ion in solutions of 
intermediate pH makes it necessary to study the 
equilibrium U 02Ch+ U 02++ +  Ch~ in the low 
pH region. By the use of two different buffer sys
tems, in which the concentrations of free Ch~ can 
be calculated with reasonable accuracy, calcula
tions of formation constants can be cross-checked. 
If the results are consistent, there is some assurance 
that hydrolysis effects have been minimized.

The idea was first checked by the use of systems 
for which constants were already known. In the 
experiment described, the chelating agent was 
acetylacetone, and copper ion was allowed to dis
place nickel from its complex.

The solvent used was 50% aqueous dioxane. To 
100 ml. of this solvent was added ca. 1.2 X  10~3 
mole of acetylacetone, 1 X 10-3 mole of tétra
méthylammonium hydroxide, and 4 X 10-4 mole 
of N i(N 03)2. This solution was titrated with 
a standard solution of Cu(N03)2.

(1) R. C. Plumb, A. E. Martell and 1. C. Bersworth, T his Journal, 
54, 1208 (1950).

The formation constants for the nickel complexes 
of acetylacetone were measured by the conventional 
methods. Found: log ki — 6.91, log k2 =  5.17. 
Mellor and Maley2 report log h  =  6.82, log /c2 = 5.24.

The acid dissociation constant for acetylacetone 
was found to be 2 X 10-10. The concentration of 
un-ionized acetylacetone was assumed to be the 
total original concentration less the sum of the con
centrations of N(CH3)4+ and H +. From the con
centrations of H+ and HCh, the expression for the 
acid dissociation constant can be solved to yield 
the concentration of free Ch~. By difference, the 
total coordinated ion can then be calculated.

From the known concentration of total nickel 
ion, the calculated concentration of free Ch- , and 
the two expressions for the formation constants of 
the nickel complexes, the total Ch-  bound to nickel 
can be calculated. The difference between total 
Ch-  bound to metal ion and Ch-  bound to nickel 
ion is a measure of Ch-  bound to copper ion. All 
the quantities necessary for the calculation of for
mation constants are then available.

Actual calculations were done by the method of 
Block and McIntyre.3 Six calculations were made 
for the copper complex. The values determined 
were: log (average k{) =  9.55, log (average k2) = 
8.13, log kjc2 =  17.68. Calvin and Wilson4 report 
log k\k2 =  17.4.

Two determinations for the beryllium acetylace
tonate were made by this method. The values 
found were: log k, =  9.16, 9.16; log k2 = 7.75, 
7.74. By conventional methods, the values found 
were: log k\ =  9.06, log k2 =  7.62.

No values have been reported in the literature for 
the formation constants of the uranyl complexes of 
acetylacetone. The values determined by the 
displacement of nickel were: log ki =  9.32, log k2 = 
7.60. Those determined by displacement of zinc 
were: logfci =  9.32, log/c2 =  7.62.
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(2) D. P. Mellor and L. Maley, N a tu r e , 159, 370 (1947).
(3) B. P. Block and G. H. McIntyre, Jr.. J .  A m .  C h e m . S o c 75, 5667 

(1953).
(4) M . Calvin and K. Wilson, ib id ., 67, 2003 (1945).

EXTREM E PRESSURES. I. A NEW  
PRESSURE-VOLUME RELATIO NSHIP

B y  L e o n a r d  S . L e v it t

D e p a r tm en t o f  C h e m istr y , S te v e n s  I n s t i t u t e  o f  T e c h n o lo g y , H o b o k en , N .  J .

R e c e iv e d  N o v em b er  18 , 1 9 5 8

Boyle’s Law is a limiting law, in that it is applic
able and theoretically sound only at the extreme 
low-pressure end of the pressure range. Its applic
ability is, in fact, like the volume, inversely pro
portional to the pressure. Only those empirical 
equations of the power series type like the Onnes 
equation, which involve at higher and higher pres-



574 N otes Voi. 58

sures a larger and larger number of empirical con
stants (virial coefficients), adequately describe the 
pressure-volume relationship at the higher pres
sures. These equations, however, are unsatisfac
tory at high pressures not only from the mathema
tical and theoretical standpoint, but also from what 
might be called the aesthetic or philosophical stand
point. On the other hand, Boyle’s Law is a satis
fying, as well as a satisfactory, expression of the re
lationship at low pressure because it is simple, be
cause it makes good sense, and because it works.

The purpose of this paper is to present a func
tional relationship between pressure and volume 
which is quite simple in form and is valid at both 
moderately and extremely high pressures. In 
fact this relationship, it will be seen, actually be
comes more strictly applicable the higher the pres
sure, and in this sense it may be thought of as a lim
iting law at the upper end of the pressure range (to
100,000 kg./cm .1 2). In addition, the author has 
discovered that the new relationship is valid not 
only for gases under high pressure, but also for a 
great variety of liquids and of solid elements and 
solid compounds under very high pressure. The 
view has been widespread1-2 that the pressure-vol
ume relationship, after passing through an interme
diate anomalous phase, should, at extreme pres
sures, revert again to the simple Boyle’s Law hyper
bolic equation. It appears, however, that such is 
not the case.

The new limiting law, at constant temperature 
and high pressures, is given by the exponential 
equation

p  =  C eB,t (1)

in which B and C are constants characteristic of 
the particular substance. It should be emphasized 
that this expression has not been deduced, but is a 
simple and accurate statement of empirical fact at 
high pressure, just as Boyle’s Law is for low pres
sure. According to this equation, a plot of log p vs. 
either 1/v or density should be a straight line. That

D en sity , g./cc.

Fig. 1.— Com pression of gases a t 0°, le ft  to right: H 2, N 2, 0 2

(1) P. W . Bridgman, "T he Physics of High Pressure,” G. Bell & 
Sons, London, 1949, pp. 177, 183.

(2) H . Jensen, Z. Physili, 111, 373 (1938).

D en sity , g./cc.
Fig. 2.— Com pression of gases a t 65°, le ft  to  right: H 2,

H e, N 2 (N 2 at 68°).

Fig. 3.— Com pression of liquids, le ft to  right: H 20  (95°), 
H 20  (50°), C 2H 6O H  (80°), (C 2H 6)20  (80°), n -C 6H 12 (95°).

R ela tive  density.
Fig. 4.— Com pression of h e a v y  m etals, le ft  to  right: U,

M n, T h , La.

such is the case is immediately apparent from the 
accompanying logarithmic plots (Figs. 1-6) for
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Fig. 5.— Com pression of other solid elem ents, le ft to right 
(at bottom ): Zr, C , b lack  P , red P , Ce. Fig. 6.— Com pression of solid compounds, le ft to  right (at bottom ): ZnS, P b T e, P b S, H gSe.

various gases3'4 up to 15,000 kg./cm .2, for various 
liquids5 up to 12,000 kg./cm .2, and for a wide vari
ety of solids6'7 up to 100,000 kg./cm .2. (These 
were the highest pressure ranges for which the au
thor was able to find data.)

It is interesting to note that the relationship be
comes valid for gases at 1,000 kg./cm .2 or lower, 
for liquids at about 5,000 kg./cm .2 and for solids 
only above 25,000 kg./cm .2.

In addition to showing such obvious and previ
ously recognized polymorphic transitions (repre
sented by abrupt discontinuities), such as occurs at
50.000 kg./cm .2 -with black phosphorus (Fig. 5) and 
with PbTe at 45,000 kg./cm .2 (Fig. 6), some of 
these plots reveal rather sharp points of inflection 
never before brought to light. These do not appear 
to be gradual curvatures, but actually quite 
abrupt changes in slope. For example, La and 
Ce (Figs. 4, 5), as well as all the alkali metals, seem 
to undergo a change in compressibility at around
45.000 to 55,000 kg./cm .2. In all cases the change 
is toward a more compressible form. On the con
ventional curvilinear plot of volume or compressi
bility vs. pressure, however, these changes cannot 
be detected.

If Eq. (1) be differentiated with respect to 
volume, one obtains

dp =  — B C e Bh  =  - B p  .
dv v2 t>2

which may also be written
d  I n  p  _  ^ B  .

dv v2 {Z)
(3) “ International Critical Tables,”  M cG raw -H ill Book Co., Inc., 

New York, N . Y ,, pp. 5, 8, 17.
(4) P. W . Bridgman, Proc. Am . Acad., 59, 173 (1924).
(5) P. W . Bridgman, “ The Physics of High Pressure,”  G. Bell and 

Sons, London, 1949, pp. 128-130.
(6) Ibid., pp. 149-188.
(7) P . W . Bridgman, Proc. Am . Acad., 76, 4, 63, 66 (1945-1948).

This expression, on integration between the limits 
Vi and Vi, becomes

Setting the density, p, equal to m/v, and converting 
to common logarithms, we may write

(5)
By means of Eq. (5) densities at high pressures 
may be calculated, provided, of course, that the 
density at one pressure is known and the value of 
B (the slope of the plot of In p vs. l/v) is known. 
The compressibility, a, is defined by the equation

a = - (dy/dp) (6)
v

An exact expression for the compressibility of 
any substance at high pressures may readily be 
obtained by inverting Eq. (2)

dw _ — v- 
dp B p

and multiplying through by — l/v to give

(7)

- 1 0 - 5  <8>
It is evident from Eq. (8) that the compressibility 
at high pressure varies directly with the volume 
and inversely with the pressure, in accord with all 
experimental experience. It is to be noted that 
the greater the value of the constant B for a given 
substance, the smaller is its compressibility, a fact 
which is obvious, of course, from the logarithmic 
plots (Figs. 1-6).

Equation (8) can be differentiated with respect 
to p to give the decrease in compressibility with 
increasing pressure. Thus

_  *2 = JL  +  L l Y  = J L ( i  + l )  
d p  B p 2 T \ B p )  B p 2 V B ) (9)
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Since v / B p  — a ,  it is seen that Eq. (9) is equivalent 
to

which may also be expressed in the form

or
d In a  
d In p

1 +  ap = 1 +  J (12)

Finally, one obtains the following expression for 
the change of compressibihty with volume at 
extreme pressures by differentiating Eq. (8) with 
respect to v

il a
dû (13)

SOLUBILITY OF CUPRIC STEARATE IN 
WATER AND BENZENE AT 25°1

B y  A l a n  D o b r y

Westinghouse Research Laboratories, East Pittsburgh, Pa. 
Received March 30, 19Ô4

In the course of some thermodynamic calcula
tions, values for the solubility of cupric stearate in

water and benzene were required. Daniel2 has 
published a value of 1.4 X 10-4 g./ml. for the solu
bility of cupric stearate in benzene at 23°, but this 
value seemed much too large. Determination of 
these solubilities at 25° gave values of 7 ±  2 X 
10~9 g./100 g. of water and 8 ±  2 X  10~7 g./lOO g. 
of benzene.

Experimental

Cupric stearate was prepared b y  treating sodium  stearate 
(m ade from  stoichiom etric am ounts of reagent grade sodium 
hydroxide and reagent grade stearic acid) in w ater w ith  the 
stoichiom etric am ount of reagent grade C uSO i-5H aO . T he 
precipitated soap was recrystallized tw ice from  benzene and 
dried.

A n a l.  C alcd . for C 36H ,„0 ,C u: C , 68.68; H , 11 .19 ; 
C u , 10.08. Found: C , 68.62, 68.68; H , 11.4 2, 11.42; 
C u , 9 .81, 9.82.

M ixtures of excess copper stearate w ith the respective 
solvents (reagent grade benzene or doubly distilled w ater) 
were boiled in flasks w ith ground glass joints. T h e flasks 
were tigh tly  stoppered and shaken, along w ith similar 
m ixtures which had not been boiled, for several days a t room 
tem perature. T h e  flasks were then kep t overnight a t 25 ° and 
the m ixtures filtered through S. and S. N o . 507 filter paper. 
T h e benzene filtrates were extracted w ith 10 %  H 2S 0 4 and 
the acid solutions analyzed for copper; the aqueous solutions 
were analyzed d irectly. A nalysis was carried out b y  a 
colorimetric m ethod em ploying sodium diethyl dithiocarbam - 
a te .3 * *

(1) This work is taken from a paper presented before the 9th Meet
ing of the American Society of Lubrication Engineers, April, 1954, 
and is Scientific Paper No. 1812 from the Westinghouse Research 
Laboratories.

(2) S. G. Daniel, Trans. Faraday Soc., 47, 1351 (1951).
(3) E. B. Sandell, “ Colorimetric Determination of Traces of

Metals,” 2nd ed., Interscience Publishers, Inc., New York, N . Y .,
1954, p. 309.
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